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History

The paralytic effects of curare have been recognized since 
the time of Sir Walter Raleigh’s voyage on the Amazon in 
1595.1 In 1935, the name d-tubocurarine was assigned 
to an alkaloid isolated from a South American vine (Chon-
drodendron tomentosum). At approximately the same time, 
experiments from pharmacology and physiology labo-
ratories in London suggested that acetylcholine was the 
chemical neurotransmitter at motor nerve endings.2 

Investigations from these same laboratories demonstrated 
that eserine (physostigmine)-like substances could reverse 
the effects of curare at the neuromuscular junction of frog 
nerve-muscle preparations.2 In the clinical setting, Ben-
nett (1940) described the use of curare in the prevention 
of traumatic complications during convulsive shock ther-
apy.3 In l942, Griffith and colleagues reported on the effects 
of an extract of curare in 25 surgical patients; all patients 
appeared to recover fully without administration of an 
antagonist such as neostigmine.4

!"!  Appropriate reversal of a nondepolarizing neuromuscular blockade is essential to avoid adverse 
patient outcomes. Complete recovery of muscle strength should be present, and the residual 
effects of neuromuscular blocking drugs (NMBDs) should be fully pharmacologically reversed 
(or spontaneously recovered).

!"!  Sufficient recovery from neuromuscular blockade for tracheal extubation can be confirmed by 
an adductor pollicis train-of-four (TOF) ratio of at least 0.90 (or 1.0 if acceleromyography [AMG] 
is used). Quantitative neuromuscular monitoring is the only method of assessing whether a safe 
level of recovery of muscular function has occurred.

!"!  Residual neuromuscular blockade is not a rare event in the postanesthesia care unit (PACU). Ap-
proximately 30% to 50% of patients can have TOF ratios less than 0.90 following surgery.

!"!  Patients with TOF ratios less than 0.90 in the PACU are at increased risk for hypoxemic events, 
impaired control of breathing during hypoxia, airway obstruction, postoperative pulmonary 
complications, symptoms of muscle weakness, and prolonged PACU admission times. Appro-
priate management of neuromuscular blockade can decrease the incidence of, or eliminate, 
residual blockade, which will reduce the risks of these adverse postoperative events.

!"!  Neostigmine, pyridostigmine, and edrophonium inhibit the breakdown of acetylcholine, result-
ing in an increase in acetylcholine in the neuromuscular junction. However, there is a “ceiling” 
effect to the maximal concentration of acetylcholine that can be achieved with these drugs. Re-
versal of neuromuscular blockade with anticholinesterases should not be attempted until some 
evidence of spontaneous recovery is present. Neostigmine in the dose range of 30 to 70 µg/
kg body weight antagonizes moderate to shallow levels of neuromuscular blockade. However, 
if these reversal drugs are given in the presence of full neuromuscular recovery, paradoxical 
muscle weakness theoretically may be induced.

!"!  Sugammadex is a modified #-cyclodextrin that shows a high affinity for the steroidal NMBDs 
rocuronium and vecuronium. Sugammadex is able to form a tight inclusion complex with either 
of these steroidal NMBDs, thereby inactivating the effects of rocuronium and vecuronium, 
resulting in rapid reversal of neuromuscular blockade.

!"!  Sugammadex is able to reverse a moderate/shallow and a profound neuromuscular blockade 
with a dose of 2.0 mg/kg and 4.0 mg/kg, respectively. An immediate reversal of neuromuscular 
blockade induced by rocuronium is possible with a dose of sugammadex 16 mg/kg. Reversal of 
neuromuscular blockade by sugammadex is rapid and without many of the side effects encoun-
tered with anticholinesterase drugs.

!"!  Fumarates (gantacurium [GW280430A, AV430A], CW002, and CW011) represent a new class of 
NMBDs in development that are inactivated primarily via adduction of cysteine to the double 
bond of the compounds, resulting in inactive breakdown products. Laboratory studies have 
shown that the administration of exogenous L-cysteine results in complete reversal of deep 
neuromuscular blockade within 2 to 3 minutes.
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The importance of pharmacologic reversal of neuromus-
cular blockade was suggested in 1945. Specifically, use of 
neostigmine or physostigmine to antagonize curare was 
recognized and was recommended to be available when-
ever muscle relaxants were given in the operating room.5 
The first large case series examining the use of curare was 
published by Cecil Gray in 1946.1 A crystalline extract, 
d-tubocurarine chloride, was administered in 1049 general 
anesthesia cases. No postoperative complications directly 
attributable to d-tubocurarine were noted, and physostig-
mine was administered to only two patients in the series. 
However, in a later review article (1959) from the same 
anesthesia department, the authors concluded that “it is 
safer to always use neostigmine when nondepolarizing 
relaxants have been administered.”6 By the mid-1960s, 
significant differences in neuromuscular management 
existed between the United States and Europe. As noted in 
an editorial from this time, “In Great Britain the majority of 
anesthetists have arbitrarily adopted the attitude that the 
dangers of reversal are far less than those of latent paresis, 
so that most patients receive at least some anticholines-
terase drug at the end of anesthesia.” In the United States, 
however, where smaller doses of curare were used, the 
emphasis was more on the mortality and morbidity associ-
ated with reversal drugs. Of greater importance was the use 
of muscle relaxants in smaller doses so that reversal drugs 
were not necessary.7 In fact, in the senior author’s training 
(Miller), the prevailing thinking was that emphasis in anes-
thesia should be on “properly anesthetizing rather than 
paralyzing” a patient; it was commonly said that “curare is 
not an anesthetic.”

Despite more than seven decades of research, significant 
differences in opinion still exist regarding management of 
neuromuscular blockade at the conclusion of surgery and 
anesthesia. On a routine basis, some clinicians pharma-
cologically antagonize a nondepolarizing neuromuscular 
blocking drug (NMBD), whereas others antagonize neu-
romuscular blockade only when obvious clinical muscle 
weakness is present. The issue is whether clinically impor-
tant weakness exists when it is not clinically apparent. Will 
monitoring of neuromuscular blockade improve patient 
care? The aim of this chapter is to review the consequences 
of incomplete neuromuscular recovery, the use of anticho-
linesterase drugs in clinical practice (benefits, risks, and 
limitations), and the recent developments in novel drugs to 
reverse/antagonize residual neuromuscular blockade.!

Antagonism of Neuromuscular 
Blockade: Current Management 
Practices

A number of survey studies have been conducted to deter-
mine how clinicians evaluate and manage neuromuscular 
blockade in the perioperative period. In the late 1950s, a 
survey was sent to anesthetists in Great Britain and Ire-
land.6 Forty-four percent of the respondents used neostig-
mine “always” or “almost always” when d-tubocurarine 
chloride or gallamine was used. Two thirds of respon-
dents administered 1.25 to 2.5 mg when antagonizing 
these NMBDs.6 Despite accumulating data demonstrating 

a continued frequent incidence of residual neuromuscu-
lar blockade, more-recent surveys indicate that attitudes 
toward reversal of neuromuscular blockade have changed 
little over the intervening decades. A questionnaire sent to 
German anesthesiologists in 2003 revealed routine reversal 
with neostigmine at the end of surgery was not practiced in 
75% of anesthesia departments.8 A similar survey of 1230 
senior anesthetists in France reported that pharmacologic 
antagonism of neuromuscular blockade was “systematic” 
or “frequent” in only 6% and 26% of surgical cases, respec-
tively.9 In contrast, reversal of nondepolarizing NMBDs was 
routinely performed in Great Britain.10

A large-scale, comprehensive survey of neuromuscular 
management practices in the United States and Europe was 
conducted in order to better understand attitudes about 
doses of NMBDs, monitoring, and pharmacologic rever-
sal.11 Only 18% of European respondents and 34.2% of 
respondents from the United States “always” administered 
an anticholinesterase drug when a nondepolarizing relax-
ant was used. The findings from these surveys suggest that 
there is little agreement about best practices related to rever-
sal of neuromuscular blockade. Despite perioperative guide-
lines from several international and national organizations, 
surveys from many countries reveal that most clinicians do 
not monitor or reverse a neuromuscular blockade in the 
operating room. Surprisingly, most anesthesiologists have 
not witnessed obvious adverse events directly attributable 
to incomplete recovery from neuromuscular blockade.11 
Therefore the potential hazards of reversal of neuromuscu-
lar blockade using an anticholinesterase drug (see later) are 
likely estimated to be more frequent than the risks of resid-
ual neuromuscular blockade. In the following sections, the 
definitions, incidence, and clinical implications of residual 
neuromuscular blockade are reviewed.

RESIDUAL NEUROMUSCULAR BLOCKADE

Assessment of Residual Neuromuscular Blockade
In order to optimize patient safety, tracheal extubation in 
the operating room should not occur until complete recov-
ery of muscle strength is present and the residual effects 
of NMBDs have been fully reversed (or spontaneously 
recovered). Therefore methods to detect and treat residual 
muscle weakness are essential in improving postoperative 
outcomes. Three methods are commonly used in the oper-
ating room to determine the presence or absence of residual 
neuromuscular blockade: clinical evaluations for signs of 
muscle weakness, qualitative neuromuscular monitors 
(peripheral nerve stimulators), and quantitative (objective) 
neuromuscular monitors. A more detailed description of 
the types of neuromuscular monitors used perioperatively 
is provided in Chapter 43.

Clinical Evaluation for Signs of Muscle Weakness. 
Following the introduction of d-tubocurarine into clinical 
practice, residual paralysis and the need for neostigmine 
was determined primarily by the observation of “shallow, 
jerky movements of the diaphragm” at the end of sur-
gery.12 In the absence of any clinically observable respira-
tory impairment, neuromuscular function was assumed 
to be adequate, and no reversal drugs were administered. 
A peripheral nerve stimulator to assess neuromuscular 
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blockade was first used in the 1960s by Harry Churchill-
Davidson in the United Kingdom and later in the United 
States. However, routine use of a peripheral nerve stimu-
lator did not occur. In fact, several decades later, the most 
commonly applied technique for evaluation of recovery of 
neuromuscular function continues to be the use of clinical 
tests for signs of apparent muscle weakness.13 Furthermore, 
one of the primary factors that determines whether clini-
cians elect to administer a reversal drug at the end of surgery 
is the presence of signs of muscle weakness.11 However, for 
decades an array of clinical studies from different countries 
have consistently shown that tests of muscle strength are 
not sensitive or reliable indices of adequate neuromuscu-
lar recovery. The most commonly applied criteria used to 
determine suitability for extubation of the trachea are a 
“normal” pattern of ventilation and a sustained head lift.13 
Unfortunately, the sensitivity of each test in detecting resid-
ual blockade is poor. At a level of neuromuscular recovery 
that allows for adequate ventilation in a patient whose tra-
chea is intubated, the muscles responsible for maintaining 
airway patency and protection are significantly impaired.14 
Other investigators have observed that the majority of sub-
jects could maintain a 5-second head lift at a train-of-four 
(TOF) ratio of 0.50 or less.15,16 Additional clinical tests of 
muscle strength, such as sustained hand-grip, leg-lift, or 
eye opening, have been demonstrated to have a low sen-
sitivity in predicting recovery of neuromuscular function 
(Table 28.1).17,18!

Qualitative Neuromuscular Monitoring. Qualitative neu-
romuscular monitors—or more accurately, peripheral nerve 
stimulators—deliver an electrical stimulus to a peripheral 
nerve, and the response to nerve stimulation is subjectively 
assessed by clinicians either visually or tactilely (i.e., placing 
a hand on the thumb to detect the muscle contraction after 
ulnar nerve stimulation) (Fig. 28.1). Three patterns of nerve 
stimulation are used in the clinical setting to assess patients 
for residual blockade: TOF, tetanic, and double-burst stimu-
lation. TOF stimulation delivers four supramaximal stimuli 
every 0.5 seconds, tetanic stimulation consists of a series 
of extremely rapid (usually 50 or 100 Hz) stimuli typically 

applied over 5 seconds, and double-burst stimulation deliv-
ers two short bursts of 50-Hz tetanic stimuli separated by 
750 ms. The presence of fade with these patterns of nerve 
stimulation indicates incomplete neuromuscular recov-
ery. Although qualitative monitoring may guide manage-
ment during early recovery from neuromuscular blockade, 
the sensitivity of these devices in detecting small degrees of 

TABLE 28.1 Sensitivity, Specificity, Positive, and Negative Predictive Values of an Individual Clinical Test for a Train-of-Four 
<90% in 640 Surgical Patients

Variable Sensitivity Specificity Positive Predictive Value Negative Predictive Value

Inability to smile 0.29 0.80 0.47 0.64

Inability to swallow 0.21 0.85 0.47 0.63

Inability to speak 0.29 0.80 0.47 0.64

General weakness 0.35 0.78 0.51 0.66

Inability to lift head for 5 s 0.19 0.88 0.51 0.64

Inability to lift leg for 5 s 0.25 0.84 0.50 0.64

Inability to sustain hand grip for 5 s 0.18 0.89 0.51 0.63

Inability to perform sustained tongue depressor test 0.22 0.88 0.52 0.64

The sensitivity of a test is the number of true positives ÷ the sum of true positives + false negatives; the specificity is the number of true negatives ÷ the sum 
of true negatives + false positives. True positives are patients scoring positive for a test and having a train-of-four (TOF) <90%. False negatives are patients 
with a negative test result but a TOF <90%. True negatives have a negative test score and a TOF not <90%; false positives score positively but have a TOF not 
<90%. A positive test result means inability to smile, swallow and speak, general muscular weakness, and so on.

From Cammu G, De Witte J, De Veylder J, et al. Postoperative residual paralysis in outpatients versus inpatients. Anesth Analg. 2006;102:426–429.

Fig. 28.1 Example of a qualitative neuromuscular monitor (or more 
appropriately, a peripheral nerve stimulator). (MiniStim, Halyard Health, 
Roswell, GA) A peripheral nerve is stimulated, and the response to nerve 
stimulation is subjectively (qualitatively) assessed using either visual or 
tactile (hand placed on the muscle) means. In this illustration, the ulnar 
nerve is stimulated, and movement of the thumb subjectively evaluated.
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residual paresis (TOF ratios between 0.50 and 1.0) is limited 
(Fig. 28.2). When using TOF stimulation, investigators have 
consistently observed that clinicians are unable to detect 
fade when TOF ratios exceed 0.30 to 0.40.19-21 Similarly, 
the observation of fade during a 5-second, 50-Hz tetanic 
stimulation is difficult when TOF ratios are greater than 
0.30.21,22 The ability of clinicians to detect fade is improved 
with double-burst stimulation; the threshold for detection of 
fade is approximately 0.6 to 0.7 using this mode of stimula-
tion.20,21,23 However, regardless of the mode of nerve stimu-
lation used, residual neuromuscular blockade cannot always 
be reliably excluded using qualitative monitoring.!

Quantitative Neuromuscular Monitoring. Quantita-
tive neuromuscular monitors are instruments that permit 
both stimulation of a peripheral nerve and the quantifica-
tion and recording of the evoked response to nerve stimula-
tion. Quantitative monitors allow an accurate assessment 
of the degree of muscle weakness using either TOF stimu-
lation (TOF ratio displayed) or single-twitch stimulation 
(response compared with control “twitch” as a percentage). 
Although five different methods of quantifying neuromus-
cular function in the operating room have been developed, 
only one technology, acceleromyography (AMG, avail-
able as the Stimpod, Xavant Technology, Pretoria, South 
Africa), is commercially obtainable as a stand-alone moni-
tor. The portable TOF-Watch AMG monitor (Bluestar Enter-
prises, San Antonio, Texas), which has been used in the 
majority of published clinical trials, is no longer sold in the 
United States (Fig. 28.3). In a study comparing AMG with 
standard qualitative tests (tactile fade to TOF, double-burst, 
5-Hz tetanic, and 100-Hz tetanic stimulation), AMG was 
the most accurate technique in detecting residual paralysis 
(see Fig. 28.2).21 In addition, the use of AMG in the operat-
ing room has been demonstrated to reduce the risk of resid-
ual neuromuscular blockade in the postanesthesia care unit 
(PACU)24-27 and to decrease adverse respiratory events and 

symptoms of muscle weakness associated with incomplete 
neuromuscular recovery.26,27 In clinical practice, AMG is a 
valuable monitor in determining whether full recovery of 
neuromuscular function has occurred before tracheal extu-
bation, and provides objective data to guide dosing of rever-
sal drugs at the conclusion of surgery (see later).

A careful evaluation of the degree of residual blockade at 
the conclusion of a general anesthetic is essential in order 
to avoid the potential hazards of incomplete neuromuscular 
recovery following tracheal extubation. However, the meth-
ods used by most clinicians (ability to perform a head lift or 
maintain a stable pattern of ventilation; no fade observed to 
TOF or tetanic nerve stimulation) are insufficient in assur-
ing safe recovery. At the present time, quantitative neuro-
muscular monitoring is the only method of determining 
whether full recovery of muscular function has occurred 
and reversal drugs safely avoided. In order to exclude with 
certainty the possibility of residual paresis, quantitative 
monitoring should be used. For a more comprehensive 
description of neuromuscular monitoring see Chapter 43.!

Definitions of Residual Neuromuscular Blockade
QUANTITATIVE NEUROMUSCULAR MONITORING: TOF RATIO 

LESS THAN 0.70 AND LESS THAN 0.90 Traditionally, residual 
neuromuscular blockade has been defined using quanti-
tative neuromuscular monitoring. Although peripheral 
nerve stimulation was used in the l960s, Ali and colleagues 
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Fig. 28.2 Detection of fade with various neuromuscular monitoring 
techniques. Residual neuromuscular blockade was evaluated using 
acceleromyography (AMG), tactile assessment of train-of-four (TOF), 
double-burst stimulation (DBS), 50-Hz tetanus (TET50), or 100-Hz 
tetanus (TET100). The mechanomyographic (MMG) adductor pollicis 
TOF ratio was measured at one extremity. During recovery, a blinded 
observer estimated tactile fade in the other extremity. Probability of 
detection of fade by logistic regression is presented. (From Capron F, 
Fortier LP, Racine S, Donati F. Tactile fade detection with hand or wrist 
stimulation using train-of-four, double-burst stimulation, 50-hertz tetanus, 
100-hertz tetanus, and acceleromyography. Anesth Analg. 2006;102:1578–
1584.)

Fig. 28.3 Example of a quantitative neuromuscular monitor (accelero-
myography). (TOF-Watch AMG, Bluestar Enter prises, San Antonio, TX)  
Ulnar nerve stimulation results in thumb movement, which is sensed 
by a piezoelectric sensor attached to the thumb. To improve the 
consistency of responses, a hand adapter applies a constant preload. 
Acceleration of the thumb is sensed by the piezoelectric sensor, and is 
proportional to the force of muscle contraction.
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first described the application of peripheral nerve stimula-
tion for neuromuscular monitoring using the ulnar nerve–
adductor pollicis unit as the site of monitoring in the early 
1970s.28,29 By comparing the amplitude of the fourth (T4) 
to the first (T1) evoked mechanical or electromyographic 
response (TOF response), the degree of neuromuscular 
recovery could be measured. Shortly thereafter, these 
same investigators performed several studies examining 
the association between the degree of residual blockade in 
the hand (defined using quantified T4/T1 ratio, i.e., TOF 
ratio) with symptoms of peripheral muscle weakness and 
spirometry measurements.30-32 At adductor pollicis TOF 
ratios less than 0.60, signs of muscle weakness, tracheal 
tug, and ptosis were observed. When TOF ratios recovered 
to 0.70, the majority of patients were able to sustain head 
lift, eye opening, hand grasp, tongue protrusion, and a vital 
capacity exceeding 15 mL/kg. On the basis of these data, a 
TOF ratio of 0.70 was previously agreed on to represent 
acceptable neuromuscular recovery at the end of a gen-
eral anesthetic that included administration of nondepo-
larizing NMBDs. Yet, more recently, clinically significant 
muscle weakness and impaired respiratory control have 
been observed at TOF ratios of up to 0.90. At TOF ratios 
less than 0.90, awake volunteers exhibit impaired pha-
ryngeal function, airway obstruction, an increased risk of 
aspiration of gastric contents, an impaired hypoxic venti-
latory control, and unpleasant symptoms of muscle weak-
ness.33-37 In surgical patients, an association between TOF 
ratios less than 0.90 and adverse respiratory events and 
prolonged PACU length of stay has been observed.38,39 
At the present time, it is generally agreed that adequate 
recovery of neuromuscular function is represented by an 
adductor pollicis TOF ratio of at least 0.90 (or even 1.0 
when AMG is used).!

