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Sugammadex Versus Neostigmine for Reversal of 
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BACKGROUND: Catheter-based endovascular neurointerventions require deep neuromuscular 
blocks during the procedure and rapid subsequent recovery of strength to facilitate neurological 
evaluation. We tested the primary hypothesis that sugammadex reverses deep neuromuscular 
blocks faster than neostigmine reverses moderate neuromuscular blocks.
METHODS: Patients having catheter-based cerebral neurointerventional procedures were random-
ized to: (1) deep rocuronium neuromuscular block with posttetanic count 1 to 2 and 4-mg/kg 
sugammadex as the reversal agent or (2) moderate rocuronium neuromuscular block with train-
of-four (TOF) count 1 during the procedure and neuromuscular reversal with 0.07-mg/kg neostig-
mine to a maximum of 5 mg. Recovery of diaphragmatic function was assessed by ultrasound at 
baseline before the procedure and 90 minutes thereafter. The primary outcome—time to reach 
a TOF ratio ≥0.9 after administration of the designated reversal agent—was analyzed with a log-
rank test. Secondary outcomes included time to successful tracheal extubation and the difference 
between postoperative and preoperative diaphragmatic contraction speed and distance.
RESULTS: Thirty-five patients were randomized to sugammadex and 33 to neostigmine. Baseline 
characteristics and surgical factors were well balanced. The median time to reach TOF ratio 
≥0.9 was 3 minutes (95% confidence interval [CI], 2-3 minutes) in patients given sugammadex 
versus 8 minutes (95% CI, 6-10 minutes) in patients given neostigmine. Sugammadex was sig-
nificantly faster by a median of 5 minutes (95% CI, 3-6 minutes; P < .001). However, times to 
tracheal extubation and diaphragmatic function at 90 minutes did not differ significantly.
CONCLUSIONS: Sugammadex reversed deep rocuronium neuromuscular blocks considerably 
faster than neostigmine reversed moderate neuromuscular blocks. However, times to extubation 
did not differ significantly, apparently because extubation was largely determined by the time 
required for awaking from general anesthesia and because clinicians were willing to extubate 
before full neuromuscular recovery. Sugammadex may nonetheless be preferable to procedures 
that require a deep neuromuscular block and rapid recovery. (Anesth Analg 2021;132:1666–76)

KEY POINTS
• Question: Does sugammadex reverse deep neuromuscular blocks faster than neostigmine 

reverses moderate neuromuscular blocks?
• Findings: Sugammadex reversal was faster by a median of 5 minutes (95% confidence inter-

val, 3-6 minutes; P < .001); however, times to tracheal extubation did not differ significantly, 
apparently because clinicians were willing to extubate before full neuromuscular recovery.

• Meaning: Sugammadex may be preferable for procedures that require a deep neuromuscular 
block and rapid recovery.
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GLOSSARY
ASA = American Society of Anesthesiologists; ASD = absolute standardized difference; C6-2 = 
convex array curved ultrasound probe transducer; CI = confidence interval; CPR = cardiopulmonary 
resuscitation; Gen = medium frequency; Gn 60 = Gain 60; IQR = interquartile range; NSQIP = 
National Surgical Quality Improvement Program; SD = standard deviation; TIS = thermal index soft 
tissue; TOF = train-of-four

In North America, the incidence of subarachnoid 
hemorrhage is 7% per 100,000 person-years,1 and 
although mortality from aneurysmal subarach-

noid hemorrhage has decreased during the last 3 
decades, about a third of patients still die within 30 
days.2 Compared to surgical clipping, endovascular 
treatment of aneurysmal subarachnoid hemorrhage 
reduces the absolute risk reduction in death or depen-
dence at 1 year by 7%,3 a benefit that is sustained over 
the subsequent 5 years.4

Anesthetic management for catheter-based endo-
vascular neurointerventional procedures requires 
patients to remain immobile and deeply anesthetized 
to prevent movement that could result in serious 
complications including dissection, arterial perfora-
tion, and misplaced stents or coils.5,6 However, early 
postprocedure neurological assessment is also crucial, 
making neuromuscular block management challeng-
ing.7,8 Furthermore, unlike routine surgery, neuro-
interventional procedures often end precipitously. 
Consequently, it is common to find patients nearly 
completely paralyzed at the end of neurointerven-
tional procedures and have emergence delayed while 
waiting for muscle function to recover sufficiently for 
safe antagonism with neostigmine.

