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Abstract

Residual neuromuscular paralysis, the presence of clinically significant weakness after administration of pharmacologic
neuromuscular blockade reversal, is associated with postoperative pulmonary complications and is more common in older
patients. In contemporary anesthesia practice, reversal of neuromuscular blockade is accomplished with neostigmine or sug-
ammadex. Neostigmine, an acetylcholinesterase inhibitor, increases the concentration of acetylcholine at the neuromuscular
junction, providing competitive antagonism of neuromuscular blocking drug and facilitating muscle contraction. Sugam-
madex, a modified gamma-cyclodextrin, antagonizes neuromuscular blockade by encapsulating rocuronium and vecuronium
in a one-to-one ratio for renal clearance, a pharmacokinetic property that led to the recommendation that sugammadex not
be administered to those with end-stage renal disease. While data are limited, reports suggest sugammadex is efficacious
and well tolerated in individuals with reduced renal function. Sugammadex provides a more rapid and complete reversal of
neuromuscular blockade than neostigmine. There is also accumulating evidence that sugammadex may provide a protective
effect against the development of postoperative pulmonary complications, nausea, and vomiting, and that it may have ben-
eficial effects on the rate of bowel and bladder recovery after surgery. Accordingly, sugammadex administration is beneficial
for most older patients undergoing surgery.

Key Points 1 Introduction

An estimated 300 million surgical procedures are per-
formed globally each year [1]. The proportion of major
surgeries involving older patients continues to increase;
one-third of all surgical patients are aged > 65 years [2, 3].

Residual neuromuscular paralysis is common in older
patients after surgery and it is associated with postopera-
tive pulmonary complications.

Pharmacologic neuromuscular blockade reversal during Further, 20% of individuals aged > 75 years undergo sur-
surgery is accomplished with neostigmine or sugamma- gery each year [4]. These trends are driven by the develop-
dex treatments in older adults. ment of less invasive techniques, new methods of diagno-

sis, and an aging population. Unfortunately, advanced age
is independently associated with postoperative morbidity
and mortality [5].

Neuromuscular blockade is administered during most
major surgeries to provide immobilization. This improves
operating conditions, facilitates endotracheal intubation,
and reduces patient-ventilator dyssynchrony [6]. Residual
neuromuscular blockade (rNMB), common after surgery
[7], is clinically diagnosed when patients exhibit neuro-

This paper summarizes the current treatments and
emphasizes the importance of using quantitative neu-
romuscular monitoring and careful consideration of
surgical and patient characteristics to guide selection and
dosing of neostigmine and sugammadex.
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blockade is accomplished with the drugs neostigmine or
sugammadex.

The objective of this article is to review literature
comparing neostigmine to sugammadex for reversal of
neuromuscular blockade, and to provide a framework for
choosing between neostigmine and sugammadex in geri-
atric surgical patients. Throughout this review, although
the focus is on age as a risk factor, it should be noted that
there are geriatric syndromes that confer a higher risk for
postoperative complications than age itself. For example,
frailty predicts postoperative outcomes in older surgical
patients better than chronological age alone. Frailty is a
biologic syndrome of multi-system impairment that leads
to decreased reserve and vulnerability to adverse postoper-
ative outcomes. Unfortunately, studies are lacking regard-
ing the contribution of frailty to residual neuromuscular
blockade.

2 Neuromuscular Monitoring
and the Problem with Residual
Neuromuscular Paralysis

The train-offour (TOF) pattern of nerve stimulation is most
commonly used by clinicians to detect INMB. It involves
four equally spaced supramaximal nerve stimulations at
0.5 s intervals [10]. Train of four count is the number of
twitches (0—4) subjectively counted by the clinician via
tactile or visual assessment of muscle contraction. The
TOF count is measured with a peripheral nerve stimulator.
Peripheral nerve stimulators are common in anesthetizing
locations worldwide and are relatively inexpensive [11].

The TOF ratio is the ratio of the amplitude of the 4th
twitch to the amplitude of the 1st twitch, INMB is defined
by this ratio [10]. A TOF ratio < 0.9 indicates the presence
of clinically significant INMB [12]. Assessment of the TOF
ratio requires a device that provides both nerve stimulation
and measurement of the evoked muscle action potential or
contraction. The two categories of devices used clinically
to assess TOF ratio are electromyographs and acceleromyo-
graphs [10]. Unfortunately, these devices are significantly
more expensive than standard peripheral nerve stimulators,
require more advanced training, and consequently have not
become standard throughout the world. As a result, INMB is
underappreciated and vastly underdiagnosed [7, 11].

The impact of INMB on organ dysfunction is clear in
pharmaco-physiological interaction studies, which are
conducted without the confounding effects of surgery and
anesthesia. In these studies, neuromuscular blocking agent
(NMBA) is slowly titrated into healthy awake volunteers
via intravenous infusion to achieve low-level blockade
(TOF ratio 0.7-0.95) resulting in oropharyngeal muscle

A\ Adis

dysfunction [13-16]. Specifically, tensor palatine and geni-
oglossus muscle firing is interrupted with low-level neuro-
muscular blockade (TOF ratio of 0.5-0.8) [14]. These mus-
cles normally contract 100 milliseconds before diaphragm
contraction [17]. In the presence of low-level blockade, ten-
sor palatine and genioglossus muscle dysfunction ensues,
the diaphragm generates negative pressure, and the retrona-
sal and retroglossal airway collapse [17]. In addition, low-
level neuromuscular blockade is associated with delayed
initiation of swallowing after the introduction of a liquid
bolus, impaired pharyngeal muscle coordination, and an
increased incidence of misdirected swallowing [15, 16]. In
individuals aged > 65 years, low-level neuromuscular block-
ade (TOF ratios of 0.7-0.8) increases the incidence of phar-
yngeal dysfunction by 30% [18]. Finally, respiratory center
response to acute hypoxemia and hypercarbia is depressed
in the presence of low-level neuromuscular blockade (TOF
ratio 0.7) [19-21]. The NMBAs dose dependently inhibit
acetylcholine-mediated transmission at the synaptic junction
between the glossopharyngeal nerve and the carotid body
—the primary peripheral chemoreceptor that drives respira-
tory response to acute hypoxia and hypercarbia [19].

The evidence from these volunteer studies translates to
post-surgical patients. Residual neuromuscular paralysis
is associated with postoperative upper airway obstruction
[22, 23], hypoxemia [22-24], atelectasis [24, 25], pneu-
monia[24-26], prolonged hospital length of stay [27], and
a higher rate of intensive care unit admission [28]. While
temporary postoperative pulmonary complications, such as
episodic hypoxemia, and prolonged post-anesthesia care unit
oxygen therapy, may seem inconsequential, they are associ-
ated with significant patient morbidity and greater hospital
resource utilization [29].

A rare side effect that is often not included in the list
of complications associated with residual neuromuscular
blockade is accidental awareness under general anesthe-
sia. One-fifth of accidental awareness cases are attributed
to failure to completely reverse neuromuscular blockade at
the time of emergence. These events, which are described
as experiencing trauma and distress due to being partially
paralyzed, are highly correlated with the administration of
NMBA and lack of pharmacologic reversal [30].

Aged patients appear to be at greater risk for INMB [8],
in part because they are less likely to receive pharmacologic
reversal due to concern for side effects [31]. Unfortunately,
rNMB is more likely to cause postoperative complica-
tions in aged individuals, likely due to a higher prevalence
of comorbid conditions [8]. In one prospective, cohort-
matched, observational study, INMB was associated with a
higher rate of postoperative airway obstruction, hypoxemia,
atelectasis, and pneumonia in older patients compared to a
younger cohort [8].
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3 Pharmacokinetics and Pharmacodynamics
of Neostigmine and Sugammadex

3.1 Neostigmine

Synthesized in 1931, neostigmine has been the standard
medication for reversal of neuromuscular blockade for
decades [32]. Neostigmine provides effective pharma-
cologic reversal of neuromuscular blockade produced by
the nondepolarizing NMBASs rocuronium, vecuronium,
pancuronium, and cisatracurium [32]. Neostigmine does
not provide effective pharmacologic reversal created by
the depolarizing agent succinylcholine, and may actually
potentiate it [33].