CLINICAL SIGNS AND SYMPTOMS. A variety of clinical signs 
may be present in patients with residual neuromuscu-
lar blockade, including the following: inability to perform 
a head lift, hand grip, eye opening, or tongue protrusion; 
inability to clench a tongue depressor between the inci-
sor teeth; inability to smile, swallow, speak, cough, track 
objects with eyes; or inability to perform a deep or vital 
capacity breath.40 Symptoms of residual blockade that 
have been reported include subjective difficulty performing 
the aforementioned tests, as well as blurry vision, diplo-
pia, facial weakness, facial numbness, and general weak-
ness.37,40 Although the majority of patients with TOF ratios 
of 0.90 to 1.0 will have recovered satisfactory strength in 

most muscle groups, signs and symptoms of muscle weak-
ness may be present in some of these patients. In contrast, a 
few patients with significant residual blockade (TOF ratios < 
0.70) may exhibit no apparent muscle weakness. The most 
inclusive and precise definition of residual neuromuscular 
blockade should include not only objective and quantifiable 
monitoring data (a TOF ratio < 0.90 demonstrated with 
AMG, mechanomyography [MMG], or electromyography 
[EMG]) but also clinical evidence of impaired neuromuscu-
lar recovery (swallowing impairment, inability to speak or 
perform a head lift, diplopia, and/or general weakness).!
Incidence of Residual Neuromuscular Blockade
Residual neuromuscular blockade is not a rare event in 
the PACU. In 1979, Viby-Mogensen examined the efficacy 
of neostigmine in reversing d-tubocurarine, gallamine, or 
pancuronium blockade.41 On arrival to the PACU, 42% 
of patients had a TOF ratio less than 0.70, and 24% were 
unable to perform a 5-second head lift (the majority of these 
subjects had TOF ratios <0.70). The authors concluded 
that the average dose of neostigmine given (2.5 mg) was 
insufficient for reversing neuromuscular blockade. Sub-
sequent studies demonstrated a similarly frequent inci-
dence of residual blockade in patients receiving long-acting 
NMBDs; 21% to 50% of patients in the early postoperative 
period had TOF ratios less than 0.70.42-44 Subsequently, 
the risk of postoperative residual blockade was reduced 
if intermediate-acting NMBDs were used instead of long-
acting drugs.44-46 As the use of long-acting NMBDs began 
to decrease in clinical practices, many investigators hoped 
that residual blockade would become an uncommon occur-
rence in the PACU. However, incomplete neuromuscular 
recovery continues to be a common postoperative event. 
Large-scale studies (150–640 subjects) have demonstrated 
that approximately 31% to 50% of patients have clinically 
significant residual neuromuscular blockade with adductor 
pollicis TOF ratios less than 0.90 following surgery.17,47,48 
A recent multicenter investigation enrolling 1571 patients 
from 32 centers documented that 58% of patients had 
TOF ratios less than 0.90 at the time of tracheal extuba-
tion, despite the use of neostigmine reversal in 78% of sub-
jects.49. In a metaanalysis of data from 24 clinical trials, 
Naguib and colleagues calculated the incidence of residual 
blockade by NMBD type and TOF ratio.44 The pooled rate of 
residual blockade, defined as a TOF ratio less than 0.90, was 
41% when studies using intermediate-acting NMBDs were 
analyzed (Table 28.2). In conclusion, a frequent incidence 

TABLE 28.2 Pooled Estimated Incidence of Residual Neuromuscular Blockade by Muscle Relaxant Type and Train-of-Four Ratio

Sub-Population Pooled Rate of RNMB* Confidence Interval

HETEROGENEITY

P-value Inconsistency† (%)

Long-acting MR (TOF <0.70) 0.351 (0.25-0.46) <.001 86.7

Intermediate-acting MR (TOF <0.70) 0.115 (0.07-0.17) <.001 85.9

Long-acting MR (TOF <0.90) 0.721 (0.59-0.84) <.001 88.1

Intermediate-acting MR (TOF <0.90) 0.413 (0.25-0.58) <.001 97.2

*Pooled rate of RNMB is the weighted average. The weight in the random-effect model takes into account both between and within studies variation.
†Inconsistency is the proportion of between studies variability that cannot be explained by chance.
MR, Muscle relaxant; RNMB, residual neuromuscular blockade; TOF, train-of-four.
From Naguib M, Kopman AF, Ensor JE. Neuromuscular monitoring and postoperative residual curarisation: a meta-analysis. Br J Anaesth. 2007;98:302–316.
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of residual neuromuscular blockade still occurs worldwide 
in the immediate postoperative period; with current prac-
tice and inadequate monitoring, the incidence of this com-
plication is not decreasing over time.

The observed incidence of postoperative residual block-
ade varies widely between studies, ranging from 5% to 
93%.44 A number of factors may influence the degree of 
neuromuscular recovery measured following tracheal 
extubation, accounting for the reported variability in the 
incidence of residual blockade (Box 28.1). The observed 
incidence of residual blockade is more frequent if a thresh-
old definition of 0.90 is used (vs. the previous threshold of 
0.70) (see Table 28.2). Similarly, a frequent incidence of 
residual paralysis is observed if there is a short time interval 
between reversal of NMBDs and quantification of TOF ratios 
(TOF ratios measured at the time of extubation vs. measure-
ment in the PACU).50 Furthermore, the technology used 
to quantify neuromuscular recovery may influence the 
percentage of patients with TOF ratios less than 0.90 fol-
lowing surgery. For example, when compared with MMG, 
AMG frequently overestimates the degree of neuromuscu-
lar recovery.21 Additional factors influencing the degree of 
residual paralysis are discussed later.!
Adverse Effects of Residual Blockade
Many investigations have demonstrated that approxi-
mately one half of patients will be admitted to the PACU 
with TOF ratios less than 0.90, as measured with AMG, 
MMG, or EMG.44 The impact of this residual muscle weak-
ness on clinical outcomes has been less well documented. 

Yet even minimal levels of neuromuscular blockade may 
have clinical consequences. The following section reviews 
the effects of residual blockade in both awake volunteer 
studies and in postoperative surgical patients.

Adverse Effects of Residual Blockade—Awake Vol-
unteer Studies. Surgical patients receive a variety of anes-
thetics in the perioperative period, which complicates an 
assessment of the particular effect of residual neuromuscu-
lar blockade on clinical outcomes. Conducting awake vol-
unteer trials allows investigators to more precisely quantify 
the impact of NMBDs and various degrees of neuromuscular 
blockade on physiologic systems in the absence of anesthet-
ics. In general, these studies have titrated NMBDs to vari-
ous TOF ratios in awake subjects and measured the effects 
on the respiratory system and on signs and symptoms of 
muscle weakness.

Early volunteer investigations concluded that respira-
tory impairment was minimal at TOF ratios of 0.60 to 
0.70.32 Respiratory frequency, tidal volume, vital capacity, 
and peak expiratory flow rates were not altered during the 
study, although vital capacity and inspiratory force were 
both significantly reduced compared with control values 
at a TOF ratio of 0.60.32 The authors concluded that these 
changes were of minor clinical importance. Subsequent 
investigations have revealed that pharyngeal and respira-
tory function is impaired at TOF ratios as high as 0.90 to 
1.0. Return of pharyngeal muscle function is essential for 
airway control following tracheal extubation. In series of 
human studies from the Karolinska Institutet, Sweden, a 

Preoperative Factors

 1.  Definition of residual neuromuscular blockade
!"! !TOF ratio < 0.70 (before 1990)
!"! !TOF ratio < 0.90 (after 1990)
!"! !Presence of signs or symptoms of muscle weakness

 2.  Patient factors
!"! !Age (higher risk in older adults)
!"! !Gender
!"! !Preexisting medical conditions (renal or liver dysfunction, 

neuromuscular disorders)
!"! !Medications known to affect neuromuscular transmission 

(antiseizure medications)!
Intraoperative Anesthetic Factors

 1.  Type of NMBD administered intraoperatively
!"! !Intermediate-acting NMBD (lower risk)
!"! !Long-acting NMBD (higher risk)

 2.  Dose of NMBD used intraoperatively
 3.  Use of neuromuscular monitoring

!"! !Qualitative monitoring (studies inconclusive)
!"! !Quantitative monitoring (lower risk)

 4.  Depth of neuromuscular blockade maintained
!"! !“Deeper blockade” (TOF count of 1-2) (higher risk)
!"! !“Lighter blockade” (TOF count of 2-3) (lower risk)

 5.  Type of anesthesia used intraoperatively
!"! !Inhalational agents (higher risk)
!"! !TIVA (lower risk)!

Factors Related to Antagonism of Residual Blockade

 1.  Use of reversal agents (lower risk)
!"! !Neostigmine
!"! !Pyridostigmine
!"! !Edrophonium
!"! !Sugammadex

 2.  Dosage of reversal agent used
 3.  Time interval between reversal agent administration and quanti-

fication of residual blockade!
Factors Related to Measurement of Residual Blockade

 1.  Method of objective measurement of residual neuromuscular 
blockade
!"! !Mechanomyography (MMG)
!"! !Electromyography (EMG)
!"! !Acceleromyography (AMG)
!"! !Kinemyography (KMG)
!"! !Phonomyography (PMG)

 2.  Time of measurement of residual neuromuscular blockade
!"! !Immediately!

Postoperative Factors

 1.  Respiratory acidosis and metabolic alkalosis (higher risk)
 2.  Hypothermia (higher risk)
 3.  Drug administration in the PACU (antibiotics, opioids) (higher 

risk)

BOX 28.1 Factors Influencing the Measured Incidence of Postoperative Residual Neuromuscular 
Blockade

NMBD, Neuromuscular blocking drug; PACU, postanesthesia care unit; TIVA, total intravenous anesthetic; TOF, train-of-four.
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functional assessment of the pharynx, upper esophageal 
muscles, and the integration of respiration with swallow-
ing was performed during various levels of neuromuscu-
lar blockade.33-34 At adductor pollicis TOF ratios less than 
0.90, pharyngeal dysfunction was observed in 17% to 28% 
of young adult volunteers (Fig. 28.4),33 increasing more 
than twofold in patients older than 60 years and associated 
with reduced upper esophageal sphincter resting tone and 
misdirected swallowing and aspiration (laryngeal penetra-
tion) of oral contrast material.33,34,51 Eikermann and col-
leagues conducted a series of investigations examining the 
effect of residual paresis on respiratory muscle function 
in awake volunteers. Awake subjects were administered 

a rocuronium infusion, which was titrated to a TOF ratio 
0.50 to 1.0. At a minimal level of residual blockade (approx-
imately 0.80), the authors observed impaired inspiratory 
air flow and upper airway obstruction,35 a marked decrease 
in upper airway volumes and upper airway dilator muscle 
function,52 and increased upper airway closing pressure 
and collapsibility (Fig. 28.5).53 In addition, evidence from 
human studies of respiratory control suggest that residual 
blockade inhibits hypoxic ventilatory control while leaving 
the ventilatory control during hypercapnia unaffected. In 
human volunteers, the hypoxic ventilatory response was 
attenuated by 30% after administration of either atracu-
rium, vecuronium, or pancuronium at an adductor pollicis 
TOF ratio of 0.70, returning to normal after spontaneous 
recovery to a TOF ratio of greater than 0.90 (Fig. 28.6).54 
An increase in ventilatory drive during hypoxia is primarily 
mediated by afferent input from peripheral chemoreceptors 
in the carotid bodies located bilaterally at the carotid artery 
bifurcation, whereas ventilatory regulation during hyper-
capnia is mediated via CO2 interaction with brainstem 
chemoreceptors. In experimental animals, the firing fre-
quencies of carotid body chemoreceptors are almost abol-
ished by the administration of a nondepolarizing NMBD via 
blockade of cholinergic neuronal subtype receptors within 
the carotid body oxygen signaling pathway.55

Awake volunteer studies have also revealed that unpleas-
ant symptoms of muscle weakness are present in subjects 
with small degrees of residual neuromuscular blockade. 
Conscious subjects given a small “priming” dose of pan-
curonium noted blurred vision, difficulty swallowing, and 
keeping their eyes open, and jaw weakness at a TOF ratio of 
0.81.56 Symptoms of diplopia, dysarthria, and subjective dif-
ficulty swallowing were reported by subjects at TOF ratios of 
0.60 and 0.70.34 Reduced clarity of vision was described in 
all subjects receiving a mivacurium infusion at a TOF ratio 
of 0.81.57 Kopman and associates examined 10 volunteers 
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Fig. 28.4 Incidence of pharyngeal dysfunction during atracurium-
induced partial neuromuscular blockade corresponding to steady-
state adductor pollicis TOF ratio of 0.60, 0.70, 0.80, >0.90, and control in 
young volunteers. TOF, Train-of-four. (Modified from Sundman E, Witt H, 
Olsson R, et al. The incidence and mechanisms of pharyngeal and upper 
esophageal dysfunction in partially paralyzed humans. Anesthesiology. 
2000;92:977–984.)

Fig. 28.5 An investigation examining the effect of residual neuromuscular blockade on respiratory muscle function in awake volunteers. Subjects were 
administered a rocuronium infusion, which was titrated to a train-of-four (TOF) ratio 0.5 to 1.0. Supraglottic airway diameter and volume was measured 
by respiratory-gated magnetic resonance imaging. Minimum retroglossal upper airway diameter during forced inspiration (A) before neuromuscular 
blockade (baseline), at a steady-state TOF ratio of (B) 0.50 and (C) 0.80, (D) after recovery of the TOF ratio to 1.0, and (E) 15 minutes later. Images from 
the volunteer show that a partial paralysis evokes an impairment of upper airway diameter increase during forced inspiration. P < .05 versus baseline. 
(From Eikermann M, Vogt FM, Herbstreit F, et al. The predisposition to inspiratory upper airway collapse during partial neuromuscular blockade. Am J Respir Crit 
Care Med. 2007;175:9–15.)
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for symptoms and signs of residual paralysis at various TOF 
ratios.37 Testing was performed at baseline (before an infu-
sion of mivacurium), at a TOF ratio of 0.65 to 0.75, at 0.85 
to 0.95, and at full recovery (1.0). All subjects had signifi-
cant signs and symptoms at a TOF ratio of 0.70 (inability 
to maintain incisor teeth apposition, sit without assistance, 
drink from a straw, visual disturbances, facial numbness, 
difficulty speaking and swallowing, general weakness), and 
in seven subjects, visual symptoms persisted for up to 90 
minutes after the TOF ratio had recovered to unity.!

Adverse Effects of Residual Blockade—Postopera-
tive Surgical Patients. Awake volunteers have impair-
ment of respiratory function and a variety of symptoms 
of muscle weakness at TOF ratios of 0.50 to 0.90. Similar 
adverse events have been observed in postoperative sur-
gical patients with TOF ratios less than 0.90 measured in 
the PACU. Incomplete neuromuscular recovery is a risk 
factor for hypoxemic events, airway obstruction, unpleas-
ant symptoms of muscle weakness, delayed PACU length of 
stay, and pulmonary complications during the early post-
operative period.

Clearly, an association exists between neuromuscular 
management characteristics and postoperative morbidity 
and mortality. Beecher and colleagues collected data from 
10 university hospitals between the years 1948 to 1952 
to determine anesthetic-related causes of mortality.58 Risk 
of death related to anesthesia was six times more frequent 
in patients receiving NMBDs (primarily tubocurarine and 
decamethonium) compared with those administered no 
NMBDs (1:370 vs. 1:2100). Although the authors conclude 
that there is “an important increase in anesthesia death 
rate when muscle relaxants are added”58 to an anesthetic, 
the use or omission of pharmacologic reversal in patients 
receiving NMBDs was not reported or analyzed. In another 
large-scale study, mortality data associated with anesthe-
sia were collected over a 10-year period (1967-1976) at a 
single institution in South Africa.59 An analysis of 240,483 
anesthetics revealed that “respiratory inadequacy following 
myoneural blockade” was the second-most common cause 
of death. Again, data relating to the use of pharmacologic 

reversal drugs were not provided. A study from the Associa-
tion of Anaesthetists of Great Britain and Ireland examined 
deaths that were judged “totally due to anesthesia” and 
reported that postoperative respiratory failure secondary 
to neuromuscular management was a primary cause of 
mortality.60 Rose and associates examined patient, surgi-
cal, and anesthetic factors associated with critical respira-
tory events in the PACU.61 Of the anesthetic management 
factors assessed, the most frequent rate of critical respira-
tory events was observed in patients receiving large doses 
of NMBDs (the use of reversal drugs was not analyzed). 
Two investigations of anesthetic complications resulting 
in admissions to the intensive care unit determined that 
“failure to reverse after muscle relaxants” and “ventila-
tory inadequacy after reversal of muscle relaxants” were 
the most common causes of admission.62,63 Sprung and 
colleagues reviewed the medical records of patients who 
experienced a cardiac arrest over a 10-year period (223 
of 518,284 anesthetics).64 The most important category 
was the use of NMBDs, involving either hypoxia caused by 
inadequate pharmacologic reversal or asystole induced by 
anticholinesterase drugs. A large case-control investigation 
was performed of all patients undergoing anesthesia over a 
3-year period (n = 869,483) in The Netherlands assessing 
the impact of anesthetic management characteristics on the 
risk of coma or death within 24 hours of surgery.65 Rever-
sal of the effects of NMBDs was associated with a significant 
reduction (odds ratio, 0.10; 95% confidence interval [CI], 
0.03-0.31) in the risk of these complications. Two stud-
ies published in 2016 and 2017 examined the association 
between failure to reverse neuromuscular blockade and 
postoperative pneumonia.66,67 In an investigation examin-
ing 13,100 surgical patients, Bulka and associates observed 
that the risk of postoperative pneumonia was 2.26 times 
more likely in patients that did not receive reversal with 
neostigmine.66 Similarly, a retrospective study of 11,355 
noncardiac patients revealed that the risk of respiratory 
complications (failure to wean from the ventilator, reintu-
bation, or pneumonia) was significantly higher (odds ratio 
1.75) in patients who were administered an NMBD with-
out neostigmine compared to those given neostigmine.66 
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Fig. 28.6 Hypoxic ventilatory response (HVR) before (control); during steady-state infusion at train-of-four (TOF) ratio 0.70 of atracurium, pancuronium, 
and vecuronium; and after recovery (TOF ratio > 0.90). Data presented as means ± SD. * = P <.01. SpO2, Saturation of arterial blood with oxygen. (From 
Eriksson LI. Reduced hypoxic chemosensitivity in partially paralysed man: a new property of muscle relaxants. Acta Anaesthesiol Scand. 1996;40:520–523.)
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Epidemiologic studies thus suggest an association between 
incomplete neuromuscular recovery and adverse events in 
the early postoperative period. Notably, an important limi-
tation of these outcome studies is that residual paresis was 
not quantified at the end of surgery. Therefore causality 
(residual blockade results in postoperative complications) 
can only be suggested but not proven.