Postoperative residual neuromuscular block 
remains problematic,9,10 and it is associated with 
impaired pharyngeal function, aspiration risk,11 
upper airway muscle weakness, partial upper air-
way obstruction,12,13 postoperative pulmonary com-
plications,14 and distressing symptoms.15 Monitoring 
of neuromuscular blocks with train-of-four (TOF) 
and posttetanic count has emerged as an important 
strategy for reducing risk of residual neuromuscular 
block.16,17 Furthermore, distressing symptoms (eg, 
diplopia and inability to clench the teeth tightly) can 
persist even with complete neuromuscular recovery, 
defined as TOF ratio ≥0.9.18 The diaphragm is the 
main respiratory muscle, and diaphragmatic dys-
function apparently contributes to postoperative pul-
monary complications.19–21 Ultrasound assessment of 
diaphragmatic function is accurate22,23 and is increas-
ingly used to evaluate ventilatory function.19–21,24

Sugammadex, a modified γ-cyclodextrin, rapidly 
reverses neuromuscular blocks by complexing non-
depolarizing aminosteriod neuromuscular agents. It 
is, therefore, effective even for profound blocks.25–27 
Because sugammadex reversal of neuromuscular 

blocks is rapid and complete, there appear to be 
fewer postoperative complications than with neostig-
mine.14,28–31 Sugammadex has consequently become 
the reversal agent of choice for catheter-based endo-
vascular neurointerventional procedures in many 
institutions, although no randomized trial data spe-
cifically support this approach.

We, therefore, tested the hypothesis that recovery 
of neuromuscular function (TOF ratio ≥0.9) is faster 
in adults having neurointerventional procedures 
who are given sugammadex for deep neuromuscular 
blocks than in those who are given neostigmine for 
moderate blocks. Secondarily, we tested the hypoth-
eses that sugammadex speeds tracheal extubation, 
improves diaphragmatic contractility at 90 minutes 
postprocedure, and reduces the incidence of postop-
erative pneumonia.

METHODS
Our trial was approved by the Institutional Review 
Board of the Cleveland Clinic (number 17-764), and 
written informed consent was obtained from each par-
ticipating patient. The trial was registered on October 
26, 2017 at ClinicalTrials.gov (NCT03322657; principal 
investigator: E.F.) before the first patient was enrolled.

We enrolled adults scheduled for elective catheter-
based endovascular neurointerventional procedures at 
Cleveland Clinic Main Campus from December 2017 to 
September 2019. Participants were American Society of 
Anesthesiologist (ASA) physical status I to III and were 
scheduled for coil and/or stent insertion with general 
anesthesia. Patients were excluded if they had sus-
pected difficult intubation, neuromuscular disorders, 
renal impairment defined as creatinine concentration ≥2 
mg/dL, hepatic dysfunction, and history of malignant 
hyperthermia; were allergic to neuromuscular block-
ing drugs; had respiratory infections; were intubated or 
unresponsive; or were pregnant or breastfeeding.

Protocol
Eligible patients were randomized 1:1 without strati-
fication to: (1) deep rocuronium neuromuscular block 
with posttetanic count 1 to 2 and 4-mg/kg sugamma-
dex as the reversal agent or (2) moderate rocuronium 
neuromuscular block with TOF count 1 during the pro-
cedure and neuromuscular reversal with 0.07-mg/kg 
neostigmine to a maximum of 5 mg. Neostigmine was 
not given until at least 2 TOF twitches were apparent. 
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Randomization was based on computer-generated 
codes that were maintained in a web-based system 
that was accessed shortly before induction of anesthe-
sia. Allocation was thus concealed as long as practical.

Anesthesia was induced with propofol and 
rocuronium at 0.6 mg/kg and maintained with sevo-
flurane in 50% oxygen. The mean arterial blood pres-
sure target was ±10% of preoperative value. Opioid 
use was at the discretion of the attending anesthesi-
ologist. Rocuronium was given by infusion, usually at 
3 to 10 µg/kg/min, to maintain neuromuscular block 
at the randomized intensity. The endotracheal tube 
was removed when patients were awake and fulfilled 
clinical criteria for extubation.