Neostigmine forms a covalent bond to the active site
of acetylcholinesterase, thus, inhibiting it. Acetylcho-
linesterase is an enzyme localized predominantly in the
neuromuscular junction. It hydrolyzes acetylcholine, the
primary neurotransmitter that causes muscle movement in
the neuromuscular junction. By inhibiting the breakdown
of acetylcholine, neostigmine increases neuromuscular
junction acetylcholine concentration, allowing acetylcho-
line to competitively displace NMBA from the post-syn-
aptic nicotinic receptor and facilitating muscle contraction
[34]. Neostigmine does not inactivate NMBA; reparalysis
can occur if acetylcholine concentration drops faster than
NMBA elimination [32]. Because neostigmine increases
acetylcholine concentrations throughout the body, unop-
posed neostigmine activity is associated with bradyarrhyth-
mias, bronchospasm, pupil constriction, nausea, abdominal
cramping, urinary urgency, and increased oropharyngeal
secretions and bowel peristalsis [35]. Therefore, anticho-
linergic medications (typically glycopyrrolate or atropine)
must be co-administered with neostigmine.

Neostigmine does not provide effective pharmaco-
logic reversal from deep neuromuscular blockade (TOF
count 0 or 1) [36]. In addition, neostigmine has a maxi-
mal pharmacologic effect at 5 mg, or 0.07 mg/kg (actual
body weight), whichever is less [35]. Excess neostigmine
administration has been shown to paradoxically provoke
muscle weakness, impaired respiration, and upper airway
obstruction [37, 38].

Neostigmine is 20% bound to albumin in plasma.
Approximately half of administered neostigmine is elimi-
nated unchanged through the kidney, while the remainder is
eliminated via hepatic metabolism. Dose adjustments are not
recommended for individuals with hepatic or renal dysfunc-
tion [35]. Neostigmine does not require dose adjustment in
older patients [39]. Neostigmine effectively reverses neuro-
muscular blockade provided by cisatracurium, the primary

NMBA administered during surgery to individuals with a
creatinine clearance < 30 mL/min [40].

3.2 Sugammadex

Sugammadex is a newer drug developed to reverse neuro-
muscular blockade due to neuromuscular junction antago-
nism provided by rocuronium and vecuronium. Sugamma-
dex, synthesized in 1999, received European Union approval
in 2008 and United States Food and Drug Administration
(FDA) approval in 2015 [41, 42]. Sugammadex was intro-
duced into US clinical practice in December 2015, imme-
diately changing NMBA use patterns. Since 2016, pharma-
cologic reversal with sugammadex has steadily increased,
along with use of rocuronium and vecuronium, NMBAs that
can be reversed safely with sugammadex [31, 43, 44]. The
use of sugammadex has increased particularly among older
patients. In outpatient [31] and inpatient settings [43, 45],
older patients are now more likely to receive sugammadex
than neostigmine.

Sugammadex has a different mechanism of action
than neostigmine. It is a modified gamma-cyclodextrin
with a torus shape that contains a hydrophobic core and
a hydrophilic outer surface [46]. The hydrophobic core
noncovalently binds to rocuronium and with lesser affin-
ity to vecuronium, in a one-to-one ratio [46]. Once encap-
sulated, rocuronium and vecuronium are bound to the
sugammadex molecule forming water-soluble inclusion
complexes in plasma. Thus, the plasma concentration of
free NMBA decreases, which creates a concentration gra-
dient that drives NMBA from the neuromuscular junction
to plasma. The concentration of NMBA in the nicotinic
acetylcholine receptor rapidly declines and neuromuscu-
lar activity is allowed to resume. Because sugammadex
does not inhibit acetylcholinesterase like neostigmine,
co-administration of anticholinergic medications such
as glycopyrrolate and atropine are not required to offset
muscarinic effects on the heart (bradyarrhythmias) and
airway (bronchospasm).

Sugammadex is considered biologically inactive and
is associated with fewer adverse effects than neostigmine
[46]. As a medication administered during general anesthe-
sia and surgery, it is associated with postoperative nausea
and vomiting, pain localized to areas of surgical trauma,
and dysgeusia [47, 48]. The FDA approval was denied
twice over concerns for anaphylaxis and bleeding dyscrasia
[46]. Higher doses of sugammadex, used to reverse deeper
levels of neuromuscular blockade, appear to increase the
risk for anaphylaxis [49-51]. Postmarketing surveillance
provided reassurance that the incidence of sugammadex
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anaphylaxis is equivalent to the accepted risk associated
with NMBA [52]. Repeat exposure to sugammadex does
not appear to increase risks for anaphylaxis. In vitro and
in vivo studies have associated sugammadex exposure in
healthy individuals to a temporary (1-h) 25% prolongation
in prothrombin time and activated partial thromboplastin
time [46]. However, sugammadex administration has not
been linked to increased bleeding during surgery and the
extension in clotting times is now hypothesized to be a
laboratory artifact [53].

Sugammadex undergoes no metabolism in plasma and
has negligible protein binding. Sugammadex is excreted
through the kidney, typically as a water-soluble complex
bound to NMBA. Dose adjustments are not required for indi-
viduals with hepatic dysfunction or those with a creatinine
clearance > 30 mL/min [49]. Sugammadex administration
is not recommended for individuals with a creatinine clear-
ance < 30 mL/min [54]. Administration of rocuronium and
vecuronium is also not recommended for individuals with
significant renal dysfunction.

3.3 Comparative Effectiveness of Neostigmine
versus Sugammadex for Reversal
of Neuromuscular Blockade

Several factors must be considered when choosing between
neostigmine and sugammadex for pharmacologic neuro-
muscular blockade reversal. While specific clinical sce-
narios clearly favor one drug over the other, for the major-
ity of surgeries reversal may be accomplished with either
drug. Sugammadex is on patent and more expensive than
neostigmine; however, it provides faster, more reliable and
more complete reversal of neuromuscular blockade than
neostigmine [55]. For moderate blockade, a TOF count of
2, sugammadex provides full reversal 10 min faster than
neostigmine [36]. For deep blockade, a TOF count of O or
1, sugammadex provides full reversal 45 min faster than
neostigmine [36, 56, 57]. Sugammadex was associated
with 60% fewer postoperative residual paralysis events than
neostigmine in a meta-analysis of 15 studies, that included
(n = 1500) individuals administered neuromuscular block-
ade reversal with sugammadex or neostigmine at levels of
deep block (3 studies), moderate block (6 studies), light
block (3 studies), and variable depth of block (3 studies)
[36]. Administering sugammadex to 13 patients prevented
one postoperative residual paralysis event that would have
occurred with neostigmine.
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4 Neostigmine Versus Sugammadex:
Clinically Important Outcomes

4.1 Central Nervous System

As the brain ages, there are changes in structure, func-
tion, and metabolism. The volume and weight of the brain
declines after the age of 40, and the decline is thought to
accelerate after the age of 70. In addition to brain atrophy,
certain cognitive functions such as short-term memory also
slowly decline with aging. Neurotransmitter changes also
occur with age, as well as increasing blood-brain-barrier
permeability. Cerebrovascular changes include decreasing
dense areas of capillaries, arterial intimal thickening, and
increased micro-vessel deformities. These changes lead to
arteriosclerosis, increased vascular resistance, and decreased
perfusion pressure, with patients with comorbidities and life-
style risk factors experiencing greater disease burden [58].
Taken together, these changes increase the risk of neurocog-
nitive dysfunction.

Neostigmine does not readily cross the blood-brain bar-
rier and thus has little direct effect on the central nervous
system. Neostigmine increases acetylcholine plasma con-
centration, which may cause undesirable parasympathetic
effects including bradycardia, salivation, nausea, and
vomiting. As mentioned above, reversal of neuromuscular
blockade with neostigmine requires co-administration of an
anticholinergic, such as glycopyrrolate. While glycopyrro-
late has minimal blood-brain-barrier penetrance compared
to other anticholinergics, it does cross into the central nerv-
ous system [59], and administration has been associated
with impaired human learning and memory [60]. Further,
the blockade of muscarinic receptors by glycopyrrolate may
result in complications such as constipation, urinary reten-
tion, and vision changes, which have been associated with
postoperative delirium.

Like neostigmine, sugammadex does not readily cross the
blood-brain barrier. An advantage to sugammadex is that
it is biologically inert, having no receptors in the human
body. Administration of sugammadex eliminates the need
for perioperative anticholinergic agents, which is advanta-
geous in geriatric surgical patients, who are more susceptible
to anticholinergic adverse effects. The American Geriatrics
Society (AGS) maintains a list of Potentially Inappropriate
Medications (PIMs) that are not recommended for use in
individuals aged > 65 years [61], anticholinergic medica-
tions are featured on this list. Recent guidelines recommend
avoiding PIMs in geriatric patients in the perioperative
period to prevent delirium [62-64].
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Postoperative delirium and postoperative neurocognitive
dysfunction are among the most common surgical compli-
cations experienced by geriatric surgical patients, and are
associated with increased hospital length of stay, functional
disability, mortality, and risk for developing dementia,
including Alzheimer’s disease. Identifying strategies to pre-
vent perioperative neurocognitive disorders would improve
patient outcomes and reduce healthcare costs. It has been
hypothesized that sugammadex administration may reduce
the development of perioperative neurocognitive disorders,
compared to neostigmine.