In order to address these limitations, more recent studies 
have quantified TOF ratios in the PACU and documented 
a relationship between residual blockade and adverse out-
comes. Several clinical investigations have documented an 
association between postoperative residual blockade and 
adverse respiratory events. In an observational study by 
Bissinger and colleagues, patients with TOF ratios less than 
0.70 in the PACU had a more frequent incidence of hypox-
emia (60%) compared with patients with TOF ratios 0.70 or 
greater (10%, P < .05).68 Another small study of orthopedic 
surgical patients randomized to receive either pancuronium 
or rocuronium revealed that patients with TOF ratios 
less than 0.90 on arrival to the PACU were more likely to 
develop postoperative hypoxemia (24 of 39 patients) than 
those with TOF ratios greater than 0.90 (7 of 30 patients, P 
= .003).69 Murphy and associates conducted a case-control 
study examining the incidence and severity of residual 
blockade in patients who developed critical respiratory 
events in the PACU.38 Seventy-four percent of patients in 
the group with critical respiratory events had TOF ratios less 
than 0.70, compared with 0% in the matched control group 
(matched for age, sex, and surgical procedure). Because the 
two cohorts did not differ in any perioperative characteris-
tics with the exception of neuromuscular recovery, these 
findings suggest that unrecognized residual paralysis is 
an important contributing factor to postoperative adverse 
respiratory events. Another investigation by this same 
group examined the effect of AMG monitoring on postop-
erative respiratory events.26 Few patients randomized to 
AMG monitoring had postoperative TOF ratios less than 
0.90, and a less frequent incidence of early hypoxemia and 
airway obstruction was observed in this group (compared 
with patients randomized to standard qualitative monitor-
ing). A study of 114 patients randomized to neostigmine 
reversal or placebo (saline) documented a significantly 
more frequent incidence of both postoperative residual 
blockade and hypoxemia in the placebo group.70 Residual 
blockade in the PACU may also result in pulmonary com-
plications within the first postoperative week. Berg and col-
leagues randomized 691 patients to receive pancuronium, 
atracurium, or vecuronium.71 TOF ratios were quanti-
fied in the PACU, and subjects were followed for 6 days 
for pulmonary complications. In the pancuronium group, 
significantly more patients with TOF ratios less than 0.70 
developed a pulmonary complication (16.9%) compared 
with patients with TOF 0.70 or greater (4.8%). Notably, 
the study also demonstrated a continuously increased risk 
for postoperative pulmonary complications with increased 
age, a finding of significant clinical relevance for older adult 
patients, a growing part of the surgical patient population. 
Norton and colleagues assessed recovery characteristics in 
202 consecutive patients arriving in the PACU. Thirty per-
cent of patients had TOF ratios greater than 0.9; subjects 
with residual block had a significantly higher incidence of 
critical respiratory events, airway obstruction, hypoxemia, 

and respiratory failure.72 An observational study enrolling 
150 patients ages 18 to 50 and 150 patients more than 70 
years old assessed the association between incomplete neu-
romuscular recovery (TOF < 0.9) and adverse events from 
the time of tracheal extubation until hospital discharge.73 
Elderly subjects had a higher risk of residual block (58% 
vs. 30%), and those elderly with TOF ratios less than 0.9 
had a significantly higher incidence of airway obstruction 
episodes and hypoxemic events, as well as signs and symp-
toms of muscle weakness.73 A multicenter study from Spain 
enrolling 763 patients from 26 centers reported that 27% of 
patients had TOF ratios less than 0.9 and that these subjects 
had a higher incidence of adverse respiratory events (odds 
ratio 2.57) and an increased risk of reintubation.74 An addi-
tional study (340 patients) noted that patients with residual 
block had a greater than sixfold increase in postoperative 
adverse respiratory events.75

Residual blockade causes unpleasant symptoms of mus-
cle weakness. This symptom of “general weakness” was the 
most sensitive “test” for determining whether patients had 
a TOF ratio of less than 0.90 in the PACU.17 Orthopedic sur-
gical patients given pancuronium had a more frequent risk 
of exhibiting both TOF ratios less than 0.90 and symptoms 
of blurry vision and general weakness during the PACU 
admission, compared with patients randomized to receive 
rocuronium.69 Similar findings were observed in a cardiac 
surgical patient population not receiving anticholinesterase 
drugs.76 The subjective experience of residual neuromuscu-
lar blockade after surgery was determined by examining 
155 patients for 16 symptoms of muscle weakness during 
the PACU admission.27 The presence of symptoms of muscle 
weakness was predictive of a TOF ratio less than 0.90 (good 
sensitivity and specificity).

The residual effects of NMBDs on postoperative muscle 
strength may impair clinical recovery and prolong PACU 
discharge times. In a small study of patients randomized 
to receive either pancuronium or rocuronium, the times 
required to meet and achieve discharge criteria were sig-
nificantly longer in the pancuronium group, and patients 
in the cohort as a whole with postoperative TOF ratios less 
than 0.90 were more likely to have a prolonged PACU stay 
compared with those with TOF ratios greater than 0.90.69 
A larger investigation measured TOF ratios in 246 consec-
utive patients on arrival to the PACU.39 The PACU length 
of stay was significantly longer in patients with TOF ratios 
less than 0.90 (323 minutes) compared with patients with 
adequate recovery of neuromuscular function (243 min-
utes). Multiple regression analysis revealed that only age 
and residual blockade were independently associated with 
PACU length of stay.

In conclusion, a number of studies conducted over the 
past five decades have documented the effects of small 
degrees of residual blockade in human volunteers and sur-
gical patients. Awake volunteer investigations have dem-
onstrated that subjects with TOF ratios less than 0.90 have 
reduced upper airway tone and diameters, upper airway 
obstruction, pharyngeal dysfunction with impaired air-
way integrity, decreased upper esophageal tone, and an 
increased risk of aspiration, impaired hypoxic ventilatory 
control, and unpleasant symptoms of muscle weakness. 
Epidemiologic outcome investigations have suggested an 
association between incomplete neuromuscular recovery 
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and major morbidity and mortality. Prospective clinical 
trials have revealed that patients with TOF ratios less than 
0.90 in the PACU are at increased risk for hypoxemic 
events, airway obstruction, postoperative pulmonary com-
plications, symptoms of muscle weakness, and prolonged 
PACU admission times. These data suggest that residual 
blockade is an important patient safety issue in the early 
postoperative period. Therefore appropriate management 
of reversal of neuromuscular blockade and assessment of 
recovery from neuromuscular blockade are two essential 
clinical components to optimize patient outcomes.!

Drugs Used to Antagonize 
(Reverse) Neuromuscular 
Blockade

Reversal of neuromuscular blockade is theoretically pos-
sible by three principal mechanisms: (1) an increase in 
presynaptic release of acetylcholine; (2) a decrease in 
enzymatic metabolism of acetylcholine by cholinesterase, 
thereby increasing receptor binding competition; and (3) a 
decrease in the concentration of the NMBD at the effect-site, 
freeing the postsynaptic receptors.

ANTICHOLINESTERASE REVERSAL OF 
NEUROMUSCULAR BLOCKADE

Nondepolarizing NMBDs inhibit neuromuscular transmis-
sion primarily by competitively antagonizing or blocking 
the effect of acetylcholine at the postjunctional nicotinic 
acetylcholine receptor (nAChR). Binding of nondepolar-
izing NMBDs to the nAChR occurs in a competitive fash-
ion. If larger concentrations of acetylcholine are present 
at the neuromuscular junction, acetylcholine will attach 
to the postsynaptic receptor and facilitate neuromuscular 
transmission and muscle contraction. Conversely, if larger 
concentrations of a nondepolarizing NMBD are present at 
the neuromuscular junction, binding to $ subunits of the 
receptor will preferentially occur, preventing central pore 
opening and muscle depolarization from occurring. A more 
detailed description of the neuromuscular junction is pro-
vided in Chapter 12.

One mechanism of reversing the effects of NMBDs is by 
an increase in the concentration of acetylcholine at the 
neuromuscular junction. This can be accomplished using 
an inhibitor of cholinesterase, which constrains the enzyme 
that breaks down acetylcholine at the neuromuscular 
junction (acetylcholinesterase). Three anticholinesterase 
drugs are commonly used in clinical practice: neostigmine, 
edrophonium, and pyridostigmine. Neostigmine is likely 
the most commonly administered drug. Over the prior six 
decades, anticholinesterases have been the only drugs used 
clinically to reverse neuromuscular blockade (until the 
recent introduction of sugammadex).

Mechanism of Action of Anticholinesterases
Acetylcholine is the primary neurotransmitter that is syn-
thesized, stored, and released by exocytosis at the distal 
motor nerve terminal. Acetylcholinesterase is the enzyme 
responsible for the control of neurotransmission at the 

neuromuscular junction by hydrolyzing acetylcholine. 
Rapid hydrolysis of acetylcholine removes excess neu-
rotransmitter from the synapse, preventing overstimula-
tion and tetanic excitation of the postsynaptic muscle. 
Nearly half of the acetylcholine molecules released from the 
presynaptic nerve membrane are hydrolyzed by acetylcho-
linesterase before reaching the nAChR.77 The action of ace-
tylcholinesterase is quite rapid; acetylcholine molecules are 
hydrolyzed in approximately 80 to 100 µs (microseconds). 
Acetylcholinesterase is concentrated at the neuromuscular 
junction, and there are approximately 10 enzyme-binding 
sites for each molecule of acetylcholine released.78 How-
ever, lower concentrations of acetylcholinesterase are pres-
ent along the length of the muscle fiber. Each molecule of 
acetylcholinesterase has an active surface with two impor-
tant binding sites, an anionic site and an esteratic site. The 
negatively charged anionic site on the acetylcholinesterase 
molecule is responsible for electrostatically binding the posi-
tively charged quaternary nitrogen group on the acetylcho-
line molecule. The esteratic site forms covalent bonds with 
the carbamate group at the opposite end of the acetylcho-
line molecule and is responsible for the hydrolytic process 
(Fig. 28.7).78 In addition, a secondary or peripheral anionic 
site has been proposed. Binding of ligands to the peripheral 
anionic site results in inactivation of the enzyme.

The anticholinesterase drugs used by anesthesiolo-
gists interact with the anionic and esteratic sites of ace-
tylcholinesterase. These drugs are characterized as either 
prosthetic inhibitors (edrophonium) or oxydiaphoretic 
(acid-transferring) inhibitors (neostigmine, pyridostigmine) 
of the enzyme. Edrophonium rapidly binds to the anionic 
site via electrostatic forces and to the esteratic site by hydro-
gen bonding.77,78 Rapid binding may account for the short 
onset of action of edrophonium in clinical practice. During 
the time edrophonium is bound, the enzyme is inactive and 
edrophonium is not metabolized. However, the interaction 
between edrophonium and acetylcholinesterase is weak 
and short-lived. The dissociation half-life of this interac-
tion is approximately 20 to 30 seconds, and the interaction 
between drug and enzyme is competitive and reversible. 
Because the nature of the binding is relatively brief, the effi-
cacy of edrophonium in reversing neuromuscular blockade 
may be limited. Neostigmine and pyridostigmine are oxy-
diaphoretic inhibitors of acetylcholinesterase, which also 
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Fig. 28.7 Active binding sites on acetylcholinesterase. The positively 
charged quaternary nitrogen group on acetylcholine (Ach) binds 
by electrostatic forces to the negatively charged anionic site on the 
enzyme. The carbamate group at the opposite end of the Ach mole-
cule forms covalent bonds with and is metabolized at the esteratic site. 
(From Caldwell JE. Clinical limitations of acetylcholinesterase antagonists. 
J Crit Care. 2009;24:21–28.)
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bind to the anionic site. In addition, these drugs transfer a 
carbamate group to acetylcholinesterase, creating a cova-
lent bond at the esteratic site.77,78 This reaction results in 
an inactivation of the enzyme, as well as the hydrolysis of 
the drug. The stronger interaction between neostigmine 
and enzyme results in dissociation half-life of approximately 
7 minutes.78 Therefore the duration of enzyme inhibition is 
longer with neostigmine and pyridostigmine compared with 
edrophonium. These interactions at the molecular level 
likely have little impact on the duration of action in clinical 
practice. Duration of clinical effect is primarily determined 
by removal of anticholinesterase from the plasma.79

The administration of anticholinesterases has also been 
reported to produce presynaptic effects.79 Laboratory 
investigations have demonstrated that these prejunctional 
effects may actually facilitate neuromuscular transmis-
sion. Anticholinesterases produce a reversible increase in 
the duration of the action potential and refractory period 
of the nerve terminal. Because the quantity of acetylcho-
line released is a function of the extent and duration of the 
depolarization of the terminal membrane, the period of ace-
tylcholine release in response to nerve stimulation may be 
increased by anticholinesterase agents.79 Excessive release 
of acetylcholine, coupled with decreased hydrolysis due to 
acetylcholinesterase inhibition, results in prolonged end-
plate potentials and repetitive firing of muscle fibers. These 
prejunctional effects appear to account for the observations 
that spontaneous contractions of muscles can occur when 
anticholinesterases are given in the absence of NMBDs.79

Although neostigmine, pyridostigmine, and edropho-
nium inhibit the breakdown of acetylcholine, resulting in 
an increase in acetylcholine in the neuromuscular junc-
tion, there is a clinically relevant “ceiling” effect to the 
maximal concentration of acetylcholine. As concentrations 
of acetylcholine increase, some of the neurotransmitter dif-
fuses away from the neuromuscular junction, while addi-
tional acetylcholine undergoes reuptake into motor nerve 
terminals. As the processes of diffusion and reuptake reach 
equilibrium with augmented release by enzyme inhibition, 
a “peak” level at the neuromuscular junction is reached.78 
Once the acetylcholinesterase enzyme is maximally inhib-
ited by an anticholinesterase agent and peak concentra-
tions of acetylcholine are present, the administration of 
additional drug will not further increase acetylcholine lev-
els or enhance recovery of neuromuscular blockade. This 
“ceiling” effect of anticholinesterases is an important limita-
tion of all clinically used agents; neuromuscular blockade 
cannot be adequately reversed if high concentrations of 
NMBDs are present at the neuromuscular junction.!
Pharmacokinetic and Pharmacodynamic 
Properties of Anticholinesterases
A large number of clinical studies have examined the phar-
macokinetic and pharmacodynamic characteristics of neo-
stigmine, pyridostigmine, and edrophonium.

The pharmacokinetic profiles of neostigmine, pyridostig-
mine, and edrophonium are presented in Table 28.3. Most 
studies have used a two-compartment model to establish 
pharmacokinetic characteristics of each agent. Following a 
bolus administration, plasma concentrations peak rapidly 
and decline significantly within the first 5 to 10 minutes. 
This is followed by a slower decline in plasma concentrations 

due to the elimination phase.79 In general, the pharmaco-
kinetic profiles of all three anticholinesterases are similar. 
Early studies suggested that the duration of edrophonium 
was too short for clinical use. However, studies using larger 
doses (0.5 or 1.0 mg/kg) demonstrated that the elimination 
half-life of edrophonium was not significantly different from 
that of neostigmine or pyridostigmine and that edropho-
nium could produce prompt and sustained reversal of neu-
romuscular blockade.80,81 The longer elimination half-life 
of pyridostigmine likely accounts for the longer duration of 
action compared with the other anticholinesterase drugs.82

The pharmacokinetics of anticholinesterases can be 
influenced by renal function, age, and body temperature. 
The elimination half-life of all three agents is altered by the 
presence of renal insufficiency or failure (see Table 28.3). 
Renal excretion accounts for approximately 50% of plasma 
clearance of neostigmine; elimination half-life is signifi-
cantly prolonged and serum clearance decreased in aneph-
ric patients.83 Similarly, renal function accounts for 70% 
to 75% of serum clearance of pyridostigmine and edropho-
nium.82,84 The reduced plasma clearance of the anticho-
linesterases in renal failure patients provides a “margin of 
safety” against the risk of postoperative “recurarization” 
(the effects of the NMBD persist longer than that of the 
reversal agent, resulting in a worsening of residual paresis). 
The pharmacokinetics of edrophonium have been exam-
ined in older adult (age > 70 years) patients. When com-
pared with a younger cohort, older adult patients exhibited 
a significant decrease in plasma clearance (5.9 ± 2 vs. 12.1 
± 4 mL/kg/min) and a prolonged elimination half-life (84.2 
± 17 vs. 56.6 ± 16 minutes).85 Mild hypothermia (reduc-
tion in core temperature of 2°C) more than doubles the 
duration of action of intermediate-acting NMBDs.86 In a 
study of human volunteers cooled to 34.5°C, the central 
volume of distribution of neostigmine decreased 38% and 
the onset time of maximal blockade increased from 4.6 to 
5.6 minutes.87 However, the clearance, maximal effect, 
and duration of action of neostigmine were not altered by 
a reduction in body temperature. Therefore if hypothermia 
influences the degree of neuromuscular recovery, it is likely 

TABLE 28.3 Pharmacokinetics of Neostigmine, 
Pyridostigmine, and Edrophonium in Patients Without 
and With Renal Failure

WITHOUT RENAL 
FAILURE WITH RENAL FAILURE

N P E N P E

Distribution half-life 
(T1/2$, min)

3.4 6.7 7.2 2.5 3.9 7.0

Elimination half-life 
(T1/2%, min)

77 113 110 181 379 304

Volume of central  
compartment (L/kg)

0.2 0.3 0.3 0.3 0.4 0.3

Total plasma clear-
ance (mL/kg/min)

9.1 8.6 9.5 4.8 3.1 3.9

Data from references 73–76.
From Naguib M, Lien CA. Pharmacology of muscle relaxants and their 

antagonists. In: Miller RD, ed. Miller’s Anesthesia. 7th ed. Philadelphia: 
Saunders; 2010.
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secondary to an effect on the pharmacology of NMBDs (not 
the anticholinesterase).

Onset of action may be more rapid with edrophonium 
than with either neostigmine or pyridostigmine. When 
d-tubocurarine neuromuscular blockade was reversed 
with approximately equipotent doses of the three clini-
cally used anticholinesterases, the peak effect of antago-
nism was reached significantly faster with edrophonium 
(0.8-2.0 minutes) than with neostigmine (7-11 minutes) 
or pyridostigmine (12-16 minutes) (Fig. 28.8).80 Similar 
findings have been observed in patients receiving other 
long- and intermediate-acting NMBDs. When larger doses 
(0.5-1.0 mg/kg) of edrophonium are administered during 
moderate levels of neuromuscular blockade (10% recovery 
of single-twitch height after pancuronium or atracurium), 
the onset time of edrophonium was faster than neostig-
mine.88,89 During deeper levels of blockade (<10% recovery 
of single twitch), edrophonium 1.0 mg/kg and neostigmine 
0.04 mg/kg had similar onset times when vecuronium was 
used (and both were faster than edrophonium 0.5 mg/
kg).90 When pancuronium was antagonized during deep 
blockade, edrophonium 1.0 mg/kg had a shorter onset time 
than neostigmine 0.04 mg/kg.90 These findings suggest 
that onset time of antagonism is influenced by the type and 
dose of anticholinesterase used, the choice of NMBD admin-
istered intraoperatively, and the depth of neuromuscular 
blockade at the time of antagonism.

The duration of action of anticholinesterases is deter-
mined not only by the pharmacokinetic properties of the 
drugs, but also by the concentration of NMBD present at the 
neuromuscular junction at the time of reversal. Duration 
of neuromuscular blockade will naturally decrease over 
time as a result of metabolism and elimination of NMBDs. 
To accurately assess the duration of action of anticholin-
esterases during a stable, constant level of neuromuscular 
blockade, investigators have administered these agents to 
patients receiving an infusion of d-tubocurarine titrated to 
a 90% depression of single-twitch height.80 The investiga-
tors observed that the duration of action of equipotent doses 

of neostigmine (0.043 mg/kg) and edrophonium (0.5 mg/kg)  
were similar (Fig. 28.9). The duration of both drugs, how-
ever, was significantly less than with pyridostigmine 
(0.21 mg/kg).