Measurements
Demographic characteristics and baseline comorbidi-
ties were recorded. TOF 2-Hz supramaximal electrical 
stimuli were delivered every 12 seconds to the ulnar 
nerve at the wrist in a supinated arm. Neuromuscular 
block was measured by acceleromyography of the 
adductor pollicis muscle using an Stimpod NMS 450 
monitor (X Avant Technology, Pretoria, South Africa) 
or TOF-Watch SX (Organon Ireland Ltd, Dublin, 
Ireland) throughout the procedure and up to 90 min-
utes after administration of the designated reversal 
agent. TOF was assessed until the ratio was ≥0.9 and 
thereafter at 10-minute intervals with a low current 
(20 mA).32 Clinicians were aware of the assigned block 
intensity and adjusted the rocuronium infusion as 
necessary. However, clinicians were blinded to TOF 
ratios after reversal, and their decisions to extubate 
were based on clinical criteria.

We recorded times from administration of the 
reversal drug until TOF ratio was ≥0.9 and until tra-
cheal extubation. Both outcomes were censored at 90 
minutes if patients failed to reach the TOF ratio ≥0.9 
and/or if the patient required extubation in the post-
anesthesia care unit rather than the procedural suite.

Diaphragmatic function was assessed at baseline 
and 90 minutes after administration of the reversal 
agent. We assessed diaphragmatic excursion in cen-
timeters and the speed of contraction (cm/s) using B- 
and M-mode ultrasonography (Philips/Sparq 40761 
Diagnostic Ultrasound System, Amsterdam, the 
Netherlands)8,9 while breathing normally in sniffing 
position and during “deep breathing” when patients 
inhaled deeply through the mouth to vital capacity 
and then slowly exhaled.

We used the right anterior subcostal view technique 
as previously described.24 A curvilinear transducer 
(2–6 MHz) was positioned between the midclavicular 
and anterior axillary lines in the right subcostal region. 
The transducer was directed medially, cranially, and 
dorsally to visualize the posterior third of the right 
diaphragm using the liver window. B-mode was used 

to visualize the diaphragm moving during inspiration 
and was changed to M-mode with the angle adjusted 
to visualize diaphragmatic excursion and contraction 
velocity. Diaphragmatic assessments were made by 
investigators who were experienced with ultrasound 
and specifically trained for trial assessments.

Pulmonary infections were defined by National 
Surgical Quality Improvement Program (NSQIP) cri-
teria.33 Infections required the presence of at least 1 
definite chest radiologic examination, at least 1 sign 
of pneumonia (ie, fever, leukopenia, leukocytosis, or 
altered mental status with no alternate cause), and 
1 microbiologic laboratory finding (ie, positive cul-
tures from blood, bronchoalveolar lavage, or pleu-
ral fluid specimens) or at least 2 symptoms (ie, new 
onset of purulent sputum, new onset of or worsening, 
cough, dyspnea, or tachypnea, rales or rhonchi breath 
sounds, or worsening gas exchange).33

Statistical Analysis
The primary outcome was time-to-TOF ratio ≥0.9 after 
the administration of reversal agent. The secondary 
outcomes were: (1) time from the administration of 
reversal agent to tracheal extubation; (2) changes in 
diaphragmatic contractility, speed, and excursion 
from 90 minutes after the administration of the rever-
sal agent and baseline; and (3) postoperative pulmo-
nary infections.

Demographic and baseline characteristics were 
summarized using appropriate statistics: means ± 
standard deviations (SDs), medians [Q1–Q3], or N 
(%), as appropriate. Baseline variables with abso-
lute standardized differences (ASDs) >0.48 (ie, 

1.96) × +
1 1

1 2n n , were considered as imbalanced and 

adjusted for in all primary and secondary analyses. 
Analyses were conducted based on intent-to-treat. 
The primary analysis was a log-rank test to com-
pare survival curves and a Cox-proportional-hazard 
model to quantify the treatment difference in haz-
ard ratio. Cox models can adjust for confounders, 
but since baseline characteristics were balanced, the 
tests were equivalent. We also estimated the median 
time difference through a Wilcoxon rank test. Kaplan-
Meier estimates for the 2 groups with equal precision 
95% confidence bands were calculated and plotted. 
As a sensitivity analysis, we compared the 2 groups 
on TOF ratio at 90 minutes after administration of the 
reversal drug with a Wilcoxon rank, and the median 
difference was reported using the Hodges-Lehmann 
estimator.34

For the secondary analyses, the treatment effect on 
the time to tracheal extubation was similarly tested 
through a log-rank test and Cox-proportional-hazard 
model to quantify the treatment effect in hazard ratio. 
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The groups were compared on change of diaphrag-
matic contractility speed (cm/s) from baseline to 90 
minutes after the administration of the reversal agent 
using a 2-sample t test. The incidence of postoperative 
pulmonary infections was tested with a χ2 test.