A recent prospective pilot study on patients undergoing
aortic valve replacement compared sugammadex (n = 14)
and neostigmine (n = 7) on postoperative cognitive function
and recovery at varying time points (preoperative baseline,
30 min, 24 h, 72 h, and 30 days, postoperatively) using the
Postoperative Quality Recovery Scale [65]. While there
was no difference in global cognitive recovery between the
two groups at the early time points, the sugammadex group
showed improved global cognitive recovery at 30 days when
compared to the neostigmine group (85.7 vs 42.9%, p =
0.04). The percentage of patients oriented to person, place,
and time 30 min after surgery was significantly higher in the
sugammadex group. The sugammadex group also performed
better at a “word list” memory task and a “word generation”
task at 72 h and 30 days postoperatively.

The same investigators performed an experiment to deter-
mine whether rats exposed to sugammadex versus saline had
a difference in postoperative cognitive level based on perfor-
mance in the Morris water maze. They found postoperative
cognitive impairment in the saline group that was not present
in the sugammadex group. They further explored neuroin-
flammatory markers in rat hippocampi; immunohistochem-
istry data indicated a possible beneficial role of sugammadex
in altering neuroinflammation postoperatively [65].

To date, only a few small pilot studies have investigated
whether sugammadex is associated with a decreased inci-
dence of postoperative neurocognitive disorders, compared
to glycopyrrolate. Larger more definitive studies are neces-
sary to shed light on this topic.

4.2 Cardiovascular System

The foundation for providing safe anesthesia in older adults
with cardiovascular disease is avoiding hemodynamic per-
turbations and arrhythmias, which are associated with renal
and cardiac morbidity [66, 67]. Aged patients have a higher
prevalence of clinically significant coronary atherosclero-
sis, increasing risk for intra- and postoperative myocardial
ischemia. They also have increased fibrosis of the cardiac

conduction system, increasing the risk for arrhythmia
development.

While rocuronium and vecuronium have minimal effects
on blood pressure, heart rate, and plasma noradrenaline and
adrenaline concentrations [68], neostigmine and glycopyr-
rolate can impact propensity for arrhythmias and blood
pressure volatility. Neostigmine (cholinergic) decreases
and glycopyrrolate (anticholinergic) increases inotropy and
chronotropy. The net effect depends on the ratio of neostig-
mine to glycopyrrolate administered. An administration ratio
that favors anticholinergic effects increases risk for tachyar-
rhythmia, myocardial ischemia, hypertension, and heart
failure [69]. An administration ratio that favors cholinergic
effects increases risk for bradyarrhythmia, atrioventricular
heart block, and hypotension [70]. Sugammadex has no
effect on the cardiac conduction system or arterial resistance
and avoids cardiovascular risks associated with neostigmine
and glycopyrrolate [71].

In a prospective randomized trial comparing sugammadex
to neostigmine (coadministered with atropine) in patients
with mean age of 60 years and New York Heart Associa-
tion class 2 or 3 disease, mean heart rate and systolic blood
pressure were significantly higher in the neostigmine group
for 5 min after reversal administration [72]. The authors
concluded that sugammadex is preferred in patients with
preexisting cardiac disease due to more stable hemodynamic
parameters.

4.3 Respiratory System

Age is an independent risk factor for the development of
a postoperative pulmonary complication (PPC) [73]. Com-
pared to patients aged < 60 years, patients aged 60—69 have
twice the chance and patients aged > 70 years have three
times the chance of developing a PPC [74]. For each 10-year
increase in subject age, risk of PPC increases 1.6 times [24].
Further, development of a PPC in older adults is associated
with decreased 3-month survival [75].

A number of age-related physiological changes predis-
pose to PPCs. Chest wall compliance decreases, respiratory
muscle strength decreases, and hypoxic ventilatory drive is
blunted, thus increasing risk for hypoxia and hypercarbia.
Lung elasticity decreases, increasing closing capacity and
predisposing small airways to collapse, forming areas of
atelectasis. Pharyngeal dysfunction becomes more common,
increasing risk for postoperative aspiration and pneumonia.
The aforementioned physiologic changes are exacerbated in
the presence of rINMB and residual postoperative inhala-
tional anesthetic agent, with some agents, such as sevoflu-
rane, having a lesser effect upon carotid body response to
acute hypoxemia [19, 76]. Accordingly, it is hypothesized
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that the combination of sevoflurane and sugammadex may
awaken the carotid body hypoxic chemoreflex and reduce the
incidence of postoperative pulmonary complications.

Several trials have assessed whether the avoidance of
negative effects on upper airway dilator muscles associated
with neostigmine, combined with improved carotid body
hypoxic chemoreflex and respiratory muscle function from
sugammadex could reduce the incidence of PPCs (Table 1).
Observational studies tended to capture significant pulmo-
nary outcomes that could be easily retrieved through chart
review, such as reintubation, pneumonia, and initiation of
non-invasive ventilation [77-81]. Randomized controlled tri-
als, which had a much smaller sample size, tended to capture
less significant pulmonary complications such atelectasis,
bradypnea, desaturation, and upper airway obstruction [47,
82-87]. The result was fairly consistent across observational
and randomized controlled trials —sugammadex provided
a protective effect, with the majority of studies showing
20%-30% lower relative odds of PPCs for patients who
received sugammadex [47] For older patients with pulmo-
nary co-morbidities, we recommend considering neuromus-
cular blockade reversal with sugammadex [47].

4.4 Hepatorenal System

With normal aging, lean body mass (the target for NMBAs),
plasma volume [88], and albumin protein production
declines (increasing the free-fraction of protein bound drugs)
[89, 90]. These changes were hypothesized to increase the
potency of NMBAs. However, the dosage of drug required
to produce maximal block (effective dose 95%) [91-93], and

time of onset were not found to be altered in the older popu-
lation [92, 94, 95].

Normal physiologic changes of aging associated with the
hepatorenal system have been shown to increase the duration
of effect for NMBA. Glomerular filtration rate decreases 1%
per year beyond 40 years of age, up to 30% loss by age 80
years, reducing the elimination rate for NMBAs [96, 97].
Hepatic blood flow decreases and there is a reduction in
hepatocyte mass and function [97], reducing metabolism
of NMBAs. The net effect of these physiologic changes is
slower metabolism and clearance of NMBAs [95], prolonged
pharmacodynamic effect [94, 98], and longer time to spon-
taneous recovery [95, 99, 100]. Consequently, in older indi-
viduals, a lower dose of NMBA is required, and the interval
between administrations may be prolonged (intermittent
bolus administration) or the infusion rate reduced (continu-
ous infusion administration) [91].

When NMBAs are administered, there is greater inter-
individual variability in clearance and duration of action
in older patients, which in turn, increases risk for adverse
events related to INMB [100]. This variability is attributed
to differences in renal and hepatic function [101], and may
be exacerbated by coadministration of inhaled fluorinated
anesthesia drug [100]. Careful quantitative neuromuscular
monitoring may ameliorate some of this risk and is strongly
recommended. Sugammadex administration provides addi-
tional protection against INMB. Although time to full
reversal after sugammadex administration is longer in older
individuals [102], sugammadex still provides faster, more
complete, and more reproducible reversal of neuromuscu-
lar blockade than neostigmine [103]. The effectiveness of

Table 1 Comparative impact of sugammadex and neostigmine on the incidence of postoperative pulmonary complications

Study Sugammadex Neostigmine Odds ratio 95% CI
Events Total Events Total

Observational studies
Cammu (2012) [77] 1 44 11 139 0.27 0.03-2.16
Kheterpal (2020) [78] 796 22856 1096 22856 0.71 0.64-0.78
Krause (2020) [79] 164 3896 209 3420 0.80 0.52-1.20
Li (2021) [80] 114 2691 461 7800 0.70 0.57-0.87
Yu (2021) [81] 44 237 93 237 0.35 0.23-0.54

Randomized controlled trials
Alday (2019) [82] 18 61 24 61 0.65 0.30-1.37
Evron (2017) [83] 0 32 24 0.24 0.01-6.18
Ledowski (2021) [84] 2 85 8 83 0.23 0.05-1.10
Lee (2021) [85] 15 46 19 47 0.71 0.31-1.67
Leslie (2021) [86] 5 59 5 61 1.02 0.28-3.67
Togioka (2020) [47] 33 100 40 100 0.74 0.40-1.37
Unal (2015) [87] 5 37 12 37 0.33 0.10-1.05

CI confidence interval
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sugammadex is not altered in older adults with mild to mod-
erate renal dysfunction or hepatic dysfunction [49].