The comparative potencies of clinically used anticho-
linesterases have been calculated by constructing dose-
response curves. In general, neostigmine is more potent 
than pyridostigmine, which is more potent than edropho-
nium. Neostigmine-to-pyridostigmine potency ratios of 4.4 
to 6.7 have been reported (neostigmine is 4.4-6.7 times 
more potent than pyridostigmine).80,91 Neostigmine is even 
more potent than edrophonium, with potency ratios of 5.7 
to 19.5 estimated from dose-response curves.80,91,92 The 
great variability in potency ratios described in the literature 
is related to several factors, which include the type of NMBD 
used in the studies, the endpoint selected to represent neu-
romuscular recovery, and the depth of blockade at the time 
of anticholinesterase administration.

In conclusion, pharmacokinetic and pharmacodynamic 
studies suggest that neostigmine, pyridostigmine, and 
edrophonium are all effective in reversing neuromuscular 
blockade when used in appropriate and equipotent doses. 
The following section will review factors that determine the 
efficacy of these agents in reversing neuromuscular block-
ade in the clinical setting.!
Factors Determining the Adequacy of Recovery 
Following Administration of Anticholinesterases
Depth of Neuromuscular Blockade or Train-of-Four 
Count at the Time of Reversal. The primary anesthetic 
management variable determining the effectiveness of 
anticholinesterase agents in completely antagonizing neu-
romuscular blockade at the end of surgery is the depth of 
neuromuscular blockade at the time of reversal. As opposed 
to sugammadex (see later in this chapter), reversal of block-
ade by anticholinesterases should not be attempted until 
some evidence of spontaneous recovery is present. Kirkeg-
aard-Nielsen and associates examined the optimal time for 
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neostigmine reversal of an atracurium blockade.93 Admin-
istration of neostigmine 0.07 mg/kg during deep block-
ade (before the first twitch height reached 8%) resulted 
in significant prolongation of reversal times. In a similar 
investigation, atracurium was antagonized with neostig-
mine during intense blockade (posttetanic count [PTC] of 
1 to >13).94 Early administration of neostigmine did not 
shorten total recovery time and offered no clinical advan-
tages. Similar findings have been observed during reversal 
of deep vecuronium blockade.95 The total time to achieve a 
TOF ratio of 0.75 was the same whether neostigmine (0.07 
mg/kg) was given 15 minutes after an intubating dose of 
vecuronium or whether single-twitch height had recovered 
to 10% of control.

The time required to achieve a TOF ratio of 0.90 after 
anticholinesterase administration is significantly shorter 
when a higher TOF count is present at reversal. Two stud-
ies have examined the efficacy of antagonizing residual 
blockade at varying TOF counts. Kirkegaard and colleagues 
randomized patients receiving cisatracurium to reversal 
with neostigmine (0.07 mg/kg) at the reappearance of the 
first, second, third, and fourth tactile TOF response (TOF 
count 1-4).96 The median (range) time required to achieve 
a TOF ratio of 0.90 was 22.2 (13.9-44.0) minutes when 
reversal was attempted at a TOF count of 1. However, 
even when four responses were present, the time needed 
to attain a TOF ratio of 0.90 was 16.5 (6.5-143.3) min-
utes (Table 28.4). Kim and associates performed a similar 
study in which patients administered rocuronium were 
randomized to be reversed at the first through fourth tac-
tile TOF responses.97 In those patients receiving sevoflu-
rane for anesthetic maintenance, the median (range) time 
required to achieve a TOF ratio of 0.90 was 28.6 (8.8-75.8) 
minutes when reversed at a TOF count of 1 and 9.7 (5.1-
26.4) minutes when reversed at a TOF count of 4. In both 

investigations, a large interindividual variability in rever-
sal times was observed.96,97 This is likely a reflection of the 
individual response to the NMBD administered. The reason 
for marked prolongation of reversal times in some patients 
(up to 143 minutes) was not determined, but may be due to 
the “ceiling effect” with respect to the blockade (peak effect 
of the antagonist is followed by a plateau phase in which 
the balance between diminishing anticholinesterase activ-
ity and spontaneous recovery determines the slope of the 
recovery curve).96 Both studies demonstrated that it was 
not possible to reliably achieve full neuromuscular recov-
ery (TOF ratio of >0.90) in the majority of patients within 
10 minutes of anticholinesterase administration. On the 
basis of data, expert opinion suggests that neostigmine 
should not be administered until the fourth “twitch” of the 
TOF count has returned.98!

Time Interval Between Anticholinesterase Admin-
istration and Tracheal Extubation. Studies have sug-
gested that if four responses to TOF nerve stimulation are 
present, approximately 15 minutes are needed to reach a 
TOF ratio of 0.90 in most patients.96,97 Achieving a TOF 
ratio of 0.90 will require a significantly longer time (20–30 
minutes) if a TOF count of 1 to 3 is observed at the time of 
reversal. To allow adequate neuromuscular recovery and 
ensure patient safety, anticholinesterase drugs should be 
given, on average, 15 to 30 minutes before clinicians antic-
ipate removal of the endotracheal tube in the operating 
room. In many clinical situations, however, anticholines-
terases are often administered at the conclusion of surgi-
cal closure, with tracheal extubation performed shortly 
thereafter. A survey of anesthesiologists from Europe and 
the United States revealed that approximately one half of 
respondents allowed only 5 minutes or less between anti-
cholinesterase administration and tracheal extubation.11 
In a study of 120 surgical patients, TOF ratios were quanti-
fied at the time of tracheal extubation when clinicians had 
determined that full recovery of neuromuscular function 
had occurred using clinical criteria and qualitative neuro-
muscular monitoring (Fig. 28.10).73 Mean TOF ratios of 
0.67 were observed immediately before extubation, with 

TABLE 28.4 Time (min) from Neostigmine 
Administration to a Train-of-Four Ratio 0.70, 0.80, and 
0.90 When Given at a Train-of-Four Count of 1-4

TOF Ratio

GROUP*

I II III IV

0.70

Median 10.3† 7.6‡ 5.0 4.1

Range 5.9-23.4 3.2-14.1 2.0-18.4 2.4-11.0

0.80

Median 16.6† 9.8‡ 8.3 7.5

Range 8.9-30.7 5.3-25.0 3.8-27.1 3.0-74.5

0.90

Median 22.2 20.2 17.1 16.5

Range 13.9-44.0 6.5-70.5 8.3-46.2 6.5-143.3

TOF, Train-of-four.
*Group I was reversed at a TOF count of 1, group II was reversed at a TOF 

count of 2, group III was reversed at a TOF count of 3, and group IV was 
reversed at a TOF count of 4.

†P < .05, group I > group II, III, and IV.
‡P < .05, group II > group IV.
From Kirkegaard H, Heier T, Caldwell JE. Efficacy of tactile-guided rever-

sal from cisatracurium-induced neuromuscular block. Anesthesiology. 
2002;96:45–50.
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Fig. 28.10 Train-of-four (TOF) ratios measured immediately before tra-
cheal extubation and again on admission to the postanesthesia care 
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of 120) with TOF ratios <0.70, <0.80, and <0.90 at each measurement 
interval. (From Murphy GS, Szokol JW, Marymont JH, et al. Residual paraly-
sis at the time of tracheal extubation. Anesth Analg. 2005;100:1840–1845.)

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



'-� �� Reversal (Antagonism) of Neuromuscular Blockade 845

88% of patients exhibiting TOF less than 0.90. Of note, the 
median TOF count at reversal was 4, and the average time 
interval between neostigmine administration and tracheal 
extubation was only 8 minutes. The frequent incidence 
of residual blockade reported in multiple studies is likely 
attributable to the fact that anticholinesterases are not 
given early enough during the intraoperative anesthetic to 
ensure full neuromuscular recovery.!

Type of Neuromuscular Blocking Drug Used Intraop-
eratively (Long-Acting Versus Intermediate-Acting). 
Two separate processes contribute to recovery of neuromus-
cular function following anticholinesterase administration. 
The first is the inhibition of acetylcholinesterase at the neu-
romuscular junction produced by neostigmine, pyridostig-
mine, or edrophonium. The second is the spontaneous 
process of decrease in the concentration of the NMBD at the 
neuromuscular junction over time due to redistribution and 
elimination. Therefore NMBDs that are redistributed and 
eliminated more rapidly from the plasma should be associ-
ated with more rapid recovery profiles after anticholines-
terase use. Not surprisingly, the probability of satisfactorily 
antagonizing neuromuscular blockade is a function of the 
properties of the NMBD used to provide muscle relaxation. 
The ability of edrophonium (0.75 mg/kg) and neostigmine 
(0.05 mg/kg) to antagonize neuromuscular blockade pro-
duced by atracurium, vecuronium, and pancuronium fol-
lowing termination of steady-state infusions (single-twitch 
depression 10% of control) has been examined.99 TOF 
ratios 20 minutes postreversal were 0.80 and 0.95 (atra-
curium with edrophonium or neostigmine), 0.76 and 0.89 
(vecuronium with edrophonium or neostigmine), and 
0.44 and 0.68 (pancuronium with edrophonium or neo-
stigmine). Another clinical study investigated recovery of 
neuromuscular function in patients randomized to receive 
either intermediate-acting (rocuronium, vecuronium, atra-
curium) or long-acting (pancuronium) NMBDs.100 Neostig-
mine (0.04 mg/kg) was given at 25% recovery of control 
twitch height, and TOF ratios were measured for 15 min-
utes. Mean TOF ratios had recovered to 0.88 to 0.92 in 
patients receiving intermediate-acting NMBDs, versus only 
0.76 in the pancuronium group (Fig. 28.11).

A number of clinical investigations have examined the 
incidence of residual blockade in the PACU in patients 
receiving either intermediate- or long-acting NMBDs. These 
studies have consistently demonstrated that fewer patients 
given intermediate-acting NMBD have residual blockade 
compared with those receiving long-acting agents. A meta-
analysis of 24 clinical trials examined the pooled estimated 
incidence of residual blockade (defined as a TOF ratio <0.90) 
by muscle relaxant type.44 The risk of residual blockade 
was significantly less in patients given intermediate-acting 
NMBDs (41%) versus long-acting NMBDs (72%). In conclu-
sion, the probability of incomplete neuromuscular recovery 
in the early postoperative period is decreased when shorter-
acting NMBDs are used intraoperatively.!

Type and Dose of Anticholinesterase. Complete recov-
ery of neuromuscular function within 10 to 15 minutes with 
neostigmine, edrophonium, or pyridostigmine is difficult to 
achieve when profound neuromuscular blockade is present. 
Some investigations have suggested that edrophonium is 

less effective than neostigmine when reversing deep block-
ade; this may occur because the slopes of the dose-response 
relationships of neostigmine and edrophonium are not par-
allel (flatter dose-response curves are observed with edro-
phonium; Fig. 28.12).90,92 In contrast, the recovery profile of 
edrophonium with larger doses (approximately 1.0 mg/kg)  
does not differ from neostigmine and pyridostigmine, and 
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edrophonium can produce rapid and sustained reversal of 
neuromuscular blockade.88,90 At moderate levels of neuro-
muscular blockade all three agents appear to be similarly 
effective in reversing blockade, although the onset of edro-
phonium may occur more quickly.

In general, larger doses of anticholinesterases result in 
more rapid and complete reversal of neuromuscular block-
ade than smaller doses. This relationship remains true until 
the maximal dose of anticholinesterase has been admin-
istered. At this point, acetylcholinesterase is maximally 
inhibited, and additional amounts of anticholinesterase will 
result in no further antagonism. Maximal effective doses 
of neostigmine and edrophonium have not been clearly 
defined, but likely vary in relation to depth of blockade and 
type of NMBD used intraoperatively. Providing additional 
anticholinesterase beyond these maximum dose limits 
(neostigmine 60-80 µg/kg, edrophonium 1.0-1.5 mg/kg) 
provides no further benefit. When administered during 
deep neuromuscular blockade, a second dose of neostig-
mine (70 µg/kg) usually does not enhance recovery times 
beyond that observed with a single dose.95

AGE
INFANTS AND CHILDREN. The dose of neostigmine produc-

ing 50% antagonism of a d-tubocurarine neuromuscular 
blockade was slightly smaller in infants (13 µg/kg) and 
children (15 µg/kg) compared with adults (23 µg/kg).101 
The times to peak antagonism and duration of antagonism 
did not differ between infants, children, and adults. Phar-
macokinetic modeling revealed that distribution half-lives 
and volumes were similar in all three cohorts, although 
elimination half-life was shorter in infants and children 
than adults. As in adults, the depth of neuromuscular 
blockade at the time of antagonism was a primary factor 
determining adequacy of recovery.102,103 Spontaneous 
recovery from neuromuscular blockade is more rapid in 
children compared with adults.103 However, when neostig-
mine was administered at various levels of blockade, the 
times to achieve neuromuscular recovery were similar in 
children and adults (the times to reach a TOF ratio of 0.90 
were reduced by 30%–40% compared with spontaneous 
recovery).103 Thus in the clinical setting, reversal of neu-
romuscular blockade does not appear to differ significantly 
between children and adults.!

OLDER ADULTS. Physiologic changes occur during the 
aging process that result in alterations in the response 
of older patients to NMBDs. These changes include an 
increase in body fat, a decrease in total body water, and 
declines in cardiac, hepatic, and renal function. In addi-
tion, anatomic alterations occur at the neuromuscular 
junction in older adults, such as a decrease in the con-
centration of nAChRs at the motor end plate and a reduc-
tion in the release of acetylcholine from the preterminal 
axon. All of these factors contribute to a prolongation of 
effect of most NMBDs in older patients. In a study compar-
ing older adults (age > 70) to younger controls, plasma 
clearance of edrophonium was decreased and elimina-
tion half-life prolonged in the aged cohort. Despite higher 
plasma concentrations of edrophonium, however, dura-
tion of antagonism was not increased. In contrast, Young 
and colleagues observed that the duration of action of 
both neostigmine and pyridostigmine was significantly 
longer in older adults (age > 60) compared with younger 

subjects.104 These findings suggest that plasma concen-
trations and/or duration of action of both NMBDs and 
anticholinesterases (neostigmine and pyridostigmine) are 
prolonged in older patients, which should reduce the risk 
of recurarization. The risk of postoperative residual block 
in elderly patients (age > 70 years) who have received neo-
stigmine is significantly higher than in a younger cohort 
receiving similar doses of this drug (ages 18–50, 58% vs. 
30%, respectively).73!

TYPE OF ANESTHESIA. Volatile anesthetics intensify the 
action of nondepolarizing NMBDs when compared with 
intravenous anesthetics. Furthermore, volatile anesthet-
ics interfere with the antagonism of neuromuscular block-
ade.105 Kim and colleagues randomized patients to receive 
a propofol or sevoflurane anesthetic (Table 28.5).97 The 
times required to achieve a TOF ratio of 0.70, 0.80, and 
0.90 were significantly longer in patients given the sevo-
flurane-based anesthetic compared with the propofol-based 
technique. Similar findings have been observed in patients 
randomized to receive either isoflurane or propofol (neuro-
muscular recovery was delayed when a volatile anesthetic 
was used).105,106 These findings suggest that the probability 
of achieving a TOF ratio greater than 0.90 within 10 to 15 
minutes of anticholinesterase administration is increased if 
a total intravenous anesthetic technique is administered as 
opposed to a volatile anesthetic.

CONTINUOUS INFUSION VERSUS BOLUS ADMINISTRATION 
OF NEUROMUSCULAR BLOCKING DRUGS. Recovery from neu-
romuscular blockade may also be influenced by mode of 
NMBD administration. Jellish and colleagues examined 
recovery characteristics of rocuronium and cisatracurium 
when given as either a bolus or continuous infusion.106 The 
time required to reach a TOF ratio of 0.75 in the cisatra-
curium group was similar whether bolus or infusion tech-
niques were used, whereas recovery was delayed when 
rocuronium was given as an infusion.106 The authors con-
clude that cisatracurium may be the agent of choice for 
prolonged procedures since its recovery is not affected by 
length of infusion.!

RENAL FUNCTION. As previously noted, renal excretion 
accounts for 50% to 75% of plasma clearance of neostig-
mine, pyridostigmine, and edrophonium. In anephric 
patients, elimination half-life of all three anticholinesterases 
is prolonged, and total plasma clearance of these agents is 
decreased (see Table 28.3). Similar changes in the pharma-
cokinetic characteristics of nondepolarizing NMBDs have 
been noted in patients with renal failure. Therefore man-
agement of anticholinesterase reversal should be similar in 
patients with normal and impaired renal function. Postop-
erative residual neuromuscular blockade in patients with 
renal failure is more likely secondary to improper titration 
of NMBDs intraoperatively rather than to inappropriate 
dosing of anticholinesterase agents.!

ACID-BASE STATUS. The influence of metabolic status 
and respiratory acid-base balance on reversal of neuromus-
cular blockade has been investigated in the laboratory set-
ting. Miller and associates noted that respiratory alkalosis 
and metabolic acidosis did not alter the dose of neostigmine 
needed to reverse a d-tubocurarine or pancuronium block-
ade. However, during respiratory acidosis and metabolic 
alkalosis, the dose of neostigmine needed to produce a com-
parable level of neuromuscular recovery was nearly twice 
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as large.107,108 Although clinical studies have not been per-
formed, the findings from laboratory investigations suggest 
that complete reversal of neuromuscular blockade may be 
difficult in the presence of respiratory acidosis and meta-
bolic alkalosis. In particular, clinicians should be aware 
of the risk of residual blockade in the setting of respiratory 
acidosis. A number of anesthetics (opioids, benzodiazepines, 
volatile anesthetics) can potentially depress the ventilatory 
drive in the early postoperative period. This respiratory 
depression may result in respiratory acidosis, which limits 
the ability of anticholinesterases to reverse neuromuscu-
lar blockade. The resultant residual blockade may further 
depress the respiratory muscle strength and ventilatory 
drive and increase the risk of adverse postoperative events.!

NEUROMUSCULAR MONITORING. Qualitative and quantita-
tive neuromuscular monitoring should be used to guide dos-
ing of both NMBDs and their reversal in the operating room. 
In general, if deeper levels of neuromuscular blockade are 
present at the end of surgery (1-2 responses to TOF stimula-
tion), larger doses of anticholinesterases should be given. In 
these clinical scenarios, maximal doses of neostigmine (70 
µg/kg), edrophonium (1.0-1.5 mg/kg), or pyridostigmine 
(350 µg/kg) should be considered. If three to four responses 
to TOF stimulation are present with observable fade of 
the fourth response, moderate doses of anticholinesterase 
should be administered (40-50 µg/kg of neostigmine, 0.5 
mg/kg of edrophonium, 200 µg/kg pyridostigmine). If four 
responses are present with no fade, low doses of anticholin-
esterases can be considered (e.g., 20 µg/kg of neostigmine; 
see later).

Quantitative monitoring is also useful in guiding the 
dosing of anticholinesterases. Fuchs-Buder and col-
leagues investigated the dose-response relationship 
of neostigmine using AMG-based monitoring to guide 
neostigmine reversal (10, 20, or 30 µg/kg) given at 
TOF ratios of either 0.40 or 0.60 (Fig. 28.13).109 All 
patients were able to achieve a TOF ratio of 0.90 within 

10 minutes of receiving 20 µg/kg of neostigmine. These 
findings demonstrate that small doses of neostigmine 
can be safely used if neuromuscular recovery is mea-
sured with quantitative monitoring. If muscle function 
is monitored manually with a peripheral nerve stimula-
tor and no fade is detected manually with TOF stimula-
tion, the TOF ratio is likely at least 0.40, but may be as 
high as 0.90 or 1.0. In the setting of full neuromuscular 
recovery, neostigmine administration may produce par-
adoxical muscle weakness (see later). This potential risk 
should be considered if neostigmine is used to reverse 
shallow blockade based on the results of qualitative neu-
romuscular monitoring.