We used an overall α of 0.05 for both primary and 
secondary analyses, with significance criterion of 0.05 
for the primary outcome and 0.016 for each secondary 
outcome (ie, 0.05/3, Bonferroni correction). In a sensi-
tivity analysis, the groups were compared on change 
of diaphragmatic excursion (cm/s) between 90 min-
utes after the administration of the reversal agent and 
baseline using a 2-sample t test.

Sample Size
We originally planned to use t tests for the primary out-
come, time to recovery to neuromuscular function of 
TOF ratio ≥0.9. We would need 68 patients to have 90% 
power at a 2-sided α level of 0.05 to detect a clinically 
meaningful difference ≥4 minutes, assuming an SD of 
5 minutes. However, distribution of the recovery times 
was not normally distributed. We, therefore, used a log-
rank test to compare times in the 2 treatment groups. 
The power for a total sample size of 68 was 0.8 to detect 
a 4-minute difference in median survival time, assum-
ing that the reference median survival time was 8 min-
utes and a follow-up period of 90 minutes.

RESULTS
A total of 69 patients were enrolled, but 1 was with-
drawn by an anesthesiologist who was concerned 
about the duration of surgery, leaving 68 patients who 
were included in the analysis (Figure  1). Thirty-five 
patients were randomized to sugammadex, and 33 
were randomized to neostigmine. Baseline and demo-
graphic characteristics are summarized in Table  1. 
Baseline and intraoperative characteristics were well 
balanced. Therefore, no adjustments were made to 
either primary or secondary analyses.

One patient in neostigmine group who did not have 
a remifentanil infusion unexpectedly moved during 
the procedure, fortunately without injury. Thereafter, 
we strongly encouraged remifentanil infusions, espe-
cially in the neostigmine group. Remifentanil use was 
comparable in each group and, therefore, not adjusted 
for in our analyses. One patient given neostigmine and 
glycopyrrolate became asystolic but recovered with-
out sequelae after atropine 1 mg, ephedrine 25 mg, 
and 20-second cardiopulmonary resuscitation (CPR).

Primary Analysis
All patients had TOF ratio ≥0.9 by 90 minutes after 
the reversal agent. The median-time (95% confidence 
interval [CI])-to-TOF ratio ≥0.9 after reversal agent 
was 3 minutes (2-3 minutes) for sugammadex and 8 

Figure 1. Flowchart of screening and randomization.
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minutes (6-10 minutes) for neostigmine group (log-
rank P < .001). Sugammadex significantly decreased 
the median-time-to-TOF ratio ≥0.9 with an estimated 
median time decrease of 5 minutes (95% CI, 3-6;  
P < .001). The hazard ratio (95% CI) of reaching 
TOF ratio ≥0.9 was estimated to be 3.8 (2.2-6.5), cor-
responding to a chance of 69% to 87% of reaching 
TOF ratio ≥0.9 first for patients given sugammadex 
(the proportional assumption was not violated with  
P = .07; Table 2; Figure 2).

In the sensitivity analysis, 8 patients were removed 
because of missing TOF at 90 minutes. The median of 
TOF ratio percentage at 90 minutes was 116 [102–126] 
for patients given sugammadex and 107 [100–114] for 
patients given neostigmine (P = .13).

Secondary Analyses
The estimated median time to successful extubation 
was 8 minutes (95% CI, 6-11 minutes) for sugamma-
dex group and 8 minutes (95% CI, 6-10 minutes) for 
neostigmine group (P = .30; Table 2; Figure 3).

There were 11 patients who lacked diaphragmatic 
functions measurements, but patients with missing 
data were well balanced, with 17% in the sugammadex 
group and 15% in the neostigmine group. The change 
in diaphragmatic contractility speed from baseline to 
90 minutes after the reversal agent administration did 
not differ significantly between the sugammadex and 
neostigmine groups, with an estimated difference of 
0.33 cm/s (98.75% CI, –0.35 to 1.00; P = .21) with sniff-
ing and 0.82 (98.75% CI, −0.18 to 1.81; P = .04) cm/s 
with deep breathing (Table 2). In the sensitivity analysis 
using diaphragmatic excursion distance (cm) as sec-
ondary outcome, we did not find a treatment effect on 
diaphragmatic function (Supplemental Digital Content, 
Table 1, http://links.lww.com/AA/D444; Figure 4).