Clearance of sugammadex and the sugammadex-NMBA
complex is significantly prolonged amongst individuals
with creatinine clearance < 30 mL/min [54], a pharmacoki-
netic property that led to the recommendation that sugam-
madex not be administered to those with end-stage renal
disease [49]. This recommendation was based upon the
theoretical concern that prolonged exposure to the sugam-
madex-NMBA complex may increase risk for hypersensitiv-
ity reaction and reoccurrence of neuromuscular blockade,
should the sugammadex-NMBA complex dissociate [104].
However, retrospective studies [104, 105], and one small
prospective study [106], did not find an increased incidence
of hypersensitivity reaction or postoperative neuromuscu-
lar paralysis amongst patients with reduced renal function.
Further, there are reports illustrating the potential ability
of sugammadex to rescue individuals with end-stage renal
disease from rNMB after reversal with neostigmine [107]
and after an inadvertent subcutaneous injection of rocuro-
nium [108].

4.5 Gastrointestinal System

Aging is associated with a modest increase in gastric empty-
ing time and colonic transit time [109, 110]. Electrogastrophy
has shown that gastric motor activity is reduced after a meal
[110] and colon neuron density is reduced by one-third in
older adults [111]. These physiologic changes translate to an
increased risk for postoperative constipation in older patients
[112]. Several studies were recently published on the compar-
ative effect of sugammadex and acetylcholinesterase inhibi-
tors, such as neostigmine, on bowel recovery. They hypoth-
esized that the avoidance of anticholinergic effects (provided
by glycopyrrolate) on gastrointestinal smooth muscle may
facilitate faster gastric recovery and earlier return of bowel
function in patients receiving sugammadex. In these studies,
bowel recovery was assessed by measuring time to first flatus

and bowel movement [113-116]. Interestingly, only one of
these studies included a population having colorectal surgery
[116]. The other trials included patients having cholecystec-
tomy or head and neck surgery [113—115]. While the sample
size is small and time of first flatus may be an imprecise and
poorly reproducible outcome, these studies tended to dem-
onstrate sugammadex was associated with earlier return of
bowel function (Table 2) [113-116].

Postoperative nausea and vomiting (PONV) is one of
the most common complications after general anesthesia.
While advancing age may be a protective factor against the
development of PONV [117-119], the avoidance of PONV
in older patients is essential for enhancing patient comfort.
The comparative impact of sugammadex versus neostigmine
on the incidence of PONV has been assessed in several tri-
als (Table 3) [47, 116, 120—123]. The authors hypothesized
that the avoidance of emetogenic effects from neostigmine
may reduce the incidence of PONV. In these studies, PONV
was generally assessed for the first few hours after surgery.
The consistent observation was that sugammadex provided
a protective effect against the development of PONV.

4.6 Urinary System

Postoperative urinary retention (POUR), or the inability to
micturate with a full bladder, is a common complication
after surgery. Advanced age appears to increase risk for
POUR [124]. POUR Postoperative urinary retention can
cause suprapubic pain, abdominal discomfort, overflow
incontinence, and postoperative delirium in older patients.
Two investigations assessed the comparative impact of sug-
ammadex versus neostigmine on the incidence of POUR
(Table 4) [125, 126]. The authors hypothesized that the
avoidance of anticholinergic inhibitory effects (provided
by glycopyrrolate) on bladder detrusor muscle may reduce
POUR (defined as the unplanned postoperative insertion of
a urinary catheter). Both studies found a significantly lower
incidence of POUR in patients administered sugammadex.

Table 2 Comparative impact of sugammadex and acetylcholinesterase inhibitors on bowel recovery after surgery

Study Type of surgery Sugammadex Acetylcholinesterase inhibitor p-value
Time in hours (IQR or SD) n Time in hours (IQR or SD) n

Time to first flatus
An (2020) [113] Laparoscopic cholecystectomy  15.0 (16.3-25.9) 49 20.9 (6.4-25.3) 53 0.001
Sen (2016) [114] Total thyroid 24 (18-29) 36 24 (18-32) 36 > 0.05

Time to first bowel movement
An (2020) [113] Laparoscopic cholecystectomy  38.0 (25.1-64.7) 28 47.3 (38.7-68.5) 28 0.09
Deljou (2022) [115]  Craniotomy 49.6 (30.8, 74.1) 408  59.6 (41.0, 78.3) 323 0.02
Hunt (2020) [116] Laparoscopic colorectal 41.7 (29.7) 96 53.4 (30.4) 128 0.004
Sen (2016) [114] Total thyroid 32 (24-40) 36 26 (18-36) 36 > 0.05

IQR interquartile range, n number, SD standard deviation
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Table 3 Comparative impact of sugammadex and neostigmine on the incidence of postoperative nausea and vomiting

Study Sugammadex Neostigmine Odds ratio 95% CI
Events Total Events Total

Hunt (2020) [116] 50 96 61 128 1.19 0.71-2.03

Paech (2018) [120] 74 151 78 153 0.92 0.59-1.45

Togioka (2020) [47] 14 100 17 100 0.79 0.37-1.71

Tuna (2017) [121] 24 40 31 40 0.44 0.16-1.15

Woo (2013) [122] 3 60 6 60 0.47 0.11-1.99

Yagan (2017) [123] 4 50 13 48 0.23 0.07-0.78

CI confidence interval

Table 4 Comparative impact of sugammadex and neostigmine on the incidence of postoperative urinary retention

Study Sugammadex Neostigmine Odds ratio 95% CI
Events Total Events Total

Han (2021) [125] 1 39 6 38 0.14 0.02-1.23

Valencia Morales (2021) 2 75 16 106 0.15 0.03-0.69

[126]

CI confidence interval

5 Conclusion

The goal of neuromuscular blockade reversal for older adults
undergoing surgery is to minimize postoperative residual
paralysis. Postoperative residual paralysis is associated with
complications involving the respiratory system, as well as
prolonged hospital length of stay and a higher rate of inten-
sive care unit admission.

Sugammadex provides reversal of neuromuscular block-
ade that is more rapid, more reliable, and more complete
than neostigmine. Evidence is mounting that sugammadex
may protect against the development of PPCs, and that it
may facilitate bladder and bowel recovery after surgery.
However, trials have failed to show that sugammadex com-
pletely eliminates INMB and postoperative complications
[47], or that sugammadex administration is associated with
a shorter hospital length of stay [47, 80, 82-86, 115, 116,
120, 125]. This is summarized in Table 5.

A\ Adis

These findings emphasize the importance of using quan-
titative neuromuscular monitoring (electromyographs and
acceleromyographs) to guide the dosing of both neostigmine
and sugammadex for all procedures that include the adminis-
tration of NMBA, a recommendation that was recently added
to the Association of Anaesthetists standards for monitor-
ing during anaesthesia and recovery [127]. Sugammadex
remains more costly than neostigmine in most countries;
cost-benefit analysis continues to dictate institutional polices
governing the availability of sugammadex. Until sugamma-
dex becomes closer in price to neostigmine, we recommend
careful consideration of surgical and patient characteristics
in the context of evidence from comparative outcome stud-
ies to guide the decision of which reversal agent to select,
sugammadex or neostigmine.
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Table 5 Comparative impact of sugammadex and neostigmine on hospital length of stay
Study Type of surgery Sugammadex Acetylcholinesterase inhibitor p-value
Time in days IQR or SD) n Time in days IQR or SD) n
Observational studies
Li (2021) [80] Varied 3(1-5) 2691 3 (1-6) 7800 Not provided
Deljou (2022) [115]  Craniotomy 4 (3-8) 408 5 (3-10) 323 0.22
Hunt (2020) [116] Laparoscopic colorectal 6.4 96 3.3 128  0.66
Randomized controlled trials
Alday (2019) [82] Abdominal 12.9 (10.6) 62 11.4 (8.4) 64 > 0.05
Evron (2017) [83] Laparoscopic sleeve gastrectomy 3.5(0.8) 32 3.5(1.0) 25 0.7
Han (2021) [125] Laparoscopic cholecystectomy 3.7 (1.0) 39 3.5(0.95) 38 0.29
Ledowski (2021) [84] Varied 7.5 (5-10) 85  9(6-13) 83 > 0.05
Lee (2021) [85] Video-assisted thoracoscopic 8 (7-10) 46 7 (6-10) 47 0.43
surgery
Leslie (2021) [86] Varied 5.1 (3.1-9.2) 59  5.1(3.2-8.2) 61 Not provided
Paech (2018) [120] Laparoscopic gynecologic 0.23 (0.17-0.30) 151  0.22(0.18-0.31) 153 0.15
Togioka (2020) [47]  Varied 4.0(3.4) 100 4.5(5.0) 100 0.42

IQR interquartile range, n number, SD standard deviation

Acknowledgments The authors would like to thank Ngoc Wasson
(funded by the Department of Anesthesiology and Perioperative Medi-
cine, Oregon Health & Science University) for her support with format-
ting, revising, and reference management during manuscript writing.