In many clinical settings neuromuscular monitoring 
is unfortunately not used and decisions relating to the 
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Fig. 28.13 Probability of successful reversal within 10 minutes after 
different doses of neostigmine or placebo. Neostigmine or placebo 
was given at a train-of-four ratio of 0.40. TOF, Train-of-four. (From 
Fuchs-Buder T, Meistelman C, Alla F, et al. Antagonism of low degrees of 
atracurium-induced neuromuscular blockade: dose-effect relationship for 
neostigmine. Anesthesiology. 2010;112:34–40.)

TABLE 28.5 Time (min) from Neostigmine Administration to a Train-of-Four Ratio of 0.70, 0.80, and 0.90 During Propofol- or 
Sevoflurane-Based Anesthesia

TOF Ratio

GROUP*

I II III IV

PROPOFOL

0.70 4.7 (2.5-7.8)† 4.0 (1.5-7.5) 3.4 (0.9-5.5) 2.1 (0.6-3.8)‡,§

0.80 6.4 (3.1-10.8) 5.5 (2.2-9.3) 4.4 (0.9-7.1)‡ 3.3 (0.7-4.9)‡,§

0.90 8.6 (4.7-18.9) 7.5 (3.4-11.2) 5.4 (1.6-8.6)‡ 4.7 (1.3-7.2)‡,§

SEVOFLURANE

0.70 10.9 (3.6-28.9)¶ 8.3 (2.5-22.3)¶ 6.6 (2.4-18.5)‡,¶ 5.4 (2.2-14.3)‡,§,¶

0.80 16.4 (5.9-47.5)¶ 13.5 (5.1-37.2)¶ 10.8 (4.2-29.2)‡,¶ 7.8 (3.5-19.3)‡,§,¶

0.90 28.6 (8.8-75.8)¶ 22.6 (8.3-57.4)¶ 15.6 (7.3-43.9)‡,¶ 9.7 (5.1-26.4)‡,§,¶

*Group I was reversed at a TOF count of 1, group II was reversed at a TOF count of 2, group III was reversed at a TOF count of 3, and group IV was reversed at a 
TOF count of 4.

†Values are median and (range).
‡P < .05 compared with group I.
§P < .05 compared with group II.
¶P < .0001 compared with propofol groups.
TOF, Train-of-four.
From Kim KS, Cheong MA, Lee HJ, Lee JM. Tactile assessment for the reversibility of rocuronium-induced neuromuscular blockade during propofol or sevoflu-

rane anesthesia. Anesth Analg. 2004;99:1080–1085.
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administration of anticholinesterases are based on the time 
that has elapsed between the last dose of NMBD and the 
conclusion of the anesthetic. Clinical studies do not support 
this practice. In a study of patients receiving a single intu-
bating dose of vecuronium (0.1 mg/kg), 8.4% of patients 
had TOF ratios less than 0.80 4 hours after NMBD adminis-
tration.110 Debaene and colleagues examined the incidence 
of residual blockade in a large cohort of patients given a 
single intubating dose of vecuronium, rocuronium, or atra-
curium.47 Of the 239 patients who were tested 2 or more 
hours after administration of the NMBD, 37% had a TOF 
ratio less than 0.90 (Fig. 28.14). Murphy and associates 
administered a single 1 ! ED 95 dose of rocuronium (aver-
age dose 25 mg) to 120 patients.111 Despite an average case 
duration of 161 minutes, 21% of patients had not achieved 
a TOF ratio of 0.90 at the end of surgery. These investiga-
tions, as well as a number of pharmacokinetic and phar-
macodynamic studies, demonstrate that the time course of 
spontaneous neuromuscular recovery is extremely variable 
from patient to patient. In order to detect and appropriately 
manage patients in whom delayed neuromuscular recov-
ery may be present, quantitative neuromuscular monitor-
ing is required.!

PATIENTS WITH CHOLINESTERASE DEFICIENCY. The duration 
of neuromuscular blockade following the administration of 
either succinylcholine or mivacurium is primarily deter-
mined by their rate of hydrolysis by plasma cholinesterase. 
Patients with abnormal plasma cholinesterase phenotypes 
and activity can demonstrate significant prolongation of 
clinical effect of these NMBDs. Mivacurium is four to five 
times more potent in patients phenotypically homozygous 
for the atypical plasma cholinesterase gene than in patients 
with normal cholinesterase activity.112 Following standard 
intubating doses of mivacurium, recovery of neuromus-
cular function may require up to 4 to 8 hours in patients 
with cholinesterase deficiency.113 Similar prolonged recov-
ery times have been observed in patients administered 
succinylcholine who have atypical plasma cholinesterase 
genes.114

Human plasma cholinesterase has been used clinically 
to reverse neuromuscular blockade in patients with atypi-
cal serum cholinesterase. In 1977, Scholler and associates 
reported data on 15 patients with unexpected prolonged 
apnea lasting several hours after a dose of succinylcho-
line.115 Adequate spontaneous ventilation was restored 
within an average time of 10 minutes in all subjects fol-
lowing the administration of human serum cholinester-
ase. Naguib and associates reported successful reversal of 
a profound mivacurium-induced neuromuscular blockade 
with three doses of a purified human plasma cholinesterase 
preparation and, in a subsequent study, established a dose-
response relationship for plasma cholinesterase as a rever-
sal agent for mivacurium in normal subjects.113,116 The 
efficacy of exogenously administered plasma cholinesterase 
in antagonism of a mivacurium neuromuscular blockade 
was assessed in 11 patients phenotypically homozygous for 
atypical plasma cholinesterase.117 A purified concentrate of 
cholinesterase (2.8-10 mg/kg) was administered 30 or 120 
minutes after an intubating dose of mivacurium. Adminis-
tration of cholinesterase restored plasma cholinesterase to 
normal levels, resulting in a 9- to 15-fold increased clear-
ance and a shorter elimination half-life of mivacurium. 
The first response to TOF stimulation was observed in 13.5 
minutes, and the time to achieve a TOF ratio of 0.80 ranged 
from 30 to 60 minutes. These data suggest that prolonged 
neuromuscular blockade secondary to low or abnormal 
plasma cholinesterase activity can be successfully managed 
with purified human plasma cholinesterase. Decisions relat-
ing to management of prolonged neuromuscular blockade 
in patients with atypical plasma cholinesterase should be 
based on the availability and cost of human plasma cholin-
esterase versus delaying tracheal extubation until sponta-
neous neuromuscular recovery has occurred.

Box 28.2 summarizes clinical management strate-
gies that can be used by clinicians to reduce the risk of 
residual blockade when NMBDs are antagonized with 
anticholinesterases.!

Complications Associated With Inhibitors of 
Acetylcholinesterase

ANTICHOLINESTERASE-ASSOCIATED MUSCLE WEAKNESS. 
Anticholinesterases can antagonize moderate to shallow 
levels of neuromuscular blockade. However, if given when 
neuromuscular function is completely recovered, paradoxi-
cal muscle weakness theoretically may be induced. Large 
doses of neostigmine, pyridostigmine, and edrophonium 
may result in cholinergic hyperactivity and more intense 
fade in response to multiple nerve stimuli (decrease in TOF 
ratio) in an in"vitro model.118 The administration of a sec-
ond dose of neostigmine (2.5 mg) to patients with small 
degrees of residual blockade resulted in a decrease in TOF 
ratios, tetanic height, and tetanic fade.119,120 Caldwell 
examined neostigmine reversal (20 or 40 µg/kg) of resid-
ual neuromuscular blockade 1 to 4 hours after a single 
dose of vecuronium.110 TOF ratios increased in 52 patients 
and decreased in 8 patients; TOF ratio decreases were only 
observed in patients with TOF ratios 0.90 or greater at the 
time of reversal (with 40 µg/kg doses of neostigmine but not 
20 µg/kg dosing).

The clinical implications of administration of neostig-
mine after neuromuscular recovery has occurred have been 
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Fig. 28.14 The incidence of residual neuromuscular blockade after 
a single intubating dose of intermediate-duration nondepolarizing 
relaxant (rocuronium, vecuronium, or atracurium). Partial paralysis rate 
(percent) according to the delay between the administration of muscle 
relaxant and the arrival in the postanesthesia care unit. Partial paralysis 
was defined as a train-of-four (TOF) ratio less than 0.70 or less than 0.90. 
n, number of patients. *Significantly different from TOF < 0.90. (From 
Debaene B, Plaud B, Dilly MP, Donati F. Residual paralysis in the PACU after 
a single intubating dose of nondepolarizing muscle relaxant with an inter-
mediate duration of action. Anesthesiology. 2003;98:1042–1048.)

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



'-� �� Reversal (Antagonism) of Neuromuscular Blockade 849

examined in studies by Eikermann and colleagues. Rats 
were administered neostigmine after TOF ratios recovered 
to 1.0. Neostigmine administration resulted in decreases 
in upper airway dilator muscle tone and volume, impair-
ment of diaphragmatic function, and reductions in minute 
ventilation.121,122 In healthy volunteers given rocuronium, 
the administration of neostigmine after the recovery of 
the TOF to 1.0 induced genioglossus muscle impairment 
and increased upper airway collapsibility.123 The adverse 
physiologic effects of neostigmine in the setting of complete 
neuromuscular recovery can potentially have negative 
respiratory consequences in postoperative surgical patients. 
The mechanisms proposed for this effect include sensitivity 
of the upper airway muscles to an overabundance of acetyl-
choline with desensitization of the ACh receptor, depolar-
izing blockade, or an open channel blockade. In contrast, 
Murphy and colleagues randomized 90 surgical patients to 
receive either 40 µg/kg of neostigmine or saline when TOF 
ratio of 0.90 to 1.0 was achieved at the end of surgery.111 
No decreases in TOF ratios were observed in any subjects 
given neostigmine, and no differences between groups 
were observed in the incidences of airway obstruction, 
hypoxemic events, or signs and symptoms of muscle weak-
ness. Studies suggest that sugammadex does not appear to 
produce adverse effects on upper airway tone or normal 
breathing when given after neuromuscular recovery.121!

NAUSEA AND VOMITING. The impact of anticholinester-
ases on the incidence of postoperative nausea and vom-
iting remains controversial. Systemic anticholinesterases 
produce effects outside of the neuromuscular junction 
that may influence the risk of unwanted side effects fol-
lowing anesthesia and surgery. In addition to the action 

within the neuromuscular junction, anticholinesterase 
drugs result in muscarinic effects on the gastrointestinal 
tract, resulting in stimulation of secretion of gastric fluid 
and increases in gastric motility. The use of smaller doses 
of neostigmine in combination with atropine decreases 
lower esophageal sphincter tone.124 Furthermore, neo-
stigmine may produce nausea and vomiting via a central 
effect. Intrathecal neostigmine increases the incidence of 
nausea and vomiting, likely through a direct effect on the 
brainstem.

Anticholinergic drugs (e.g., atropine, glycopyrrolate) are 
routinely administered with anticholinesterases in order to 
attenuate the undesirable muscarinic effects of these rever-
sal agents. Perhaps anticholinergic drugs have antiemetic 
properties.125 When given to children receiving sedation 
(in the absence of anticholinesterases), atropine was asso-
ciated with significantly less vomiting (5.3%) than either 
glycopyrrolate (10.7%) or no anticholinergic (11.4%).126 
Similarly, surgical patients who were randomized to receive 
atropine had significantly less nausea than those given gly-
copyrrolate.127 Atropine is a tertiary amine that can read-
ily cross the blood-brain barrier and produce central effects, 
whereas glycopyrrolate is a quaternary amine that does not 
penetrate the blood-brain barrier. The beneficial effects of 
atropine on nausea and vomiting are likely secondary to a 
central nervous system effect.

Several randomized clinical trials have been performed 
to determine whether anticholinesterase administration 
results in an increase in the incidence of postoperative nau-
sea and vomiting. Unfortunately, most study populations 
were small (39–120 patients). Two systematic reviews 
have been conducted to address this limitation. Tramer 

Quantitative Monitoring Used (e.g., Acceleromyography)

 1.  TOF count of 1 or no TOF response—delay reversal until neuro-
muscular recovery is more complete (TOF count of 2 or greater).

 2.  TOF count of 2 or 3—administer doses of anticholinesterases 
(neostigmine [70 µg/kg], edrophonium [1.0–1.5 mg/kg], or pyri-
dostigmine [350 µg/kg]). Extubate when the adductor pollicis 
TOF ratio has reached 0.90.

 3.  TOF ratio & 0.40—administer moderate pharmacologic reversal 
doses of anticholinesterases (neostigmine [40–50 µg/kg], edro-
phonium [0.5 mg/kg], or pyridostigmine [200 µg/kg]). Extubate 
when the adductor pollicis TOF ratio has reached 0.90.

 4.  TOF ratio between 0.40 and 0.70—administer pharmacologic 
reversal, consider a low dose of neostigmine (20 µg/kg).

 5.  TOF ratio > 0.70—avoid anticholinesterase reversal; risk of 
anticholinesterase-induced muscle weakness if given.!

Qualitative Monitoring Used (Peripheral Nerve Stimulator)

 1.  TOF count of 1 or no TOF response—delay reversal until neuro-
muscular recovery is detectable (TOF count of 2 or greater)

 2.  TOF count of 2 or 3 at the end of surgery—administer anticho-
linesterases (neostigmine [70 µg/kg], edrophonium [1.0–1.5 mg/
kg], or pyridostigmine [350 µg/kg]). Allow at least 15-30 minutes 
before tracheal extubation is performed.

 3.  TOF count of 4 with observable fade at the end of surgery (likely 

adductor pollicis TOF ratio < 0.40)—administer anticholinester-
ases (neostigmine [40–50 µg/kg], edrophonium [0.5 mg/kg], or 
pyridostigmine [200 µg/kg]). Allow at least 10–15 minutes before 
tracheal extubation is performed.

 4.  TOF count of 4 with no perceived fade at the end of surgery 
(likely adductor pollicis TOF ratio & 0.40)—administer pharmaco-
logic reversal, consider a low dose of neostigmine (20 µg/kg).!

No Neuromuscular Monitoring Used

 1.  Anticholinesterases should be considered. Spontaneous recov-
ery of neuromuscular function may require several hours in a 
significant percentage of patients, even after a single intubating 
dose of an intermediate-acting NMBD.

 2.  Anticholinesterases should not be given until some evidence of 
recovery of muscle strength is observed since administration of 
an anticholinesterase during deep levels of paralysis may delay 
neuromuscular recovery.

 3.  Decisions relating to the use or avoidance of anticholinester-
ases should not be based upon clinical tests of muscle strength 
(5-second head lift). Many patients can perform these tests even 
in the presence of profound neuromuscular blockade (TOF ratio 
< 0.50). Other muscle groups may be significantly impaired 
(pharyngeal muscles) at the time when patients can successfully 
perform these tests.

BOX 28.2 Clinical Management Strategies to Reduce the Risk of Residual Neuromuscular Blockade 
When Anticholinesterase Reversal Agents Are Used

NMBD, Neuromuscular blocking drug; TOF, train-of-four.
Modified from Brull SJ, Murphy GS. Residual neuromuscular block. Lessons unlearned. Part II: methods to reduce the risk of residual weakness. Anesth 

Analg. 2010;111:129–140.
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and Fuchs-Buder analyzed eight trials with data on 1134 
patients that compared reversal with neostigmine or edro-
phonium with spontaneous recovery from long- or inter-
mediate-acting NMBDs.128 An analysis of the neostigmine 
data across all trials and doses revealed no evidence of an 
increased risk of early and late nausea and vomiting when 
neostigmine was administered. However, some evidence 
in adults suggested that antagonism with larger doses of 
neostigmine (2.5 mg) might increase the incidence of these 
events. No evidence was found for this effect with edro-
phonium. A later systematic review evaluated the effect of 
neostigmine on postoperative nausea and vomiting while 
considering the different anticholinergics as confounding 
variables.125 Ten randomized trials (933 patients) that 
compared neostigmine to inactive control were included. 
The combination of neostigmine with either glycopyrro-
late or atropine did not increase the incidence of nausea 
or vomiting, nor was there an increased risk when large 
doses of neostigmine were compared with smaller doses 
(Table 28.6). Atropine was associated with a reduction in 
the risk of vomiting, but glycopyrrolate was not. In conclu-
sion, there is at present insufficient evidence to conclude 
that neostigmine or edrophonium is associated with an 
increased risk of postoperative nausea and vomiting.!

CARDIOVASCULAR EFFECTS. Pronounced vagal effects are 
observed following the administration of anticholinester-
ases—bradycardia and other bradyarrhythmias, such as 
junctional rhythms, ventricular escape beats, complete 
heart block, and asystole, have been reported. The time 
course of these bradyarrhythmias parallels the onset of 
action of the anticholinesterases, with the most rapid onset 
observed with edrophonium, slower for neostigmine, and 
slowest for pyridostigmine.90 In order to counteract these 
cardiovascular effects, atropine and glycopyrrolate are 
administered concurrently with anticholinesterases. Atro-
pine and glycopyrrolate have muscarinic (parasympa-
thetic) blocking effects, but do not block nicotinic receptors. 
Atropine has a more rapid onset of action (approximately 
1 minute) compared with glycopyrrolate (2-3 minutes), 
although the duration of action of both agents is similar 
(30–60 minutes). Despite the concurrent administration 
of anticholinergic drugs, a high incidence of bradyarrhyth-
mias is observed following anticholinesterase reversal (up 

to 50%–60% of patients in some studies).129 The risk of 
arrhythmias is influenced by the type of anticholinesterase 
and anticholinergic used, the dose of anticholinesterase 
and anticholinergic administered, and background anes-
thetic used (opioid-based vs. volatile anesthetic and type of 
NMBD).

Several investigations have examined the heart rate and 
rhythm responses to various anticholinesterase/anticho-
linergic combinations. In general, it is preferable to use 
atropine with edrophonium because the onset of action 
of both drugs is rapid. Edrophonium-atropine mixtures 
induced small increases in heart rate, whereas edropho-
nium-glycopyrrolate mixtures caused decreases in heart 
rate and occasionally severe bradycardia.130 Similarly, the 
onset of cholinergic effects of neostigmine coincides with 
the onset of the anticholinergic effects of glycopyrrolate; 
glycopyrrolate is superior to atropine in protecting against 
neostigmine-induced bradyarrhythmias.131 When atro-
pine is given with edrophonium (0.5-1.0 mg/kg), doses of 
5 to 7 µg/kg are recommended, although larger doses may 
be used in certain circumstances.130,132 If glycopyrrolate 
is given with neostigmine, minimal changes in heart rate 
are observed if a dose equivalent of one fourth the dose of 
neostigmine is used (e.g., 1 mg glycopyrrolate with 4 mg 
of neostigmine).131 Because the onset of action is slow with 
pyridostigmine, tachycardia may be observed when either 
atropine or glycopyrrolate is coadministered.