No patients in either group developed pulmo-
nary infections according to NSQIP criteria. Because 
pulmonary infection was not tested, the significance 
level for the other 2 secondary outcomes (ie, time to 
tracheal extubation and diaphragmatic contractility 
speed) was set to 0.025 after Bonferroni correction 

Table 1. Baseline Characteristics by Treatment Assignment (N = 68)

Factors
Sugammadex  
(N = 35)

Neostigmine  
(N = 33) ASD

Age (y) 54 ± 15 59 ± 12 0.35
Female 27 (77) 19 (58) 0.43
Weight (kg) 92 ± 28 90 ± 32 0.05
ASA (%)
 II 3 (9) 1 (3) 0.24
 III 32 (91) 32 (97)
Race (%)
 Black 3 (9) 3 (9) 0.25
 Asian 0 (0) 1 (3)
 White 32 (91) 29 (88)
Arterial hypertension 23 (66) 20 (61) 0.11
Asthma 3 (9) 3 (9) 0.02
Chronic pulmonary disease 3 (9) 5 (15) 0.20
Obstructive sleep apnea 4 (11) 6 (18) 0.19
Diabetes mellitus 6 (17) 4 (12) 0.14
Myocardial infarction 1 (3) 1 (3) 0.01
Ischemic heart disease 2 (6) 0 (0) 0.35
Neurologic diseases 7 (20) 9 (27) 0.17
Chronic pain requiring opioids 1 (3) 0 (0) 0.24
Current smoker 8 (23) 5 (15) 0.20
Current recreational drug user 0 (0) 0 (0) <0.001
Alcohol abuse 1 (3) 0 (0.0) 0.24
Cancer 2 (6) 0 (0.0) 0.35
No medical history 3 (9) 3 (9) 0.02
Intraoperative opioid use
 Intraoperative remifentanil 8 (23) 14 (42) 0.43
 Intraoperative remifentanil, μg 0 [0–0] 0 [0–542] 0.39
 Intraoperative fentanyl 35 (100) 33 (100) <0.01
 Intraoperative fentanyl, mg 0.10 [0.09–0.15] 0.10 [0.07–0.12] 0.05
Intraoperative propofol, mg 200 [150–242] 200 [150–230] 0.12
Intraoperative midazolam, mg 0 [0–2] 0 [0–1] 0.23
Intraoperative vasoactive drug
 Phenylephrine 25 (71) 25 (76) 0.10
 Ephedrine 9 (26) 7 (21) 0.11
 Norepinephrine 0 (0) 0 (0) <0.001
Time-weighted average minimum alveolar concentration 0.78 [0.69–0.87] 0.79 [0.68–0.88] 0.12

Data are presented as means ± SDs, N (%), and medians [Q1–Q3] appropriately. Variables with ASDs >0.48 were considered as imbalanced.
Abbreviations: ASA, American Society of Anesthesiologists; ASD, absolute standardized difference; SD, standard deviation.

http://links.lww.com/AA/D444
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for multiple tests (ie, 0.05/2). The significance level 
for each diaphragmatic function test was 0.0125 after 
Bonferroni correction (ie, 0.025/2).

DISCUSSION
The median time to reach TOF ratio ≥0.9 was 3 
minutes (interquartile range [IQR], 2–3 minutes) 

in patients given sugammadex versus 8 minutes 
(IQR, 5–10 minutes) in patients given neostigmine. 
Sugammadex was, therefore, significantly faster, with 
a median difference of 5 minutes (95% CI, 3-6 minutes; 
P < .001). In contrast, times to tracheal extubation and 
diaphragmatic function at 90 minutes did not differ 
significantly.