Declarations

Funding Support provided in part by department sources within Ore-
gon Health & Science University.

Conflict of interest Brandon Togioka has received two investigator-in-
itiated research grants from Merck & Co., the company that owns and
sells ugammadex. The opinions expressed in this article are those of
the authors and do not necessarily reflect those of Merck & Co. Katie
Schenning declares no conflicts of interest.

Ethics approval Not applicable.
Consent (to participate & for publication) Not applicable.
Data & code availability statements Not applicable.

Author contributions BT: This author helped with manuscript design,
literature review, summary of data, drafting and critically revising the
manuscript. KS: This author helped with manuscript design, literature
review, summary of data, drafting and critically revising the manu-
script.

References

1. Weiser TG, Haynes AB, Molina G, Lipsitz SR, Esquivel MM,
Uribe-Leitz T, et al. Estimate of the global volume of surgery
in 2012: an assessment supporting improved health outcomes.
Lancet. 2015;385(Suppl 2):S11.

12.

Das S, Forrest K, Howell S. General anaesthesia in elderly
patients with cardiovascular disorders: choice of anaesthetic
agent. Drugs Aging. 2010;27(4):265-82.

Bates AT, Divino C. Laparoscopic surgery in the elderly: a
review of the literature. Aging Dis. 2015;6(2):149-55.

Fowler AJ, Abbott TEF, Prowle J, Pearse RM. Age of patients
undergoing surgery. Br J Surg. 2019;106(8):1012-8.

. Sukharamwala P, Thoens J, Szuchmacher M, Smith J, DeVito P.

Advanced age is a risk factor for post-operative complications
and mortality after a pancreaticoduodenectomy: a meta-analysis
and systematic review. HPB (Oxford). 2012;14(10):649-57.
Sury MR, Palmer JH, Cook TM, Pandit JJ. The state of UK
anaesthesia: a survey of National Health Service activity in 2013.
BrJ Anaesth. 2014;113(4):575-84.

Fortier LP, McKeen D, Turner K, de Medicis E, Warriner B,
Jones PM, et al. The RECITE Study: a Canadian Prospective,
Multicenter Study of the Incidence and Severity of Residual Neu-
romuscular Blockade. Anesth Analg. 2015;121(2):366-72.

. Murphy GS, Szokol JW, Avram MJ, Greenberg SB, Shear

TD, Vender JS, et al. Residual neuromuscular block in the
elderly: incidence and clinical implications. Anesthesiology.
2015;123(6):1322-36.

Pietraszewski P, Gaszynski T. Residual neuromuscular block
in elderly patients after surgical procedures under general
anaesthesia with rocuronium. Anaesthesiol Intensive Ther.
2013:;45(2):77-81.

. Brull SJ, Kopman AF. Current status of neuromuscular reversal

and monitoring: challenges and opportunities. Anesthesiology.
2017;126(1):173-90.

. Naguib M, Kopman AF, Lien CA, Hunter JM, Lopez A,

Brull SJ. A survey of current management of neuromuscu-
lar block in the United States and Europe. Anesth Analg.
2010;111(1):110-9.

Blobner M, Hunter JM, Meistelman C, Hoeft A, Hollmann
MW, Kirmeier E, et al. Use of a train-of-four ratio of 0.95
versus 0.9 for tracheal extubation: an exploratory analysis of
POPULAR data. BrJ Anaesth. 2020;124:63-72.

A\ Adis



758

B. M. Togioka, K. J. Schenning

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Herbstreit F, Peters J, Eikermann M. Impaired upper airway
integrity by residual neuromuscular blockade: increased air-
way collapsibility and blunted genioglossus muscle activity
in response to negative pharyngeal pressure. Anesthesiology.
2009;110(6):1253-60.

Eikermann M, Vogt FM, Herbstreit F, Vahid-Dastgerdi M,
Zenge MO, Ochterbeck C, et al. The predisposition to inspira-
tory upper airway collapse during partial neuromuscular block-
ade. Am J Respir Crit Care Med. 2007;175(1):9-15.
Sundman E, Witt H, Olsson R, Ekberg O, Kuylenstierna R,
Eriksson LI. The incidence and mechanisms of pharyngeal and
upper esophageal dysfunction in partially paralyzed humans:
pharyngeal videoradiography and simultaneous manometry
after atracurium. Anesthesiology. 2000;92(4):977-84.
Eriksson LI, Sundman E, Olsson R, Nilsson L, Witt H, Ekberg
O, et al. Functional assessment of the pharynx at rest and dur-
ing swallowing in partially paralyzed humans: simultaneous
videomanometry and mechanomyography of awake human
volunteers. Anesthesiology. 1997;87(5):1035-43.

Togioka BM, Xu X, Banner-Goodspeed V, Eikermann M. Does
sugammadex reduce postoperative airway failure? Anesth
Analg. 2020;131(1):137-40.

Cedborg Al, Sundman E, Boden K, Hedstrom HW, Kuylensti-
erna R, Ekberg O, et al. Pharyngeal function and breathing pat-
tern during partial neuromuscular block in the elderly: effects
on airway protection. Anesthesiology. 2014;120(2):312-25.
Raju M, Pandit JJ. Re-awakening the carotid bodies after anaes-
thesia: managing hypnotic and neuromuscular blocking agents.
Anaesthesia. 2020;75(3):301-4.

Broens SJL, Boon M, Martini CH, Niesters M, van Velzen M,
Aarts L, et al. Reversal of partial neuromuscular block and the
ventilatory response to hypoxia: a randomized controlled trial
in healthy volunteers. Anesthesiology. 2019;131(3):467-76.
Pandit JJ, Eriksson LI. Reversing neuromuscular blockade: not
just the diaphragm, but carotid body function too. Anesthesiol-
ogy. 2019;131(3):453-5.

Murphy GS, Szokol JW, Marymont JH, Greenberg SB, Avram
MIJ, Vender JS. Residual neuromuscular blockade and criti-
cal respiratory events in the postanesthesia care unit. Anesth
Analg. 2008;107(1):130-7.

Murphy GS, Szokol JW, Marymont JH, Greenberg SB, Avram
M]J, Vender JS, et al. Intraoperative acceleromyographic moni-
toring reduces the risk of residual neuromuscular blockade
and adverse respiratory events in the postanesthesia care unit.
Anesthesiology. 2008;109(3):389-98.

Berg H, Roed J, Viby-Mogensen J, Mortensen CR, Engbaek
J, Skovgaard LT, et al. Residual neuromuscular block is a risk
factor for postoperative pulmonary complications. A prospec-
tive, randomised, and blinded study of postoperative pulmo-
nary complications after atracurium, vecuronium and pancu-
ronium. Acta Anaesthesiol Scand. 1997;41(9):1095-103.
Martinez-Ubieto J, Ortega-Lucea S, Pascual-Bellosta A, Arazo-
Iglesias I, Gil-Bona J, Jimenez-Bernardo T, et al. Prospective
study of residual neuromuscular block and postoperative res-
piratory complications in patients reversed with neostigmine
versus sugammadex. Minerva Anestesiol. 2016;82(7):735-42.
Bulka CM, Terekhov MA, Martin BJ, Dmochowski RR, Hayes
RM, Ehrenfeld JM. Nondepolarizing neuromuscular blocking
agents, reversal, and risk of postoperative pneumonia. Anes-
thesiology. 2016;125(4):647-55.

Thevathasan T, Shih SL, Safavi KC, Berger DL, Burns
SM, Grabitz SD, et al. Association between intraoperative
non-depolarising neuromuscular blocking agent dose and
30-day readmission after abdominal surgery. Br J Anaesth.
2017;119(4):595-605.