More recent investigations have examined the impact 
of atropine and glycopyrrolate, given with neostigmine, 
on autonomic control in the postoperative period. During 
physiologically stressful events, control of heart rate and 
arterial blood pressure is regulated by the sympathetic and 
parasympathetic nervous systems. Anticholinergic drugs 
attenuate the efferent parasympathetic regulation of heart 
rate and suppress cardiac baroreflex sensitivity and heart 
rate variability. This suppression of the parasympathetic 
system may predispose patients to cardiac arrhythmias 
following surgery. Marked decreases in baroreflex sensi-
tivity and high-frequency heart rate variability have been 
observed in healthy volunteers given either atropine (20 
µg/kg) or glycopyrrolate (7 µg/kg).133 Although the times 
required to return to baseline values were prolonged in 
both groups, recovery times were significantly longer in the 

TABLE 28.6 Early and Delayed Postoperative Nausea and Vomiting With Neostigmine Versus Control—Results of a 
Metaanalysis

Outcome Anticholinergics Number of Studies Number of Participants Relative Risk (95% CI)

Early nausea (0-6 h) Atropine and Glycopyrrolate 6 584 1.24 (0.86-1.80)

Atropine 1 79 0.67 (0.36-1.26)

Glycopyrrolate 5 505 1.39 (0.97-1.99)

Early vomiting (0-6 h) Atropine and Glycopyrrolate 8 768 1.05 (0.72-1.55)

Atropine 2 199 0.75 (0.52-1.08)

Glycopyrrolate 6 568 1.35 (0.88-2.06)

Delayed nausea (6-24 h) Glycopyrrolate 4 337 1.09 (0.76-1.57)

Delayed vomiting (6-24 h) Glycopyrrolate 4 337 1.01 (0.58-1.78)

CI, Confidence interval.
From Cheng CR, Sessler DI, Apfel CC. Does neostigmine administration produce a clinically important increase in postoperative nausea and vomiting? Anesth 

Analg. 2005;101:1349–1355.
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subjects given atropine (177-212 minutes) compared with 
those administered glycopyrrolate (82-111 minutes). Simi-
lar effects have been observed in healthy patients under-
going general anesthesia reversed with neostigmine and 
anticholinergics.134 Neuromuscular blockade was antago-
nized with neostigmine 50 µg/kg and either atropine 20 
µg/kg or glycopyrrolate 8 µg/kg. Two hours after giving 
neostigmine, patients given atropine had persistent impair-
ment of baroreflex sensitivity and high-frequency heart 
rate variability, whereas these variables had returned to 
baseline values in patients receiving glycopyrrolate. These 
investigations demonstrate that the parasympathetic ner-
vous system control of heart rate is less impaired by glyco-
pyrrolate than by atropine.!

BRONCHOCONSTRICTION. Bronchospasm can occur 
after the administration of neostigmine in surgical 
patients.135,136 Anticholinesterases (e.g., neostigmine) 
stimulate muscarinic receptors in airway smooth muscle; 
stimulation of these receptors can provoke bronchocon-
striction. Neostigmine and pyridostigmine induce a phos-
phatidylinositol response (a reflection of smooth muscle 
contraction induced by a muscarinic agonist) in airway 
muscle, which can result in bronchoconstriction.137 This 
response was inhibited in the presence of atropine, a direct 
bronchodilator. Edrophonium did not induce a phospha-
tidylinositol response. In patients with cervical spinal 
cord injuries, neostigmine alone caused bronchoconstric-
tion, whereas neostigmine combined with glycopyrrolate 
caused bronchodilation.138 The risk of perioperative bron-
chospasm appears low if anticholinesterases are adminis-
tered concurrently with anticholinergics.!

SUGAMMADEX REVERSAL OF 
NEUROMUSCULAR BLOCKADE

Sugammadex (Org 25969) is a modified #-cyclodextrin 
and the first selective relaxant–binding agent based on an 
encapsulating principle for inactivation of a neuromuscu-
lar blocking drug (su refers to sugar, and gammadex refers 
to the structural molecule #-cyclodextrin). This principle 
for reversal of rocuronium- and vecuronium-induced neu-
romuscular blockade was first introduced into clinical prac-
tice in 2008 and is now available for pediatric and adult 
anesthesia in most countries worldwide, including the 
United States and China. The complex formation of sugam-
madex and rocuronium or vecuronium occurs at all levels of 
neuromuscular blockade (profound through shallow) and 
results in a more fast-acting pharmacologic reversal when 
compared with anticholinesterase drugs. Consequently, 
sugammadex may markedly reduce postoperative residual 
neuromuscular blockade in the PACU.139

Structure-Activity Relationships and Mechanism 
of Action
The three natural unmodified cyclodextrins consist of six, 
seven, and eight cyclic oligosaccharides (i.e., dextrose units 
joined through one to four glycosyl bonds) and are called 
$-, %-, and #-cyclodextrins, respectively.140,141 Their three-
dimensional structure resembles a hollow, truncated cone 
or a doughnut. The structure has a hydrophobic cavity 
and hydrophilic exterior because of the presence of polar 
hydroxyl groups. Hydrophobic interactions trap the lipophilic 

molecules in the cyclodextrin cavity, thereby resulting in the 
formation of a water-soluble guest-host complex. Sugam-
madex is built on this principle ring structure but is a modi-
fied #-cyclodextrin. Although an unmodified #-cyclodextrin 
possesses a larger lipophilic cavity (7.5-8.3 Å) than $- or 
%-cyclodextrins, it is still not deep enough to accommo-
date the larger rigid structure of the rocuronium molecule. 
Therefore the cavity is modified by adding eight side chains 
to extend it to 11 Å for better accommodation of the four 
hydrophobic steroidal rings of rocuronium. Furthermore, 
at the end of these side chains, negatively charged carboxyl 
groups are added to enhance electrostatic binding to the 
positively charged quaternary nitrogen of rocuronium (Fig. 
28.15).141,142 The stability of the rocuronium-sugammadex 
complex is a result of the combination of intermolecular 
forces (van der Waals forces), including thermodynamic 
(hydrogen bonds) and hydrophobic interactions.141-143 
Sugammadex forms a rigid complex in a 1:1 ratio with steroi-
dal NMBDs (rocuronium and vecuronium) (Fig. 28.16).141 
There is some binding affinity with pancuronium, but this 
interaction is too low to have a significant clinical effect. The 
molecular mass of the sugammadex-rocuronium complex 
is 2532 g/mol (sugammadex 2002 g/mol and rocuronium 
530 g/mol), and that of the sugammadex-vecuronium 
complex is 2640 g/mol (vecuronium 638 g/mol).141 The 
rocuronium-sugammadex complex exists in an equilibrium 
with an association/dissociation rate of 1 molar concentra-
tion of sugammadex and rocuronium of 25,000,000:1, 
which means that sugammadex forms a very rigid com-
plex and encapsulates rocuronium at 25 million times the 
rate that one molecule complex dissociates. The affinity of 
sugammadex toward vecuronium is 2.5 times smaller, but 
still high enough to form a tight complex.141 Rapid bind-
ing of rocuronium and sugammadex results in removal of 
free rocuronium molecules from the plasma. This creates a 
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concentration gradient favoring movement of the remaining 
rocuronium molecules from the effect site at the neuromus-
cular junction into plasma, where the drug is encapsulated 
by free sugammadex molecules. Neuromuscular blockade is 
quickly reversed as rocuronium is removed from the binding 
sites at the neuromuscular junction. Sugammadex adminis-
tration results in an increase in the total plasma concentra-
tion of rocuronium (free and that bound to sugammadex).144 
Because sugammadex acts as a selective binding agent and 
has no direct or indirect action on the molecular components 
of cholinergic transmission (cholinesterase, nicotinic recep-
tors, or muscarinic receptors), the need for coadministration 
of anticholinergic drugs is eliminated.145!
Pharmacokinetics
The pharmacokinetic profile of sugammadex and rocuronium 
has been investigated in healthy volunteers and surgical 
patients.146 Sugammadex, in a dose range of 0.1 to 8.0 mg/
kg in healthy adult volunteers (without neuromuscular 
blockade), exhibited a dose-linear pharmacokinetic pro-
file, a volume distribution of 18 L, an elimination half-life of 
100 minutes, and a plasma clearance rate of 120 mL/min, 
with up to 80% of the dose being excreted in urine over 24 
hours.146 After encapsulation by sugammadex, rocuronium 
is less free to distribute to compartments other than those 
associated with the compartment in which sugammadex 
resides. During an infusion of rocuronium to maintain a 
stable depth of neuromuscular blockade, administration 
of sugammadex increased the measured plasma concen-
tration of rocuronium; rocuronium redistributed from the 
effect compartment (including the neuromuscular junction) 
to the central compartment (mostly as the sugammadex 
complex) as it was encapsulated by sugammadex.144 The 
volume of distribution of rocuronium decreases with increas-
ing doses of sugammadex until the volume of distribution of 
rocuronium approaches the volume of distribution of sugam-
madex at higher doses.144 Encapsulation changes the phar-
macokinetics of rocuronium. In the absence of sugammadex, 
rocuronium is eliminated mainly by biliary excretion (>75%) 

and to a lesser degree by renal excretion (10%-25%).147 The 
main difference in the pharmacokinetic profile of sugam-
madex and rocuronium is that the clearance of sugam-
madex is approximately three times slower than that of 
rocuronium.146 The rate and amount of urinary excretion of 
rocuronium when administered alone is slow and small, but 
when sugammadex (a dose of 2.0 mg/kg or more) is admin-
istered, the plasma clearance of rocuronium is decreased by a 
factor of more than two.146 This decreased clearance occurs 
because the biliary route of excretion becomes unavailable 
for the rocuronium-sugammadex complex as the large size of 
this complex prohibits additional renal excretion. The clear-
ance of rocuronium after binding by sugammadex decreases 
to a value approaching the glomerular filtration rate (120 
mL/min).147 However, the renal excretion of rocuronium 
is increased by more than 100% after administration of 4.0 
to 8.0 mg/kg of sugammadex.147 Following the adminis-
tration of sugammadex, encapsulation of rocuronium in 
the plasma results in a rapid decrease in free rocuronium 
in this compartment, although the total plasma concentra-
tion of rocuronium (both free and bound by sugammadex) 
increases. This results in a concentration gradient between 
the relatively high level of free rocuronium in the effect com-
partment (the neuromuscular junction) and the low level in 
the plasma compartment.144 As a result, free rocuronium 
molecules rapidly diffuse towards the plasma compartment 
and are encapsulated by sugammadex. Thus the increase in 
plasma levels of rocuronium after sugammadex administra-
tion illustrates the mechanism responsible for the rapid rever-
sal of neuromuscular blockade by sugammadex.

Because renal excretion is the primary route for the elimi-
nation of sugammadex and the rocuronium-sugammadex 
complex, studies on elimination by dialysis have considerable 
relevance in clinical practice. In a small subset of patients 
with severe renal impairment, an investigation on dialysis 
showed that the clearance of sugammadex and rocuronium 
in blood was 78 and 89 mL/min, respectively. Therefore 
hemodialysis using a high-flux dialysis method is effective in 
removing sugammadex and the sugammadex-rocuronium 
complex in patients with severe renal impairment.148!
Pharmacodynamics
Clinical Use of Sugammadex in Healthy Patients
The first human exposure of sugammadex in male volun-
teers showed a large dose-dependent, more rapid recovery 
time from a rocuronium-induced neuromuscular block-
ade with sugammadex (0.1-8.0 mg/kg) as compared with 
placebo.146 Administration of 8 mg/kg of sugammadex 
3 minutes after a bolus dose of 0.6 mg/kg of rocuronium 
resulted in a recovery of the TOF ratio to 0.90 within 2 min-
utes compared with 52 minutes for placebo. Decreasing 
the dose of sugammadex to 4 mg/kg resulted in recovery 
of the TOF ratio to 0.90 in less than 4 minutes.146 Similar 
recovery times were found in a study in which surgical 
patients received 0.6 mg/kg rocuronium, followed by differ-
ent doses of sugammadex or placebo administered at a TOF 
count of 2.149 Sugammadex reduced the median recovery 
time in a dose-dependent manner from 21 minutes in the 
placebo group to 1.1 minutes in the group receiving 4.0 
mg/kg of sugammadex.149 In another study, administra-
tion of sugammadex resulted in a more rapid and effective 
recovery from a rocuronium (0.6 mg/kg) or vecuronium 

Fig. 28.16 The sugammadex-rocuronium complex. (From Bom A, Brad-
ley M, Cameron K, et al. A novel concept of reversing neuromuscular block. 
Chemical encapsulating of rocuronium bromide by a cyclodextrin-based 
synthetic host. Angew Chem. 2002;41:266–270.)
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(0.1 mg/kg) neuromuscular blockade.150 After a dose of 
4.0 mg/kg of sugammadex, the mean recovery time to a 
TOF ratio of 0.90 was 1.1 minutes and 1.5 minutes after 
rocuronium and vecuronium, respectively (Figs. 28.17 
and 28.18).150 Reversal of neuromuscular blockade with 
larger doses of rocuronium (1.0–1.2 mg/kg) by different doses 

of sugammadex (2.0–16.0 mg/kg) at different time points 
(3–15 minutes after rocuronium) showed a dose-dependent, 
rapid, and effective reversal compared with placebo.151-154

Whereas anticholinesterase drugs, such as neostigmine, 
are unable to reverse deeper levels of neuromuscular block-
ade (e.g., posttetanic count of 1-2) because of a ceiling effect, 
sugammadex is effective in reversing profound neuromus-
cular blockade.152,155 Optimal doses of sugammadex of 4.0 
mg/kg produced prompt recovery of the TOF ratio to 0.90 
within minutes (Table 28.7).150-155 Therefore reversal of 
moderate and profound rocuronium and vecuronium neu-
romuscular blockades can be reliably achieved by adminis-
tration of sugammadex, provided a dose of 2.0 and 4.0 mg/
kg, respectively, is used. Because neostigmine has neuromus-
cular effects when given alone, some spontaneous recovery 
of the TOF should be evident before it is given. In contrast, 
sugammadex has no neuromuscular effects when given 
alone. Accordingly, sugammadex can be given even if there 
is no response to TOF stimulation. Sugammadex allows a 
profound neuromuscular blockade to continue until the end 
of surgery.

In contrast to the anticholinesterase drugs (e.g., neostig-
mine), intense neuromuscular blockade (no response to 
TOF and PTC stimulation) can be reversed by sugammadex 
immediately after the administration of rocuronium. In a 
multicenter investigation, patients were randomized to 
receive 1.2 mg/kg of rocuronium followed 3 minutes later 
by 16 mg/kg of sugammadex or a dose of 1.0 mg/kg of suc-
cinylcholine.156 The mean time to 90% recovery of the first 
twitch (T1) from the start of sugammadex administration 
was 2.9 minutes and to a recovery of the TOF ratio to 0.90 
was 2.2 minutes.156 In contrast, the spontaneous recov-
ery time from a succinylcholine neuromuscular blockade 
to 90% recovery of T1 was 10.9 minutes. Thus reversal 
of large doses of rocuronium with 16 mg/kg sugamma-
dex was significantly faster than spontaneous recovery 
from succinylcholine (Fig. 28.19).156 These findings were 
confirmed in a randomized trial that assessed how rapidly 
spontaneous ventilation could be reestablished after rapid 
sequence induction of anesthesia and intubation of the 
trachea, using either the combination of rocuronium (1.0 
mg/kg)–sugammadex (16 mg/kg) or succinylcholine (1.0 
mg/kg).157 The median time from tracheal intubation to 
spontaneous ventilation was 406 seconds with succinyl-
choline and 216 seconds with rocuronium-sugammadex 
(Table 28.8).157 These data demonstrated that sugamma-
dex reversal of a large-dose rocuronium neuromuscular 
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Fig. 28.17 The dose-response relation of sugammadex dose and 
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Fig. 28.18 The dose-response relation of sugammadex dose and 
time to recovery of the T4/T1 ratio to 0.9 with vecuronium 0.1 mg/kg.  
T4/T1 ratio, the degree of neuromuscular block. (From Suy K,  
Morias K, Cammu G, et al. Effective reversal of moderate rocuronium- or 
vecuronium-induced neuromuscular block with sugammadex, a selective 
relaxant binding agent. Anesthesiology. 2007;106:283–288.)

TABLE 28.7 Recovery Times* of Reversal of a Rocuronium-Induced (1.2 mg/kg) Neuromuscular Blockade With Either 
Sugammadex or Placebo (NaCl 0.9%)

Placebo (n = 4)

SUGAMMADEX

2.0 mg/kg (n = 5) 4.0 mg/kg (n = 5) 8.0 mg/kg (n = 12) 12.0 mg/kg (n = 7) 16.0 mg/kg (n = 7)

Mean (SD) 122.1 (18.1) 56.5 (5.4) 15.8 (17.8) 2.8 (0.6) 1.4 (0.3) 1.9 (2.2)

Median 126.1 55.3 12.3 2.5 1.3 1.3

Min-max 96.8-139.4 50.5-65.1 3.3-46.6 2.2-3.7 1.0-1.9 0.7-6.9

*Recovery times (minutes) from the start of administration of sugammadex or placebo to recovery of the train-of-four ratio to 0.90.
SD, Standard deviation.
From de Boer HD, Driessen JJ, Marcus MA, et al. Reversal of a rocuronium-induced (1.2 mg/kg) profound neuromuscular block by sugammadex: a multicenter, 

dose-finding and safety study. Anesthesiology. 2007;107:239–244.
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blockade was not only significantly faster than spontane-
ous recovery from succinylcholine, but that spontaneous 
ventilation could be restored more rapidly (i.e., this dose 
can be used to replace succinylcholine for endotracheal 
intubation). In clinical practice and during an unexpected 
difficult airway (cannot intubate, cannot ventilate sce-
nario), a rocuronium neuromuscular blockade may be 
reversed by sugammadex immediately in order to restore 
spontaneous ventilation.

When sugammadex was compared with neostig-
mine or edrophonium, the time course of neuromuscu-
lar recovery was markedly different.158-160 In a clinical 
study, patients received 0.6 mg/kg of rocuronium after 
which neuromuscular blockade was sustained with 
supplemental boluses of rocuronium given at the reap-
pearance of the second twitch (second response to TOF 
stimulation or T2).158 Fifteen minutes after the last dose 
of rocuronium either 70 µg/kg of neostigmine, 1 mg/kg 
of edrophonium, or 4.0 mg/kg sugammadex was admin-
istered. The average time to achieve a TOF ratio of 0.90 
was 10 times longer after the administration of neostig-
mine than it was after sugammadex (1044 seconds vs. 

107 seconds) and 3 times longer after the administration 
of edrophonium (331 seconds). In another study by Blob-
ner and associates, similar differences were found when 
comparing reversal of rocuronium at the reappearance 
of the second twitch in the TOF response using 2 mg/
kg sugammadex versus neostigmine 50 µg/kg.159 This 
was also confirmed in an investigation that assessed the 
efficacy of sugammadex versus neostigmine for reversal 
of profound rocuronium-induced neuromuscular block-
ade.160 More than 97% of patients reversed with sugam-
madex (4.0 mg/kg) at a PTC of 1 to 2 recovered to a TOF 
ratio of 0.90 within 5 minutes. In contrast, 73% of the 
patients administered neostigmine (70 µg/kg) recovered 
between 30 and 60 minutes after administration, with 
23% requiring more than 60 minutes to recover to a TOF 
ratio of 0.90 (Fig. 28.20).

A randomized trial compared the efficacy of sugamma-
dex reversal of a rocuronium (0.6 mg/kg) neuromuscular 
blockade with that of neostigmine reversal of a cisatracu-
rium (0.15 mg/kg) neuromuscular blockade.161 Time from 
the start of administration of reversal agent sugammadex 
2.0 mg/kg or neostigmine 50 µg/kg) to recovery of the TOF 
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Fig. 28.19 (A) Recovery of T1 twitch height (blue tracings) and the train-of-four (TOF) ratio (red dots) after the administration of 1.2 mg/kg of rocuronium, 
followed 3 minutes later by 16 mg/kg of sugammadex, both given intravenously. Recovery to a first twitch height (T1) of 90% and a TOF ratio of 0.94 
occurred 110 seconds later. The onset-offset time with this sequence (i.e., time from the end of the injection of rocuronium until T1 recovery to 90%) 
was 4 minutes, 47 seconds. (B) Effects of administering 1.0 mg/kg of succinylcholine (Sch) with spontaneous recovery to a T1 recovery to 90% occurring 
after 9 minutes, 23 seconds. Black dashed line represents hand skin temperature (°Celsius). (From Naguib M. Sugammadex: another milestone in clinical 
neuromuscular pharmacology. Anesth Analg. 2007;104:575–581.)
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ratio to 0.90 was 4.7 times faster with sugammadex than 
with neostigmine, 1.9 versus 9.0 minutes, respectively.