Table 2. Comparison of Sugammadex and Neostigmine on Primary and Secondary Outcomes

Outcomes 
Sugammadex  
(N = 35)

Neostigmine  
(N = 33)

Treatment effect  
(sugammadex versus neostigmine) P valuea

Primary outcome   Hazard ratio (95% CI)  
 Time-to-TOF ratio ≥0.9 (min)b 3 (2–3) 8 (6–10) 3.8 (2.2-6.5) <.001c

 Sensitivity analysis   Median difference (95% CI)  
  TOF ratio at 90 min (%)d 116 [102–126] 107 [100–114] 6.3 [−2.0 to 14] .13
Secondary outcomes   Hazard ratio (97.5% CI)  
 Time to tracheal extubation after reversal agent, minb 8 (6–11) 8 (6–10) 0.75 (0.43-1.34) .30
 Change of diaphragmatic contractility speed, cm/se   Mean difference (98.75 % CI)  
  Sniff (breathing from the nose) 0.29 ± 1.13 −0.04 ± 0.85 0.33 (−0.35 to 1.00) .21
  Deep breathing from mouth 0.80 ± 1.51 −0.02 ± 1.43 0.82 (−0.18 to 1.81) .04

Abbreviations: CI, confidence interval; TOF, train-of-four.
aThe significant level for primary outcome was 0.05. The significance level for each secondary outcome was 0.025 after Bonferroni correction for multiple tests 
(ie, 0.05/2, Bonferroni correction). The significance level for diaphragmatic at each fashion was 0.0125 (ie, 0.025/2, Bonferroni correction).
bTime-to-event data were summarized as median survival time with 95% CI by group. Treatment effect was estimated from a Cox-proportional-hazard model 
and presented as hazard ratio of reaching TOF ratio >0.9 and extubation, respectively. Higher hazard indicates higher chance of experiencing the event earlier.
cSignificant difference between the treatment groups.
dTOF ratio percentage was summarized as median [Q1–Q3] by group. Treatment effect was estimated from Wilcoxon rank test and the median difference was 
using the Hodges-Lehmann estimator. Eight patients were removed due to missing TOF at 90 min or TOF count not larger than 4.
eThe change of diaphragmatic contractility speed was defined as baseline minus postoperative diaphragmatic contraction. There were 6 (17%) missing in 
sugammadex group and 5 (15%) missing in neostigmine group on diaphragmatic function outcomes. Treatment effect was estimated from linear regression and 
presented as mean difference.

Figure 2. Cumulative incidence plot of TOF ratio ≥0.9 by treatment groups. Cumulative events/incidence of TOF ratio ≥0.9 for the sugammadex 
and neostigmine group. It showed, at a given time after administration, more sugammadex than neostigmine patients who had a TOF ratio 
≥0.9. The sugammadex group, therefore, had a higher cumulative probability of reaching TOF ratio ≥0.9 than neostigmine group (P < .001). The 
number at risk refers to the number of patients who had not yet reached TOF ratio ≥0.9 at each time. TOF indicates train-of-four.
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An anesthetic challenge for neurointerventional 
procedures is to maintain complete immobility dur-
ing the procedure and yet have patients emerge 
quickly to facilitate early neurological assessment. 
Modern anesthetics are relatively short-acting, but 
anticholinesterases can only be used safely for mod-
erate levels of neuromuscular blocks and even then 
are relatively slow because some time is required to 
accumulate sufficient concentrations of acetylcho-
line at neuromuscular junctions to competitively 
antagonize nondepolarizing muscle relaxants. In 
contrast to neostigmine and edrophonium, sugam-
madex safely and rapidly reverses deep neuromus-
cular blocks by directly complexing muscle-relaxant 
molecules.25,26

It is well established that sugammadex reverses 
comparable levels of neuromuscular blocks faster 
than neostigmine.28,31 Our results show that sugamma-
dex also reverses deep neuromuscular blockade faster 
than neostigmine antagonizes moderate rocuronium 
neuromuscular blockade, results that are consistent 
with a recent report by Boggett et al.35 Specifically, 
we found that the time required to reach TOF ≥90% 
was 5 minutes faster when sugammadex was used 
to reverse dense rocuronium blocks (1–2 posttetanic 
twitches) than when it was used to reverse moderate 
blocks (2 TOF twitches, P < .001). Sugammadex thus 

allows clinicians to use dense blocks when necessary 
as during neurointerventional procedures and yet 
rapidly reverse muscle relaxation when procedures 
conclude.

Our results are generally consistent with a system-
atic review, which concluded that sugammadex rever-
sal of rocuronium-induced neuromuscular blocks is 
6 times faster than neostigmine for moderate-level 
blocks.27 The same systematic review found that 
sugammadex is 17 times faster than neostigmine for 
reversing dense rocuronium-induced blocks, but that 
analysis was based on just 2 studies, both of which 
were ranked as being of low quality.