A\ Adis

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Grabitz SD, Rajaratnam N, Chhagani K, Thevathasan T, Teja
BJ, Deng H, et al. The effects of postoperative residual neu-
romuscular blockade on hospital costs and intensive care unit
admission: a population-based cohort study. Anesth Analg.
2019;128(6):1129-36.

Ramachandran SK, Thompson A, Pandit JJ, Devine S, Shanks
AM. Retrospective observational evaluation of postoperative
oxygen saturation levels and associated postoperative respira-
tory complications and hospital resource utilization. PLoS ONE.
2017;12(5): e0175408.

Pandit JJ, Andrade J, Bogod DG, Hitchman JM, Jonker WR,
Lucas N, et al. The 5th National Audit Project (NAPS) on acci-
dental awareness during general anaesthesia: protocol, methods
and analysis of data. Anaesthesia. 2014;69(10):1078-88.

Bash LD, Black W, Turzhitsky V, Urman RD. Neuromuscu-
lar blockade and reversal practice variability in the outpatient
setting: insights from US Utilization Patterns. Anesth Analg.
2021;133(6):1437-50.

Luo J, Chen S, Min S, Peng L. Reevaluation and update on effi-
cacy and safety of neostigmine for reversal of neuromuscular
blockade. Ther Clin Risk Manag. 2018;14:2397-406.

Baraka A. Depolarizing block is an endplate-muscular block, not
a neuromuscular block. Anesthesiology. 2007;106(2):399—400
(author reply).

Nair PV, Hunter JM. Anticholinesterases and anticholinergic
drugs. Continuing Education in Anaesthesia. Crit Care Pain.
2004;4(5):164-8.

USA FK. Neostigmine Methylsulfate injection [package
insert[In: Administration UFaD, editor. accessdata.fda.
gov2015.

Hristovska AM, Duch P, Allingstrup M, Afshari A. The com-
parative efficacy and safety of sugammadex and neostigmine in
reversing neuromuscular blockade in adults. A Cochrane sys-
tematic review with meta-analysis and trial sequential analysis.
Anaesthesia. 2018;73(5):631-41.

Herbstreit F, Zigrahn D, Ochterbeck C, Peters J, Eikermann M.
Neostigmine/glycopyrrolate administered after recovery from
neuromuscular block increases upper airway collapsibility by
decreasing genioglossus muscle activity in response to negative
pharyngeal pressure. Anesthesiology. 2010;113(6):1280-8.
Eikermann M, Fassbender P, Malhotra A, Takahashi M, Kubo
S, Jordan AS, et al. Unwarranted administration of acetylcho-
linesterase inhibitors can impair genioglossus and diaphragm
muscle function. Anesthesiology. 2007;107(4):621-9.
Koscielniak-Nielsen ZJ, Law-Min JC, Donati F, Bevan DR,
Clement P, Wise R. Dose-response relations of doxacurium
and its reversal with neostigmine in young adults and healthy
elderly patients. Anesth Analg. 1992;74(6):845-50.

Song IA, Seo KS, Oh AY, No HJ, Hwang JW, Jeon YT, et al.
Timing of reversal with respect to three nerve stimulator end-
points from cisatracurium-induced neuromuscular block.
Anaesthesia. 2015;70(7):797-802.

Thompson CA. Sugammadex approved to reverse NMBA
effects. Am J Health Syst Pharm. 2016;73(3):100.

Nag K, Singh DR, Shetti AN, Kumar H, Sivashanmugam T,
Parthasarathy S. Sugammadex: a revolutionary drug in neuro-
muscular pharmacology. Anesth Essays Res. 2013;7(3):302-6.
Bash LD, Turzhitsky V, Black W, Urman RD. Neuromuscular
blockade and reversal agent practice variability in the us inpa-
tient surgical settings. Adv Ther. 2021;38(9):4736-55.
Stankiewicz-Rudnicki M. Neuromuscular blockade in the
elderly. Anaesthesiol Intensive Ther. 2016;48(4):257-60.
Dubovoy TZ, Saager L, Shah NJ, Colquhoun DA, Mathis
MR, Kapeles S, et al. Utilization patterns of perioperative



Neuromuscular Block Reversal, Sugammadex, or Neostigmine

759

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

neuromuscular blockade reversal in the United States: a retro-
spective observational study from the multicenter perioperative
outcomes group. Anesth Analg. 2020;131(5):1510-9.
Chandrasekhar K, Togioka BM, Jeffers JL. Sugammadex.
Treasure Island: StatPearls; 2022.

Togioka BM, Yanez D, Aziz MF, Higgins JR, Tekkali P, Treg-
giari MM. Randomised controlled trial of sugammadex or
neostigmine for reversal of neuromuscular block on the inci-
dence of pulmonary complications in older adults undergoing
prolonged surgery. Br J Anaesth. 2020;124:533-61.

Flockton EA, Mastronardi P, Hunter JM, Gomar C, Mirakhur
RK, Aguilera L, et al. Reversal of rocuronium-induced neu-
romuscular block with sugammadex is faster than reversal of
cisatracurium-induced block with neostigmine. Br J Anaesth.
2008;100(5):622-30.

Merck & Co. I. Bridion Package Insert. Whitehouse Station:
Merck Sharp & Dohme Corp.; 2015-2018.

Min KC, Bondiskey P, Schulz V, Woo T, Assaid C, Yu W, et al.
Hypersensitivity incidence after sugammadex administration in
healthy subjects: a randomised controlled trial. Br J Anaesth.
2018;121(4):749-57.

de Kam PJ, Nolte H, Good S, Yunan M, Williams-Herman DE,
Burggraaf J, et al. Sugammadex hypersensitivity and underly-
ing mechanisms: a randomised study of healthy non-anaesthe-
tised volunteers. Br J Anaesth. 2018;121(4):758-67.
Miyazaki Y, Sunaga H, Kida K, Hobo S, Inoue N, Muto M,
et al. Incidence of anaphylaxis associated with sugammadex.
Anesth Analg. 2018;126(5):1505-8.

Dirkmann D, Britten MW, Pauling H, Weidle J, Volbracht L,
Gorlinger K, et al. Anticoagulant effect of sugammadex: just
an in vitro artifact. Anesthesiology. 2016;124(6):1277-85.
Staals LM, Snoeck MM, Driessen JJ, van Hamersvelt HW,
Flockton EA, van den Heuvel MW, et al. Reduced clearance
of rocuronium and sugammadex in patients with severe to end-
stage renal failure: a pharmacokinetic study. Br J Anaesth.
2010;104(1):31-9.

Hristovska AM, Duch P, Allingstrup M, Afshari A. Efficacy
and safety of sugammadex versus neostigmine in reversing
neuromuscular blockade in adults. Cochrane Database Syst
Rev. 2017;8:CD012763.

Carron M, Veronese S, Foletto M, Ori C. Sugammadex allows
fast-track bariatric surgery. Obes Surg. 2013;23(10):1558-63.
Jones RK, Caldwell JE, Brull SJ, Soto RG. Reversal of pro-
found rocuronium-induced blockade with sugammadex: a
randomized comparison with neostigmine. Anesthesiology.
2008;109(5):816-24.

Alvis BD, Hughes CG. Physiology considerations in geriatric
patients. Anesthesiol Clin. 2015;33(3):447-56.

Proakis AG, Harris GB. Comparative penetration of glycopyr-
rolate and atropine across the blood—brain and placental barri-
ers in anesthetized dogs. Anesthesiology. 1978;48(5):339-44.
Atri A, Sherman S, Norman KA, Kirchhoff BA, Nicolas MM,
Greicius MD, et al. Blockade of central cholinergic receptors
impairs new learning and increases proactive interference
in a word paired-associate memory task. Behav Neurosci.
2004;118(1):223-36.

By the American Geriatrics Society Beers Criteria Update
Expert P. American Geriatrics Society 2019 Updated AGS
Beers Criteria(R) for Potentially Inappropriate Medication
Use in Older Adults. J Am Geriatr Soc. 2019;67(4):674-94.
Hughes CG, Boncyk CS, Culley DJ, Fleisher LA, Leung JM,
McDonagh DL, et al. American society for enhanced recov-
ery and perioperative quality initiative joint consensus state-
ment on postoperative delirium prevention. Anesth Analg.
2020;130(6):1572-90.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Berger M, Schenning KJ, Brown CHt, Deiner SG, Whitting-
ton RA, Eckenhoff RG, et al. Best practices for postoperative
brain health: recommendations from the fifth international
perioperative neurotoxicity working group. Anesth Analg.
2018;127(6):1406-13.