Unlike with neostigmine or edrophonium, the choice of 
anesthetic (e.g., propofol vs. sevoflurane) does not influence 
the ability of sugammadex to reverse rocuronium-induced 
neuromuscular blockade.162,163 Provided that sugamma-
dex is used in recommended dosages according to the level 
of neuromuscular blockade, a small risk exists of incomplete 
neuromuscular recovery or reoccurrence of neuromuscu-
lar blockade following surgery.!

Clinical Use of Sugammadex in Pediatric and Older 
Adult Patients

PEDIATRICS. The use of sugammadex in pediatric patients 
was examined in a study enrolling 8 infants (28 days to 23 
months), 24 children (2-11 years), and 31 adolescents (12-
17 years).164 Patients were anesthetized with propofol and 
opioids and received rocuronium 0.6 mg/kg. At the reap-
pearance of T2 (second twitch), patients were given sugam-
madex 0.5, 1.0, 2.0, or 4.0 mg/kg or placebo. Recovery time 
to a TOF ratio of 0.90 decreased in a dose-dependent man-
ner in all age groups. Residual neuromuscular blockade or 
recurarization was not observed, and no side effects were 
reported. In a more recent case report, sugammadex was 
used successfully in reversing a vecuronium-induced neu-
romuscular blockade in a 7-month-old infant.165 Another 
case report described a 2-year-old patient who received 
readministration of rocuronium for reoperation after an 
initial successful reversal with sugammadex.166 A recent 
systematic review showed that compared with neostig-
mine or placebo, sugammadex can reverse a rocuronium-
induced neuromuscular blockade more rapidly with lower 
incidence of bradycardia.167

While sugammadex can be used safely in children and 
adolescents (2-17 years old), information on the use of 
sugammadex in pediatric patients less than 2 years old is 
still limited.!

OLDER ADULT PATIENTS. Reversal of neuromuscular 
blockade by sugammadex has been assessed in older 
patients. One hundred and fifty patients were divided 
into three groups; an adult group (18–64 years old), an 
older adult group (65–75 years old), and an oldest adult 
group (75 years or older).168 Patients received an intu-
bating dose of rocuronium 0.6 mg/kg with maintenance 
doses of 0.15 mg/kg as required. Sugammadex 2.0 mg/kg  
was administered after the last dose of rocuronium at the 

TABLE 28.8 How Rapidly Can Spontaneous Ventilation Be Reestablished After a Rapid Sequence Induction and Intubation of 
Anesthesia Using Either Succinylcholine- or Rocuronium-Sugammadex

Succinylcholine (1 mg/kg) 
(n = 26)

Rocuronium (1 mg/kg)  
Sugammadex (16 mg/kg) (n = 29) P-value

Time from start of procedure to tracheal intubation (seconds) 330 (313-351) 324 (312-343) .45

Intubation conditions   .13

Excellent 20 (76%) 27 (93%)

Good 6 (24%) 2 (7%)

Poor 0 (0%) 0 (0%)

Intubation difficulty score   .23

'5 24 (92%) 28 (100%)

>5 2 (8%) 0 (0%)

Time from tracheal intubation to spontaneous ventilation (seconds) 406 (313-507) 216 (132-425) .002

Time from tracheal intubation to T1 90% (seconds) 518 (451-671) (n = 17) 168 (122-201) (n = 27) <.0001

Time from injection of NMBD to T1 90% (seconds) 719 (575-787) (n = 17) 282 (242-319) (n = 27) <.0001

*These data include tracheal intubation conditions, time to reappearance of spontaneous ventilation, and recovery of neuromuscular function from either suc-
cinylcholine or the combination of rocuronium-sugammadex.

From Sørensen MK, Bretlau C, Gätke MR, et al. Rapid sequence induction and intubation with rocuronium-sugammadex compared with succinylcholine. A 
randomized trial. Br J Anaesth. 2012;108:682–689.
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reappearance of T2. Recovery of neuromuscular block-
ade by sugammadex was slightly (0.7 minutes) faster in 
patients younger than 65 years of age. In general, a pro-
longed circulation time secondary to a reduced cardiac 
output in older patients was anticipated to result in a 
longer recovery time from neuromuscular blockade after 
administration of sugammadex.169,170 However, based 
on these results, no dose adjustments are needed in older 
patients.168 Yet, if it is necessary to achieve a fast recov-
ery in a short period of time, a higher dose of sugamma-
dex might be considered.171!

Clinical Use of Sugammadex in Special Patient 
Populations

CARDIAC DISEASE. Studies evaluating the safety and 
efficacy of sugammadex in patients with underlying car-
diovascular disease have not demonstrated an effect of 
sugammadex on electrocardiogram (no indication of a 
possible prolongation effect on the QTc interval).172,173 
A study designed to evaluate the effects of sugammadex 
on QTc prolongation in healthy subjects (in doses up to 
32 mg/kg, alone or in combination with rocuronium or 
vecuronium) revealed that the administration of sugam-
madex was not associated with QTc prolongation.173 
In a case report of a patient with long QT syndrome, a 
vecuronium neuromuscular blockade was reversed with 
sugammadex 2 mg/kg without adversely affecting the QT 
interval.174 Based on current data, sugammadex rever-
sal is not associated with cardiovascular side effects in 
healthy patients or in those with cardiovascular comor-
bidities (also see earlier section Complications Associated 
With Inhibitors of Acetylcholinesterase).!

PULMONARY DISEASE. Patients with a history of pul-
monary disease have an increased risk of postoperative 
pulmonary complications such as pneumonia, respira-
tory failure, and exacerbation of the underlying pul-
monary disease.175 Sugammadex has been studied in 
patients with pulmonary disease.175 Seventy-seven sur-
gical patients with a diagnosis or known history of pul-
monary disorders received sugammadex in doses up to 4 
mg/kg in order to reverse a rocuronium neuromuscular 
blockade. As in other adult patient groups, reversal of a 
rocuronium-induced neuromuscular blockade was rapid, 
and there were no signs of residual neuromuscular block-
ade or recurarization.176 Of the 77 patients treated with 
sugammadex, 2 patients developed bronchospasm, 1 

minute and 55 minutes respectively, after the administra-
tion of sugammadex. Both patients were asthmatic, and 
there was no evidence that these symptoms were related 
to sugammadex. In other subsets of high-risk pulmonary 
patients (cystic fibrosis and end-stage lung disease), the 
successful use of sugammadex has been reported.177 
Reversal of a neuromuscular blockade with sugammadex 
has potential advantages compared with anticholinester-
ase drugs (e.g., neostigmine) in patients with pulmonary 
disease because sugammadex lacks interactions with the 
muscarinic cholinergic system, and there is no need for 
coadministration of anticholinergic compounds (also 
see section, Complications Associated With Inhibitors of 
Acetylcholinesterase).!

RENAL FAILURE. The use of sugammadex to reverse 
rocuronium neuromuscular blockade was investigated 
in 15 patients with severe renal impairment (creatinine 
clearance <30 mL/min) and compared with 15 patients 
with normal renal function (creatinine clearance >80 
mL/min).178 Sugammadex 2 mg/kg was administered 
at the reappearance of T2. There were no differences 
between groups in the recovery profile or the incidence 
of residual blockade after sugammadex (Table 28.9). In 
another study, the reversal of a rocuronium-induced 
deep neuromuscular blockade with sugammadex 4.0 
mg/kg in patients with severe renal impairment (cre-
atinine clearance <30 mL/min) showed a fast and stable 
reversal.179 Sugammadex and sugammadex-rocuronium 
complex exposure is increased in patients with moderate 
and severe renal failure due to the decreased renal clear-
ance.180 The use of sugammadex in renal transplantation 
was described in two cases in which sugammadex was 
used for reversal of a rocuronium-induced neuromus-
cular block in pediatric patients and showed a fast and 
complete reversal without signs of residual neuromus-
cular blockade or recurarization.181 More recently, the 
long-term efficacy and safety of rocuronium and sugam-
madex in patients undergoing renal transplantation were 
described in 57 patients diagnosed with severe renal fail-
ure.182 Rocuronium and sugammadex appeared to be 
efficacious and safe in patients undergoing renal trans-
plantation. Because complete elimination of the sugam-
madex-rocuronium complex remains poorly understood 
in renal impairment, sugammadex is at present not recom-
mended for use in patients with severe renal failure. How-
ever, it can be used in patients with mild or moderate renal 

TABLE 28.9 Rocuronium Recovery Time (min) from the Administration of Sugammadex (2 mg/kg at Appearance of T2) Until 
the Recovery of Train-of-Four Ratios as Indicated in Patients With and Without Renal Failure

PATIENT GROUP

CLCR <30 mL/min (n = 15) CLCR !80 mL/min (n = 14)* Anova

Recovery to TOF ratio 0.7, mean (SD) 1.45 (0.47) 1.17 (0.38) NS

Recovery to TOF ratio 0.8, mean (SD) 1.60 (0.57) 1.32 (0.45) NS

Recovery to TOF ratio 0.9, mean (SD) 2.00 (0.72) 1.65 (0.63) NS

ANOVA, Analysis of variance; CLCR, total plasma creatinine clearance; NS, not significant; SD, standard deviation; TOF, train-of-four.
*One patient was excluded from the control group (normal renal function) because of unreliable TOF traces.
From Staals LM, Snoeck MM, Driessen JJ, et al. Multicenter, parallel-group, comparative trial evaluating the efficacy and safety of sugammadex in patients with 

end-stage renal failure or normal renal function. Br J Anaesth. 2008;101:492–497.
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dysfunction as its safety profile is similar to that of healthy 
patients.178 Theoretically, because of the molecular mass 
of the rocuronium/vecuronium-sugammadex complex, it 
is possible to decrease the plasma levels of this complex by 
dialysis. Hemodialysis using a high-flux dialysis method 
has been demonstrated to be effective in removing sugam-
madex and the sugammadex-rocuronium complex in 
patients with severe renal impairment.148!

HEPATOBILIARY DISEASE. Sugammadex has not been stud-
ied in animal models or in patients with hepatic impairment. 
However, it is known that the biliary route of excre-
tion becomes unavailable for either sugammadex or the 
rocuronium/vecuronium-sugammadex complex because 
the large size of this complex prohibits such excretion.183 A 
population pharmacokinetic/pharmacodynamic (PK-PD) 
model was used to simulate the scenario of an immediate 
reversal, and reversal of a profound rocuronium-induced 
neuromuscular blockade in patients with hepatic impair-
ment.183 Under such study conditions, hepatic impairment 
had little effect on the reversal time when sugammadex 
(16 mg/kg) was administered 3 minutes after rocuronium 
(1.2 mg/kg). However, in other scenarios (sugammadex 2 
mg/kg at reappearance of T2 and 4 mg/kg after 15 min-
utes), recovery from a rocuronium-induced (1.2 mg/kg) 
neuromuscular blockade was predicted to be longer than 
that seen in healthy patients.183 In patients with hepato-
biliary disease, the recovery of neuromuscular function 
after sugammadex administration will likely be faster than 
reversal with anticholinesterase drugs (but not be as rapid 
as patients without hepatobiliary disease). The explana-
tion of the slower reversal is not yet fully understood and 
needs to be investigated in clinical studies. Based on limited 
available data, sugammadex should be used with caution in 
patients with hepatobiliary disease.!

OBESITY. Patients with obesity, particularly morbid 
obesity (body mass index [BMI] > 40 kg/m2), are at risk 
for cardiovascular and respiratory complications peri-
operatively.184 These patients are susceptible to critical 
respiratory events in the postoperative period, including 
hypoventilation, hypoxia, airway obstruction, and acute 
respiratory failure.38,68 The presence of postoperative resid-
ual neuromuscular blockade may further increase the risk 
for postoperative complications in these patients by produc-
ing impairment of the integrity of the upper airway and 
upper airway collapse.33,34 Therefore a rapid and complete 
reversal of neuromuscular blockade must be achieved before 
tracheal extubation is attempted. In this setting, sugamma-
dex may have a more favorable recovery profile than tradi-
tional anticholinesterase drugs because it provides a more 
reliable recovery of neuromuscular functions and a less fre-
quent risk of incomplete neuromuscular recovery.184 A key 
issue is determining the appropriate dose of sugammadex to 
administer in a morbidly obese patient that is sufficient to 
capture remaining NMBD molecules. Whereas the dosing 
of NMBDs in obese patients should be based on lean/ideal 
body weight (because these drugs are hydrophilic and their 
volume of distribution is minimally affected by obesity), the 
dosing of sugammadex in obese patients is currently under 
debate. In order to ensure complete neuromuscular recov-
ery, the dose of sugammadex must be sufficient to affect the 
gradient between the peripheral and central compartments 
and effectively encapsulate all rocuronium molecules. An 

inadequate dose of sugammadex may be incapable of sus-
taining this redistribution of rocuronium and lead to reoc-
currence of the neuromuscular blockade.

The current product monograph recommends calculat-
ing the sugammadex dose based on the patient’s actual 
body weight. However, because the low volume of distribu-
tion at steady state (estimated at 0.16 L/kg) restricts distri-
bution to the intravascular space, it might be relevant to 
determine the dose of sugammadex based on the lean/ideal 
body weight and not on the actual body weight.178 How-
ever, in a recently published pooled analysis (27 trials) on 
the use of sugammadex in patients with obesity (BMI > 30 
kg/m2), the authors concluded that the recommended dose 
on actual body weight provided rapid recovery from neu-
romuscular blockade in both obese and nonobese patients 
and that no dose adjustments should be undertaken in the 
obese patient.185 Several studies have investigated the dos-
age of sugammadex based on lean or variations on the lean/
ideal body weight.186-189 In one investigation, a sugam-
madex dose of 4 mg/kg based on a lean/ideal body weight 
calculation was administered to morbidly obese patients 
during a profound rocuronium neuromuscular block-
ade.188 Approximately 40% of these patients were inade-
quately reversed with a lean/ideal body weight–based dose 
of sugammadex. In these patients, an additional dose of 
sugammadex 2 mg/kg based on lean/ideal body weight was 
required to achieve a TOF ratio 0.90. The conclusion of the 
authors was that a sugammadex dose calculated according 
to lean/ideal body weight was insufficient for reversing both 
profound and moderate blockade in a considerable number 
of morbidly obese patients.188

In another study in morbidly obese patients, investigators 
examined reversal of a moderate level of a rocuronium neu-
romuscular blockade (at T1-T2) using a dose of sugamma-
dex of 2.0 mg/kg.187 Four different weight corrections were 
used: lean/ideal body weight, lean/ideal body weight +20%, 
lean/ideal body weight +40%, and actual body weight. 
This study demonstrated that a moderate rocuronium 
neuromuscular blockade could be effectively reversed with 
sugammadex 2.0 mg/kg using the calculation lean/ideal 
body weight + 40%.187 In a more recent study, these find-
ings were confirmed.190 However, longer and larger inter-
individual variability of recovery times occur when dosing 
is based on lean/ideal body weight compared with dosing 
based on actual body weight.187,188 Additionally, reoccur-
rence of neuromuscular blockade after suboptimal dos-
ing of sugammadex has been reported in a morbidly obese 
patient.189 Hence until more data are available, the dose of 
sugammadex should be based on the actual body weight.!

CESAREAN SECTION AND PREGNANT PATIENTS. Induction of 
general anesthesia in late pregnancy and for patients under-
going cesarean section typically involves a rapid sequence 
induction of anesthesia with either thiopental or propofol 
and a rapid-onset NMBD. For decades, succinylcholine 
has been the prototypic NMBD used in these procedures to 
produce optimal endotracheal intubation conditions.191 
Rocuronium is an acceptable alternative to succinylcho-
line in rapid sequence induction of anesthesia procedures; 
rocuronium in doses larger than 1.0 mg/kg not only pro-
vides onset of action within 60 seconds, but also provides 
identical intubation conditions compared with succinyl-
choline.192 However, the duration of action of rocuronium 
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in dosages of 1.0 mg/kg or greater will result in a profound 
neuromuscular blockade of long duration (often more than 
2 hours). Furthermore, the risk of failed intubation in the 
obstetric population is at least eight times higher compared 
with nonpregnant females.193 In case of a failed endotra-
cheal intubation scenario or a “cannot intubate, cannot 
ventilate” situation, rocuronium, even in dosages up to 1.2 
mg/kg, can be immediately reversed with sugammadex 16 
mg/kg.156

Preclinical animal data demonstrated that utero-
placental transfer of sugammadex is very small (<2% 
to 6%). Sugammadex does not have negative effects on 
pregnancy or on embryonic, fetal, or postnatal develop-
ment.191,194,195 Although no data are available about the 
excretion of sugammadex in human breast milk, excretion 
in breast milk is likely minimal, with insignificant clinical 
impact because oral absorption of cyclodextrins in general 
is small. Therefore sugammadex can be used in breastfeed-
ing females. In two case series examining obstetric patients 
who received rocuronium and sugammadex (7 and 18 
patients), no side effects were observed.194,195 The efficacy 
and safety of sugammadex in obstetric anesthesia have not 
been determined; yet serious adverse events for the mother 
or the neonate have not been reported after sugammadex.!

NEUROMUSCULAR DISORDERS. Neuromuscular disorders 
are frequently associated with an increased incidence of 
perioperative respiratory complications due to muscle 
weakness.196,197 In these patient groups, administration 
of succinylcholine is often contraindicated and associated 
with potentially life-threatening side effects. The use of non-
depolarizing NMBDs can on occasion be associated with pro-
longed spontaneous neuromuscular recovery, even after a 
single dose. Consequently, these patients have an increased 
risk for postoperative muscle weakness of multifactorial 
origin, one being residual neuromuscular blockade.196,197 
Prompt recovery of neuromuscular function is essential to 
optimize patient safety and reduce the risk of pulmonary 
complications. However, reversal with anticholinesterase 
(e.g., neostigmine), especially in neuromuscular disorders, 
can be associated with postoperative complications.197

Multiple case reports and case series describe the use 
of sugammadex in patients with various neuromuscular 
disorders such as myasthenia gravis, myotonic dystrophy, 
and spinal muscular atrophy (Fig. 28.21).197-204 In gen-
eral, dosing regimens for sugammadex were consistent 
with recommended doses adjusted to actual body weight 
and based on the level of neuromuscular blockade at the 
time of reversal. Sugammadex administration resulted 

in prompt reversal of neuromuscular blockade with a 
similar recovery profile as observed in normal patients. 
Although no studies have been performed in patients 
with neuromuscular disorders, the reported cases indicate 
that sugammadex should be considered as an alternative 
reversal drug (e.g., instead of neostigmine) in this patient 
population. These observations need to be confirmed in a 
larger series of patient studies.!