Although sugammadex reversed dense rocuronium 
blocks 3.8-fold faster than neostigmine that reversed 
moderate blocks, times to extubation were similar in 
each group. Our results contrast with previous stud-
ies that reported shorter times to extubation with 
sugammadex.27,31 There are 2 explanations. The first 
is that patients in each group were deeply anesthe-
tized and given opioids as appropriate for neurointer-
ventional procedures and that extubation was largely 
determined by the time required to emerge from 
general anesthesia rather than the time needed for 
recovery of neuromuscular strength. The other is that 
clinicians were willing to extubate before full neuro-
muscular recovery. Whereas all sugammadex patients 

Figure 3. Cumulative incidence plot of tracheal extubation by reversal agent. Cumulative events/incidence of extubation for the sugammadex 
and neostigmine group. The cumulative probability of reaching TOF ratio ≥0.9 was comparable in each group (P = .26). The number at risk 
refers to the number of patients who remained intubated at each time. TOF indicates train-of-four.
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had a TOF ratio ≥0.9 by the median extubation time 
of 8 minutes, only half the neostigmine patients did, 
increasing to about 75% over the subsequent several 

minutes. However, by 20 minutes after administration 
of the reversal agent, all but 2 neostigmine patients 
had TOF ratios ≥90%. As would thus be expected, by 

Figure 4. Diaphragmatic motion. Upper panel, B-mode ultrasound that shows the liver (long arrow) and the diaphragm (arrowhead). Lower 
panel, Speed of diaphragmatic contractility using M- mode in normal breathing (A) and in deep breathing from mouth (B). C6-2 indicates 
convex array curved ultrasound probe transducer; Gen, medium frequency; Gn 60, Gain 60; TIS, thermal index soft tissue.
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90 minutes, all patients had full neuromuscular recov-
ery. Unsurprisingly, there were no differences in dia-
phragmatic function at that time, and consequently, 
no pulmonary complications attributed to the neuro-
muscular blocks.

There was only 1 serious complication in the trial. 
A patient given neostigmine and glycopyrrolate 
became asystolic. After atropine 1 mg, ephedrine 25 
mg, and 20 seconds of CPR, normal sinus rhythm was 
restored. The patient recovered without sequelae. 
While rare, asystole after neostigmine administra-
tion is a well-known complication first described by 
Macintosh.36

Although we randomized only 68 patients, base-
line factors were well balanced and outcome data 
were complete. Post hoc, we changed to a time-to-
event analysis for our primary outcome because it 
was more appropriate for the outcome than a t test. 
Post hoc estimation nonetheless indicated that we 
had about 80% power for detecting a 5-minute differ-
ence in recovery times. Previous studies suggest that 
sevoflurane enhances the effect of the rocuronium 
neuromuscular blocks37 and delays reversal with neo-
stigmine38 but not sugammadex.39 Volatile anesthe-
sia is nonetheless the most common approach in the 
United States—and possibly elsewhere—for neuroin-
terventional procedures where the risks of movement 
are high.

As in previous studies,32 we used low current to 
assess TOF during the postoperative period. We can-
not exclude measurements being affected by either 
voluntary or nonvoluntary movements;40 although, 
such artifacts would presumably comparably affect 
both groups. Ultrasonic measurements of diaphrag-
matic function can be affected by patients’ respiratory 
effort and are to some extent operator-dependent; they 
are nonetheless considered reasonably accurate,22,23 
and results are similar within and among observers.24 
Finally, Loh et al41 reported that coughing is less com-
mon after sugammadex than neostigmine. Although 
coughing is potentially dangerous after endovascular 
neurointerventional procedures, we did not record 
the incidence.

In summary, sugammadex reversed dense 
rocuronium neuromuscular blocks about 5 minutes 
faster than neostigmine antagonized moderate-inten-
sity blocks. Nonetheless, times to extubation did not 
differ significantly, possibly because extubation was 
largely determined by the time required for awaking 
from general anesthesia and because clinicians were 
willing to extubate before full neuromuscular recov-
ery. Sugammadex may be preferable to procedures 
like cerebral catheter-based interventions that require 
immobility with a deep neuromuscular block and 
extubation with full motor strength to facilitate neu-
rological evaluation. E
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