Burfeind KG, Tirado Navales AA, Togioka BM, Schenning K.
Prevention of postoperative delirium through the avoidance of
potentially inappropriate medications in a geriatric surgical
patient. BMJ Case Rep. 2021;14(4):e240403.

Muedra V, Rodilla V, Llansola M, Agusti A, Pla C, Canto A,
et al. Potential neuroprotective role of sugammadex: a clinical
study on cognitive function assessment in an enhanced recov-
ery after cardiac surgery approach and an experimental study.
Front Cell Neurosci. 2022;16: 789796.

Kheterpal S, O’Reilly M, Englesbe MJ, Rosenberg AL, Shanks
AM, Zhang L, et al. Preoperative and intraoperative predictors
of cardiac adverse events after general, vascular, and urological
surgery. Anesthesiology. 2009;110(1):58-66.

Sun LY, Wijeysundera DN, Tait GA, Beattie WS. Asso-
ciation of intraoperative hypotension with acute kidney
injury after elective noncardiac surgery. Anesthesiology.
2015;123(3):515-23.

Shorten GD, Uppington J, Comunale ME. Changes in plasma
catecholamine concentrations and haemodynamic effects of rocu-
ronium and vecuronium in elderly patients. Eur J Anaesthesiol.
1998;15(3):335-41.

Muravchick S, Owens WD, Felts JA. Glycopyrrolate and cardiac
dysrhythmias in geriatric patients after reversal of neuromuscular
blockade. Can Anaesth Soc J. 1979;26(1):22-5.

Eldor J, Hoffman B, Davidson JT. Prolonged bradycardia and
hypotension after neostigmine administration in a patient receiv-
ing atenolol. Anaesthesia. 1987;42(12):1294-7.

Naguib M. Sugammadex: another milestone in clinical neuro-
muscular pharmacology. Anesth Analg. 2007;104(3):575-81.
Kizilay D, Dal D, Saracoglu KT, Eti Z, Gogus FY. Comparison
of neostigmine and sugammadex for hemodynamic parameters
in cardiac patients undergoing noncardiac surgery. J Clin Anesth.
2016;28:30-5.

Smetana GW, Conde MV. Preoperative pulmonary update. Clin
Geriatr Med. 2008;24(4):607-24 (vii).

Qaseem A, Snow V, Fitterman N, Hornbake ER, Lawrence VA,
Smetana GW, et al. Risk assessment for and strategies to reduce
perioperative pulmonary complications for patients undergoing
noncardiothoracic surgery: a guideline from the American Col-
lege of Physicians. Ann Intern Med. 2006;144(8):575-80.
Manku K, Bacchetti P, Leung JM. Prognostic significance of
postoperative in-hospital complications in elderly patients. I.
Long-term survival. Anesth Analg. 2003;96(2):583-9 (table of
contents).

Pandit JJ, Buckler KJ. Differential effects of halothane and
sevoflurane on hypoxia-induced intracellular calcium tran-
sients of neonatal rat carotid body type I cells. Br J Anaesth.
2009;103(5):701-10.

Cammu GV, Smet V, De Jongh K, Vandeput D. A prospective,
observational study comparing postoperative residual curarisa-
tion and early adverse respiratory events in patients reversed
with neostigmine or sugammadex or after apparent spontaneous
recovery. Anaesth Intensive Care. 2012;40(6):999—-1006.
Kheterpal S, Vaughn MT, Dubovoy TZ, Shah NJ, Bash LD,
Colquhoun DA, et al. Sugammadex versus Neostigmine For
Reversal Of Neuromuscular Blockade And Postoperative Pul-
monary Complications (STRONGER): a multicenter matched
cohort analysis. Anesthesiology. 2020;132(6):1371-81.

Krause M, McWilliams SK, Bullard KJ, Mayes LM, Jameson
LC, Mikulich-Gilbertson SK, et al. Neostigmine versus sugam-
madex for reversal of neuromuscular blockade and effects on

A\ Adis



760

B. M. Togioka, K. J. Schenning

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

reintubation for respiratory failure or newly initiated noninva-
sive ventilation: an interrupted time series design. Anesth Analg.
2020;131(1):141-51.

Li G, Freundlich RE, Gupta RK, Hayhurst CJ, Le CH, Martin
BJ, et al. Postoperative pulmonary complications’ association
with sugammadex versus neostigmine: a retrospective registry
analysis. Anesthesiology. 2021;134(6):862—73.

YuJ, Park JY, Lee Y, Hwang JH, Kim YK. Sugammadex versus
neostigmine on postoperative pulmonary complications after
robot-assisted laparoscopic prostatectomy: a propensity score-
matched analysis. J Anesth. 2021;35(2):262-9.

Alday E, Munoz M, Planas A, Mata E, Alvarez C. Effects of
neuromuscular block reversal with sugammadex versus neostig-
mine on postoperative respiratory outcomes after major abdom-
inal surgery: a randomized-controlled trial. Can J Anaesth.
2019;66(11):1328-37.

Evron S, Abelansky Y, Ezri T, Izakson A. Respiratory events
with sugammadex vs. neostigmine following laparoscopic
sleeve gastrectomy: a prospective pilot study assessing neuro-
muscular reversal strategies. Rom J Anaesth Intensive Care.
2017;24(2):111-4.

Ledowski T, Szabo-Maak Z, Loh PS, Turlach BA, Yang HS,
de Boer HD, et al. Reversal of residual neuromuscular block
with neostigmine or sugammadex and postoperative pulmonary
complications: a prospective, randomised, double-blind trial in
high-risk older patients. Br J Anaesth. 2021;127(2):316-23.
Lee TY, Jeong SY, Jeong JH, Kim JH, Choi SR. Compari-
son of postoperative pulmonary complications between sug-
ammadex and neostigmine in lung cancer patients undergo-
ing video-assisted thoracoscopic lobectomy: a prospective
double-blinded randomized trial. Anesth Pain Med (Seoul).
2021;16(1):60-7.

Leslie K, Chan MTYV, Darvall JN, De Silva AP, Braat S, Devlin
NJ, et al. Sugammadex, neostigmine and postoperative pulmo-
nary complications: an international randomised feasibility and
pilot trial. Pilot Feasibil Stud. 2021;7(1):200.

Unal DY, Baran I, Mutlu M, Ural G, Akkaya T, Ozlu O. Com-
parison of sugammadex versus neostigmine costs and respira-
tory complications in patients with obstructive sleep apnoea.
Turk J Anaesthesiol Reanim. 2015;43(6):387-95.

Cowen LE, Hodak SP, Verbalis JG. Age-associated abnormali-
ties of water homeostasis. Endocrinol Metab Clin North Am.
2013;42(2):349-70.

Veering BT, Burm AG, Souverijn JH, Serree JM, Spierdijk J.
The effect of age on serum concentrations of albumin and alpha
1-acid glycoprotein. Br J Clin Pharmacol. 1990;29(2):201-6.
Salive ME, Cornoni-Huntley J, Phillips CL, Guralnik JM,
Cohen HJ, Ostfeld AM, et al. Serum albumin in older per-
sons: relationship with age and health status. J Clin Epidemiol.
1992;45(3):213-21.

Rupp SM, Castagnoli KP, Fisher DM, Miller RD. Pancuronium
and vecuronium pharmacokinetics and pharmacodynamics in
younger and elderly adults. Anesthesiology. 1987;67(1):45-9.
Bell PF, Mirakhur RK, Clarke RS. Dose-response studies
of atracurium, vecuronium and pancuronium in the elderly.
Anaesthesia. 1989;44(11):925-7.

Parker CJ, Hunter JM, Snowdon SL. Effect of age, gender and
anaesthetic technique on the pharmacodynamics of atracurium.
Br J Anaesth. 1993;70(1):38—41.

McCarthy G, Elliott P, Mirakhur RK, Cooper R, Sharpe TD,
Clarke RS. Onset and duration of action of vecuronium in the
elderly: comparison with adults. Acta Anaesthesiol Scand.
1992;36(4):383-6.

Matteo RS, Ornstein E, Schwartz AE, Ostapkovich N, Stone
JG. Pharmacokinetics and pharmacodynamics of rocuronium

A\ Adis

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

(Org 9426) in elderly surgical patients. Anesth Analg.
1993;77(6):1193-7.

Evers BM, Townsend CM Jr, Thompson JC. Organ physiology
of aging. Surg Clin N Am. 1994;74(1):23-39.