Side Effects and Drug Interactions
Sugammadex is contraindicated in patients with known 
hypersensitivity to the drug. The potential for hypersen-
sitivity is reported in several case reports. Hypersensitiv-
ity is a concern; however, this is difficult to study because 
hypersensitivity reactions occur rarely. In a recent retro-
spective analysis, the incidence of potential sugammadex-
induced anaphylaxis at a single center over a period of 3 
years was investigated. The overall incidence of intraopera-
tive hypersensitivity was 0.22% (95% CI, 0.17%–0.29%), 
and the incidence of anaphylaxis was 0.059% (95% CI, 
0.032%–0.10%). In total 15,479 patients were exposed to 
sugammadex in the study period and the incidence of ana-
phylaxis associated with sugammadex administration was 
0.039% (n = 6; 95% CI, 0.014%–0.084%).205 Prospective 
studies are needed to confirm the sugammadex anaphy-
laxis. Elevation of serum tryptase (positive predictive value 
of 93%, negative predictive value of 54%), skin testing (gold 
standard), and histamine levels in serum and urine are 
useful to confirm the diagnosis. Recently, a promising test, 
the basophil activation test, has been established to detect 
the causative compound of anaphylaxis with high speci-
ficity and sensitivity. However, more studies are needed 
to confirm this method to identify sugammadex-induced 
anaphylaxis.206

Other reported side effects include coughing, movement, 
parosmia (abnormal sense of smell), and elevated levels of 
N-acetyl-glucosaminidase in the urine.183 Coughing and 
movement after the administration of sugammadex may 
have been due to the unmasking of inadequate anesthe-
sia rather than a direct side effect of sugammadex. Initial 
studies showed a prolongation of activated partial throm-
boplastin and prothrombin time in healthy volunteers after 
sugammadex administration. However, in a more in-depth 
patient study that investigated the effect of sugammadex 
on postsurgical bleeding and coagulation variables, it was 
shown that sugammadex produced a limited, transient 
(<1 hour) increase in activated partial thromboplastin and 
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Fig. 28.21 Original tracing of sugammadex reversal in a patient with myasthenia gravis. The time to spontaneous recovery from the first profound 
rocuronium-induced neuromuscular blockade to a train-of-four (TOF) ratio was 36.5 minutes. The time from the start of the administration of sugammadex 
4.0 mg/kg after the second dose of rocuronium to the recovery of the TOF ratio to 0.90 was 2.7 minutes. Blue tracings represent T1 recovery while red dots 
represent TOF ratio recovery. Black dashed line indicates hand skin temperature (degrees Celsius). (From de Boer HD, van Egmond J, Driessen JJ, et al. A new 
approach to anesthesia management in myasthenia gravis: reversal of neuromuscular blockade by sugammadex. Rev Esp Anesthesiol Reanim. 2010;57:81–84.)
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prothrombin time but was not associated with increased 
risk of bleeding versus usual care.207

Cyclodextrins are a class of agents well known for their 
ability to form inclusion complexes with other compounds. 
Sugammadex forms a very tight complex with rocuronium 
or vecuronium in a 1:1 molecular ratio; however, because 
of its mechanism of action, it is possible that other relevant 
drug interactions may occur.208 Theoretically, two impor-
tant drug interactions can take place. First, sugammadex 
is capable of encapsulating endogenous or pharmaceutical 
molecules other than steroidal NMBDs, resulting in reduced 
efficacy of the encapsulated molecules. However, the ability 
to form complexes with steroidal or nonsteroidal molecules 
such as cortisone, atropine, and verapamil is clinically 
insignificant because the affinity for sugammadex is 120 
to 700 times less than that of rocuronium.208 In preclinical 
studies, an interaction of sugammadex with other steroidal 
compounds could be excluded up to a dose of sugammadex 
of 500 mg/kg/day.209 Second, if the affinity of sugamma-
dex for another molecule is very high, this molecule may 
displace rocuronium or vecuronium from the complex with 
sugammadex, resulting in reoccurrence of neuromuscular 
blockade. Both drug interactions may have potential clini-
cal safety implications.208 A modeling approach has been 
developed to evaluate 300 compounds (including the most 
commonly used drugs in the perioperative period) for pos-
sible displacement interactions with sugammadex.208 In 
this screening, three compounds were identified as having 
possible displacement interactions: toremifene, fusidic acid, 
and flucloxacillin.208 However, no clinically relevant reoc-
currence of neuromuscular blockade was identified when 
sugammadex was used in combination with these drugs.208 
A clinical study reported that flucloxacillin did not cause 
reoccurrence of neuromuscular blockade after reversal 
with sugammadex; no clinically important displacement 
interaction was observed.210!
Special Considerations
Reintubation of the Trachea After Initial Reversal of 
Neuromuscular Blockade With Sugammadex. Patients 
receiving sugammadex before extubation of the trachea who 
need reintubation require special consideration because 
the remaining circulating sugammadex molecules may 
potentially interfere with readministration of rocuronium 
or vecuronium. In this setting, two alternate strategies can 
reestablish a neuromuscular blockade. Within 24 hours of 
sugammadex administration, it is currently recommended 
that a nonsteroidal NMBD be used instead of rocuronium 
or vecuronium. This conservative approach is based on the 
maximum clearance time for sugammadex. However, pre-
clinical and clinical studies have shown that it is possible to 
safely reestablish neuromuscular blockade with rocuronium 
earlier than 24 hours.211 A modeling-based study in healthy 
volunteers revealed that high-dose rocuronium given 5 to 
60 minutes after sugammadex reversal produced a complete 
neuromuscular blockade (T1 = 0%).212 Rocuronium (1.2 
mg/kg) administrated 5 minutes after sugammadex rever-
sal produced a rapid onset of neuromuscular blockade (T1 
= 0%), with a mean onset time of approximately 3 minutes. 
Thirty minutes after administration of sugammadex, an 
onset time of 1.5 minutes can be achieved with rocuronium 

(1.2 mg/kg). Hence an inverse relationship exists between 
the onset time and the time interval between sugammadex 
and the repeat dose of rocuronium, and a direct relationship 
exists between the duration of neuromuscular blockade and 
the time interval between sugammadex and the repeat dose 
of rocuronium.

Based on dose calculations using a model in which the 
equilibrium is described in the common volume of distribu-
tion of rocuronium and sugammadex, even a second rever-
sal is possible using sugammadex with large doses between 
8 and 20 mg/kg.211!

Incomplete Reversal of Neuromuscular Blockade. 
Although sugammadex encapsulates rocuronium and 
vecuronium to form a rigid complex, case reports have 
described incomplete reversal of neuromuscular block-
ade.151,213 In a dose-finding study, a case was described 
in which a temporary decrease in the TOF response was 
observed in a healthy patient after reversal with 0.5 mg/kg 
sugammadex.213 The TOF ratio initially reached 0.70 before 
decreasing to 0.30 and then gradually increasing to 0.90 
(Fig. 28.22). The authors hypothesized that the decrease 
in TOF ratio occurred because of redistribution of unbound 
rocuronium from the peripheral compartments, with insuf-
ficient sugammadex available for additional encapsulation 
of rocuronium. Similarly, incomplete reversal was reported 
in two healthy patients given suboptimal doses of sugam-
madex (0.5 mg/kg) during profound rocuronium-induced 
neuromuscular blockade.151 In a study by Duvaldestin and 
associates, reversal of deep neuromuscular blockade with a 
low dose of sugammadex (0.5 and 1.0 mg/kg) found that 
five patients experienced recurrence of neuromuscular 
blockade.163 In another study, both speed of reversal and 
effectiveness of sugammadex are dose-dependent; a single 
dose of 1.0 mg/kg of sugammadex (n = 15) administered 
at a deep neuromuscular blockade (PTC = 1) required 
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Fig. 28.22 The train-of-four data (dots) and the results of simulations 
(solid lines) of various sugammadex dosing amounts. Muscle relax-
ation rebound only occurs for sugammadex doses in a limited range. 
The simulations indicate that for this patient, doses larger than about 
1 mg/kg are sufficient to achieve rapid muscle relaxation reversal and 
avoid muscle relaxation rebound. TOF, train-of-four. (From Eleveld DJ, 
Kuizenga K, Proost JH, et al. A temporary decrease in twitch response dur-
ing reversal of rocuronium-induced muscle relaxation with a small dose of 
sugammadex. Anesth Analg. 2007;104:582–584.)
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significantly longer time for reversal than a dose of 4.0 mg/
kg (n = 60).214 Interestingly, seven patients also exhibited 
residual (n = 3) and recurrence (n = 4) of neuromuscular 
blockade in the group of patients that received 1.0 mg/kg 
sugammadex. No patients who received the recommended 
dose of 4.0 mg/kg sugammadex had residual of recurari-
zation of neuromuscular blockade. A similar pattern was 
observed with vecuronium-induced neuromuscular block-
ade. A longer reversal time and a higher incidence of resid-
ual and/or recurrence of neuromuscular blockade were 
noted in patients who received smaller (0.5 and 1.0 mg/kg) 
doses of sugammadex.215 Therefore it is recommended that 
the dose be adjusted to the depth of neuromuscular block-
ade as underdosing of sugammadex is associated with an 
increased risk of residual neuromuscular blockade or recur-
rence of neuromuscular blockade.!

Female Patients. Sugammadex may interact with hor-
monal contraceptive drugs. Possible capturing interactions, 
whereby unwanted encapsulation of a third drug by sugam-
madex reduces its clinical efficacy, have been investigated. 
In pharmacokinetic-pharmacodynamic simulations, it was 
predicted that 34% of (free) etonogestrel might be captured 
by 4 mg/kg sugammadex under very conservative modeling 
assumption conditions.209 The interaction with this bolus 
dose of sugammadex resulted in a decrease in etonogestrel 
exposure, which was similar to the decrease seen after one 
missed daily dose of an oral contraceptive. Patients using 
hormonal contraceptives should be informed about the pos-
sible reduced effectiveness of hormonal contraceptive drugs 
after the administration of sugammadex. The use of an addi-
tional nonhormonal contraceptive method for the next 7 
days should be considered in this patient population.!

Electroconvulsive Therapy. Electroconvulsive therapy 
is the transcutaneous application of small electrical stimuli 
to the brain for treatment of selected psychiatric disorders 
like major depression. The tonic-clonic convulsions associ-
ated with electroconvulsive therapy can result in injuries 
such as limb fractures and compression fractures of ver-
tebral bodies. The introduction of anesthesia, especially 
neuromuscular blockade, can mitigate tonic-clonic motor 
activity and reduce the physiologic trauma associated 
with uncontrolled tetanic muscle contractions.216 Succi-
nylcholine is commonly used as a NMBD in these patients, 
and its use is associated with well-known unwanted side 
effects.216 Rocuronium has similar efficacy as succinyl-
choline in electroconvulsive therapy, making it an appro-
priate alternative to succinylcholine.217 However, the 
increased doses of rocuronium required to decrease the 
onset time are associated with a prolonged duration of neu-
romuscular blockade. Several reports have evaluated the 
use of sugammadex in electroconvulsive therapy. These 
investigations demonstrated that sugammadex produced 
a complete and rapid reversal of neuromuscular blockade 
induced by rocuronium, without signs of residual blockade 
or other safety concerns.217-220 Therefore the combination 
of rocuronium and sugammadex may be an alternative to 
succinylcholine for electroconvulsive therapy. However, 
the required dose of sugammadex in this clinical situation 
is not well established.

Historically, an important strategy in anesthesia has 
been to ensure that neuromuscular blockade is sufficiently 
recovered to achieve adequate antagonism by neostigmine. 
Having an intense neuromuscular blockade at the end of 
surgery would more likely result in residual blockade. With 
the availability of sugammadex, a profound, or deep, neu-
romuscular blockade has been recommended for the entire 
duration of laparoscopy. A profound neuromuscular block-
ade increases surgical space with smaller pressures for the 
pneumoperitoneum.221 It is even possible that reducing 
insufflation pressures may improve patient outcomes.221 
Furthermore, Staehr-Rye and associates222 have postu-
lated that a deep or profound neuromuscular blockade is 
associated with more optimal surgical conditions, which 
leads to less postoperative pain and nausea and vomiting. 
A recent review and metaanalysis has shown that deep 
neuromuscular blockade during laparoscopic surgical pro-
cedures allows lower insufflation pressure, thereby improv-
ing surgical conditions and reducing postoperative pain.223 
Sugammadex, at doses of 2 to 8 mg/kg, was given to reverse 
the blockade when the TOF ratio was less than 0.90.

A recently published report describes the clinical experi-
ence in Japan.224 Notably, although neuromuscular block-
ade was not routinely monitored intraoperatively, the TOF 
ratio was determined after tracheal extubation. A total of 
249 patients were studied in three separate groups. Patients 
with spontaneous recovery (n = 23) were compared with 
patients being reversed with either neostigmine (n = 109) 
or sugammadex 2.7 mg/kg (n = 117). Although the sugam-
madex group had the least frequent incidence of residual 
neuromuscular blockade, all three groups had a surprisingly 
frequent incidence of residual neuromuscular blockade.224

A scholarly editorial written by Naguib and associates225 
placed prime emphasis on the dose of sugammadex used 
for reversal in combination with the lack of neuromuscu-
lar monitoring. Although proper monitoring is strongly 
advisable, an adequate dose of sugammadex is under cur-
rent debate. Although the reversal effect of neostigmine 
is not improved by increasing the dose above the recom-
mended dose interval, there are strong reasons to believe 
that sugammadex in doses larger than 2.7 mg/kg would 
be more effective for reversal. Others argue that a dose of 
sugammadex larger than 2.0 mg/kg would not be neces-
sary if proper monitoring were used. Of course, another 
possibility exists. It would seem that a larger dose of sugam-
madex plus neuromuscular monitoring would be ideal.

In conclusion, sugammadex provides a novel concept in 
reversal of neuromuscular blockade. Although the expense 
of sugammadex continues to be an important factor that 
may limit its use, many institutions currently use sugam-
madex for routine reversal of neuromuscular blockade. We 
speculate whether, in the future, larger doses of sugamma-
dex will likely be used and whether routine neuromuscular 
monitoring will finally be mandatory in anesthetic practice 
among countries worldwide.!

CYSTEINE REVERSAL OF FUMARATE 
NEUROMUSCULAR BLOCKING DRUGS

A new class of nondepolarizing NMBDs called fumarates 
has been recently developed. These NMBDs are olefinic 
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(double-bonded) isoquinolinium diester compounds that 
differ from symmetric benzylisoquinolines such as mivacu-
rium in their unique method of inactivation. The developed 
drugs (gantacurium [GW280430A, AV430A], CW002, 
and CW011) bind to L-cysteine to form less active degrada-
tion products (Fig. 28.23). The administration of L-cysteine 
can rapidly inactivate fumarate compounds and reverse 
neuromuscular blockade.

Gantacurium is an asymmetric $-chlorofumarate that 
was developed to be a replacement for succinylcholine.226 
Gantacurium has a rapid onset and short duration of effect. 
The brief duration of gantacurium is primarily due to rapid 
reaction and subsequent inactivation of the drug with free 
cysteine in the plasma. The process of adduction of cysteine 

to gantacurium occurs at the central fumarate double bond. 
The adduction changes the stereochemistry of gantacu-
rium so that it can no longer bind to the nAChR at the 
neuromuscular junction. Degradation also occurs through 
a slower secondary route (pH-sensitive ester hydrolysis) 
that yields two products without neuromuscular block-
ing properties.226,227 CW 002 (a symmetrical fumarate) 
and CW 011 (an asymmetric maleate) are investigational 
NMBDs with no halogen (chlorine) substitution at the cen-
tral double-bonded carbons. The absence of chlorine results 
in a slower adduction with cysteine; the inactivation of CW 
002 and CW 011 is slower than gantacurium, resulting in 
a duration of action consistent with an intermediate-acting 
NMBD.
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methoxy substitution (green circle). This may reduce access of L-cysteine to the olefin (green arrow) and may decrease the rate of the adduction reaction. 
The chemical formula of NB 1043-10, the L-cysteine adduct of CW 002, is also shown (D). The L-cysteine adduction is highlighted by the red circle. (From 
Savarese JJ, McGilvra JD, Sunaga H, et al. Rapid chemical antagonism of neuromuscular blockade by l-cysteine adduction to and inactivation of the olefinic 
(double-bonded) isoquinolinium diester compounds gantacurium (AV430A), CW 002, and CW 011. Anesthesiology. 2010;113:58–73.)
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Cysteine is a nonessential endogenous amino acid derived 
from one molecule of serine and one molecule of methio-
nine. It is composed of L- and D-enantiomers. L-Cysteine 
is a normal building block of protein and is a condition-
ally essential amino acid in infants.228 Several therapeutic 
applications of cysteine in medicine are common. It is often 
added to total parenteral nutrition solutions for pediatric 
patients in doses of approximately 80 mg/kg/day. An acety-
lated derivative of cysteine (N-acetyl L-cysteine) is approved 
for use in the treatment of acute acetaminophen toxicity. 
In the doses used clinically for these applications, there 
does not appear to be obvious toxicity. L-Cysteine has also 
been studied for reversal of the neuromuscular blockade for 
fumarate NMBDs. Several laboratory investigations have 
attempted to define the L-cysteine dose necessary to effec-
tively reverse gantacurium, CW 002, and CW 011 neuro-
muscular blockade.

The first of the fumarate NMBDs studied was gantacu-
rium. In monkeys, the total duration of action was one 
half to one third that of mivacurium at equipotent doses; 
at three times the ED95 doses, the time until 95% twitch 
recovery was 8.5 ± 0.5 minutes versus 22.0 ± 2.6 minutes, 
respectively.227 The administration of edrophonium 0.5 
mg/kg accelerated the recovery of blockade. In a human 
volunteer trial, the time from administration of 0.40 mg/kg 
of gantacurium (2 ! ED95) until a TOF ratio 0.90 or greater 
was achieved was studied during spontaneous recovery or 
reversal with edrophonium 0.5 mg/kg.229 Mean recovery 
time was significantly more rapid in the reversal group (3.8 
minutes) compared with the spontaneous recovery group 
(14.3 minutes). The reversal of gantacurium with cyste-
ine was investigated in monkeys.228 A bolus of L-cysteine 
(10 mg/kg) given 1 minute after gantacurium reduced 

duration from 10.4 ± 3.1 minutes (spontaneous recovery) 
to 3.0 ± 1.0 minutes (P < .001). Antagonism of gantacu-
rium was significantly faster at 1 minute with L-cysteine 
than edrophonium. These studies suggest that although 
gantacurium is a short-acting NMBD, recovery can be fur-
ther enhanced by the administration of L-cysteine.

In contrast to gantacurium, CW 002 and CW 011 have 
a duration of action between a short-acting and intermedi-
ate-acting NMBD. In monkeys given four to five times the 
ED95 of CW 002 and CW 011, the duration of blockade was 
three times longer than gantacurium (28.1 and 33.3 min-
utes vs. 10.4 minutes), but only half the duration of cisa-
tracurium.228 The administration of neostigmine 1 minute 
after CW 002 did not accelerate neuromuscular recovery. 
Immediate reversal of CW 002 with cysteine (50 mg/kg), 
however, was highly effective in antagonizing neuromus-
cular blockade (95% of baseline twitch height within 2.2 
± 0.3 minutes and to a TOF ratio of 100% 1–2 minutes 
later) (Fig. 28.24).228 Similar findings were observed with 
CW 011 using this model. Larger doses of L-cysteine were 
needed to optimally reverse CW 002 and CW 011 (50 mg/
kg) compared with gantacurium (10 mg/kg); this is likely 
related to the slower rate of adduction of L-cysteine to these 
compounds, as well as the greater potency of CW 002 and 
CW 011. L-Cysteine reversal of CW 002 has also been inves-
tigated in a dog model given a dose of 9 ! ED95.230 L-Cysteine 
(50 mg/kg) reduced the median duration of blockade from 
70 minutes (spontaneous recovery) to less than 5 minutes. 
Doses of up to 200 mg/kg produced minimal hemodynamic 
changes and resulted in no anatomic, biochemical, or histo-
logic evidence of organ toxicity.

In summary, fumarates are a new class of NMBDs that are 
inactivated primarily via adduction of cysteine to the double 
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bond of the compounds, resulting in breakdown products 
that do not bind to the neuromuscular junction. Initial 
laboratory studies have shown that the administration of 
exogenous L-cysteine results in complete reversal of deep 
neuromuscular blockade within 2 to 3 minutes. These stud-
ies suggest that chemical antagonism of fumarate NMBDs 
will allow clinicians to rapidly and completely antagonize 
neuromuscular blockade, even when large doses of an 
NMBD have been recently administered. Early clinical trials 
in human volunteers have examined the pharmacology of 
gantacurium, and investigations of CW 002 in volunteers 
are currently ongoing. The optimal dose of L-cysteine is 50 
mg/kg in an animal model. The dosing of L-cysteine needed 
to reverse the effects of gantacurium, CW 002, and CW 011 
in humans has not been established. Additional investiga-
tions are also needed to determine whether large doses of 
cysteine produce adverse effects in humans. If future studies 
are consistent with these early findings, fumarate NMBDs 
may allow clinicians to maintain profound neuromuscular 
blockade throughout the surgical procedure with little risk 
of postoperative residual paralysis.

 Complete references available online at expertconsult.com.
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