Lee LA, Athanassoglou V, Pandit JJ. Neuromuscular blockade
in the elderly patient. J Pain Res. 2016;9:437-44.

Slavov V, Khalil M, Merle JC, Agostini MM, Ruggier R,
Duvaldestin P. Comparison of duration of neuromuscular
blocking effect of atracurium and vecuronium in young and
elderly patients. Br J Anaesth. 1995;74(6):709-11.
Yamamoto H, Uchida T, Yamamoto Y, Ito Y, Makita K. Retro-
spective analysis of spontaneous recovery from neuromuscular
blockade produced by empirical use of rocuronium. J Anesth.
2011;25(6):845-9.

Furuya T, Suzuki T, Kashiwai A, Konishi J, Aono M, Hirose
N, et al. The effects of age on maintenance of intense neuro-
muscular block with rocuronium. Acta Anaesthesiol Scand.
2012;56(2):236-9.

Arain SR, Kern S, Ficke DJ, Ebert TJ. Variability of duration
of action of neuromuscular-blocking drugs in elderly patients.
Acta Anaesthesiol Scand. 2005;49(3):312-5.

McDonagh DL, Benedict PE, Kovac AL, Drover DR, Bris-
ter NW, Morte JB, et al. Efficacy, safety, and pharmacokinet-
ics of sugammadex for the reversal of rocuronium-induced
neuromuscular blockade in elderly patients. Anesthesiology.
2011;114(2):318-29.

Marsh RH, Chmielewski AT, Goat VA. Recovery from pancu-
ronium. A comparison between old and young patients. Anaes-
thesia. 1980;35(12):1193-6.

Paredes S, Porter SB, Porter IE 2nd, Renew JR. Sugammadex
use in patients with end-stage renal disease: a historical cohort
study. Can J Anaesth. 2020;67(12):1789-97.

Adams DR, Tollinche LE, Yeoh CB, Artman J, Mehta M, Phil-
lips D, et al. Short-term safety and effectiveness of sugammadex
for surgical patients with end-stage renal disease: a two-centre
retrospective study. Anaesthesia. 2020;75(3):348-52.

Staals LM, Snoeck MM, Driessen JJ, Flockton EA, Heeringa
M, Hunter JM. Multicentre, 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(4):492-7.

Lobaz S, Sammut M, Damodaran A. Sugammadex rescue fol-
lowing prolonged rocuronium neuromuscular blockade with
'recurarisation’ in a patient with severe renal failure. BMJ Case
Rep. 2013;2013:bcr2012007603.

Navare SR, Garcia Medina O, Prielipp RC, Weinkauf JL. Sugam-
madex reversal of a large subcutaneous depot of rocuronium in a
dialysis patient: a case report. A A Pract. 2019;12(10):375-7.
Madsen JL, Graff J. Effects of ageing on gastrointestinal motor
function. Age Ageing. 2004;33(2):154-9.

Shimamoto C, Hirata I, Hiraike Y, Takeuchi N, Nomura T, Katsu
K. Evaluation of gastric motor activity in the elderly by elec-
trogastrography and the (13)C-acetate breath test. Gerontology.
2002;48(6):381-6.

Gomes OA, de Souza RR, Liberti EA. A preliminary inves-
tigation of the effects of aging on the nerve cell number in
the myenteric ganglia of the human colon. Gerontology.
1997;43(4):210-7.

Leon AD. The aging digestive tract: what should anesthesiolo-
gists know about it? Minerva Anestesiol. 2016;82(12):1336-42.
An J, Noh H, Kim E, Lee J, Woo K, Kim H. Neuromuscular
blockade reversal with sugammadex versus pyridostigmine/
glycopyrrolate in laparoscopic cholecystectomy: a randomized
trial of effects on postoperative gastrointestinal motility. Korean
J Anesthesiol. 2020;73(2):137-44.



Neuromuscular Block Reversal, Sugammadex, or Neostigmine

761

114.

115.

116.

117.

118.

119.

120.

121.

122.

Sen A, Erdivanli B, Tomak Y, Pergel A. Reversal of neuro-
muscular blockade with sugammadex or neostigmine/atropine:
Effect on postoperative gastrointestinal motility. J Clin Anesth.
2016;32:208-13.

Deljou A, Soleimani J, Sprung J, Schroeder DR, Weingarten TN.
Effects of reversal technique for neuromuscular paralysis on time
to recovery of bowel function after craniotomy. Am Surg. 2022.
https://doi.org/10.1177/00031348211058631.

Hunt ME, Yates JR, Vega H, Heidel RE, Buehler JM. Effects
on postoperative gastrointestinal motility after neuromuscular
blockade reversal with sugammadex versus neostigmine/gly-
copyrrolate in colorectal surgery patients. Ann Pharmacother.
2020;54(12):1165-74.

Cohen MM, Duncan PG, DeBoer DP, Tweed WA. The postop-
erative interview: assessing risk factors for nausea and vomiting.
Anesth Analg. 1994;78(1):7-16.

Apfel CC, Heidrich FM, Jukar-Rao S, Jalota L, Hornuss
C, Whelan RP, et al. Evidence-based analysis of risk fac-
tors for postoperative nausea and vomiting. Br J Anaesth.
2012;109(5):742-53.

Apfel CC, Philip BK, Cakmakkaya OS, Shilling A, Shi YY, Les-
lie JB, et al. Who is at risk for postdischarge nausea and vomiting
after ambulatory surgery? Anesthesiology. 2012;117(3):475-86.
Paech MJ, Kaye R, Baber C, Nathan EA. Recovery characteris-
tics of patients receiving either sugammadex or neostigmine and
glycopyrrolate for reversal of neuromuscular block: a randomised
controlled trial. Anaesthesia. 2018;73(3):340-7.

Tuna A, Palabiyik O, Orhan M, Sonbahar T, Sayhan H, Tomak
Y, et al. Does sugammadex administration affect postoperative
nausea and vomiting after laparoscopic cholecystectomy: a pro-
spective, double-blind, randomized study. Surg Laparosc Endosc
Percutan Tech. 2017;27:237-40.

Woo T, Kim KS, Shim YH, Kim MK, Yoon SM, Lim Y]J,
et al. Sugammadex versus neostigmine reversal of moderate

123.

124.

125.

126.

127.

rocuronium-induced neuromuscular blockade in Korean patients.
Korean J Anesthesiol. 2013;65(6):501-7.

Yagan O, Tas N, Mutlu T, Hanci V. Comparison of the effects
of sugammadex and neostigmine on postoperative nausea and
vomiting. Braz J Anesthesiol. 2017;67(2):147-52.

Keita H, Diouf E, Tubach F, Brouwer T, Dahmani S, Mantz J,
et al. Predictive factors of early postoperative urinary retention in
the postanesthesia care unit. Anesth Analg. 2005;101(2):592-6.
Han J, Oh AY, Jeon YT, Koo BW, Kim BY, Kim D, et al. Qual-
ity of Recovery after Laparoscopic Cholecystectomy Following
Neuromuscular Blockade Reversal with Neostigmine or Sug-
ammadex: A Prospective, Randomized, Controlled Trial. J Clin
Med. 2021;10(5):938.

Valencia Morales DJ, Stewart BR, Heller SF, Sprung J, Schroeder
DR, Ghanem OM, et al. Urinary retention following inguinal
herniorrhaphy: role of neuromuscular blockade reversal. Surg
Laparosc Endosc Percutan Tech. 2021;31(5):613-7.

Klein AA, Meek T, Allcock E, Cook TM, Mincher N, Morris
C, et al. Recommendations for standards of monitoring during
anaesthesia and recovery 2021: guideline from the Association
of Anaesthetists. Anaesthesia. 2021;76(9):1212-23.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

A\ Adis


https://doi.org/10.1177/00031348211058631

	Optimizing Reversal of Neuromuscular Block in Older Adults: Sugammadex or Neostigmine
	Abstract
	1 Introduction
	2 Neuromuscular Monitoring and the Problem with Residual Neuromuscular Paralysis
	3 Pharmacokinetics and Pharmacodynamics of Neostigmine and Sugammadex
	3.1 Neostigmine
	3.2 Sugammadex
	3.3 Comparative Effectiveness of Neostigmine versus Sugammadex for Reversal of Neuromuscular Blockade

	4 Neostigmine Versus Sugammadex: Clinically Important Outcomes
	4.1 Central Nervous System
	4.2 Cardiovascular System
	4.3 Respiratory System
	4.4 Hepatorenal System
	4.5 Gastrointestinal System
	4.6 Urinary System

	5 Conclusion
	Acknowledgments 
	References




