
436  |   wileyonlinelibrary.com/journal/pan Pediatric Anesthesia. 2022;32:436–445.© 2021 John Wiley & Sons Ltd

Received: 3 August 2021  | Revised: 15 November 2021  | Accepted: 19 November 2021

DOI: 10.1111/pan.14370  

R E S E A R C H  R E P O R T

Sugammadex for reversal of neuromuscular blockade in 
pediatric patients: Results from a phase IV randomized study

Tiffini Voss1 |   Aobo Wang1 |   Matthew DeAngelis1 |   Marcel Speek1 |   Vera Saldien2 |   
Gregory B. Hammer3  |   Rebecca Wrishko1 |   W. Joseph Herring1

1Department of Clinical Research, Merck 
& Co., Inc., Kenilworth, New Jersey, USA
2Department of Anesthesiology, Antwerp 
University Hospital, Edegem and 
University of Antwerp, Antwerp, Belgium
3Departments of Pediatrics and 
Anesthesiology, Perioperative and Pain 
Medicine, Stanford University School of 
Medicine, Stanford, California, USA

Correspondence
W. Joseph Herring, Department of Clinical 
Research, Neuroscience, Merck & Co., 
Inc., P.O. Box 1000, 351 N. Sumneytown 
Pike, North Wales, PA 19454, USA.
Email: william_herring@merck.com

Funding information
Funding for this research was provided by 
Merck Sharp & Dohme Corp., a subsidiary 
of Merck & Co., Inc., Kenilworth, NJ, USA.

Editor: Brian Anderson

Abstract
Background: Few randomized studies have assessed recovery from rocuronium-  or 
vecuronium- induced moderate or deep neuromuscular blockade with sugammadex in 
pediatric participants.
Aim: To assess sugammadex for reversal of neuromuscular blockade in pediatric 
participants.
Methods: This was a randomized, phase IV, active comparator- controlled, double- 
blind study. Participants aged 2 to <17 years, under moderate or deep neuromuscu-
lar blockade, were administered sugammadex (2 or 4 mg/kg) or neostigmine (50 µg/
kg; for moderate neuromuscular blockade only). Predefined adverse events of clinical 
interest, including clinically relevant bradycardia, hypersensitivity, and anaphylaxis, 
were monitored. The primary efficacy endpoint was time to recovery to a train- of- 
four ratio of ≥0.9 in participants receiving sugammadex 2 mg/kg versus neostigmine 
for reversal of moderate neuromuscular blockade, analyzed by analysis of variance 
adjusted for neuromuscular blocking agent and age.
Results: Of 288 randomized participants, 272 completed the study and 276 were in-
cluded in the analyses. Clinically relevant bradycardia was experienced by 2.0%, 1.6%, 
and 5.9% of participants in the sugammadex 2 mg/kg, sugammadex 4 mg/kg, and 
neostigmine groups, respectively. No hypersensitivity or anaphylaxis events were ob-
served. Recovery to a train- of- four ratio of ≥0.9 with sugammadex 2 mg/kg was faster 
than neostigmine (1.6 min, 95% CI 1.3 to 2.0 vs. 7.5 min, 95% CI 5.6 to 10.0; p < .0001) 
and was comparable to sugammadex 4 mg/kg (2.0 min, 95% CI 1.8 to 2.3).
Conclusions: Pediatric participants recovered from rocuronium-  or vecuronium- 
induced moderate neuromuscular blockade significantly faster with sugammadex 
2 mg/kg than with neostigmine. Time to reversal of deep neuromuscular blockade 
with sugammadex 4 mg/kg was consistent with that of moderate neuromuscular 
blockade reversal. No meaningful differences in clinically relevant bradycardia, hyper-
sensitivity, or anaphylaxis were seen with sugammadex vs neostigmine. These results 
support the use of sugammadex for reversal of moderate and deep rocuronium-  and 
vecuronium- induced neuromuscular blockade in patients aged 2 to <17 years.
Clinical Trial Registration: NCT03351608/EudraCT 2017- 000692- 92.
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1  |  INTRODUC TION

Sugammadex (Bridion®, Merck & Co., Inc., Kenilworth, NJ, USA), 
a modified cyclodextrin, acts via encapsulation to reverse neu-
romuscular blockade (NMB) induced by the commonly used ami-
nosteroidal NMB agents rocuronium or vecuronium.1,2 In adults, 
sugammadex provides rapid and predictable reversal of rocuronium- 
and vecuronium- induced moderate and deep NMB,2– 6 without 
directly interacting with cholinergic systems and thereby circum-
venting the cholinergic adverse events associated with cholinergic 
NMB reversal agents such as neostigmine/glycopyrrolate.

Reversal of NMB with sugammadex in pediatric patients was ex-
amined in a phase IIIa trial.7 This study provided evidence that the 
pharmacokinetics, efficacy, and safety of sugammadex at doses of 
at least 2 mg/kg in children and adolescents were comparable to 
those in adults.7 A meta- analysis assessed the efficacy and safety 
of sugammadex in ten relatively small (<100 participants) pediatric 
studies.8 Most studies assessed sugammadex in the moderate NMB 
setting with limited information in the deep NMB setting and only 
assessed reversal of rocuronium- induced NMB, with little informa-
tion on reversal of vecuronium- induced NMB.

The aim of the present study was to evaluate the pharmaco-
kinetics, safety (especially with regard to cardiac arrhythmias 
given that in rare cases marked bradycardia has been reported in 
association with sugammadex- mediated reversal of NMB9,10), and 
efficacy of sugammadex for the reversal of moderate or deep ro-
curonium-  or vecuronium- induced NMB in pediatric participants 
aged 2 to <17 years. The study was conducted in accordance with 
the Sponsor's commitments under the Pediatric Research Equity 
Act of the USA. The primary hypothesis was that sugammadex 
is superior to neostigmine in reversing moderate neuromuscular 
blockade as measured by time to recovery to a train- of- four (TOF) 
ratio of ≥0.9.

2  |  METHODS

2.1  |  Participants

Participants included males and females aged 2 to <17 years (at study 
Visit 2) with an American Society of Anesthesiologists physical sta-
tus of 1, 2, or 3 and with a planned procedure requiring moderate or 
deep NMB with rocuronium or vecuronium. Those with neuromus-
cular disorders that could have affected NMB or severe renal disease 
were not eligible. All participants and/or a parent or legal guardian 
provided written, informed consent/assent for the trial. Participant 
confidentiality was maintained throughout the study. The study was 
conducted in accordance with principles of Good Clinical Practice 

in neuromuscular research11 and was approved by the appropriate 
institutional review boards and regulatory agencies.

2.2  |  Study design

This was a phase IV, double- blind, randomized, multicenter, in- clinic, 
study (MK- 8616- 089; NCT03351608) conducted in eight countries 
from February 2018 to January 2020. The study comprised four vis-
its: screening, preanesthetic visit, postanesthetic visit, and follow- up 
visit (14 days poststudy drug treatment administration).

The study was conducted in two parts:
Part A evaluated the pharmacokinetics, safety, and tolerability of 

sugammadex 2 mg/kg and 4 mg/kg for reversal of moderate or deep 
NMB, respectively, induced by rocuronium or vecuronium, to con-
firm that these doses (ie, the recommended doses in adults) would 
be appropriate for evaluation in Part B.

Part B was active comparator- controlled and evaluated the safety 
and efficacy of sugammadex for reversal of moderate or deep NMB. 
For Part B, which was performed after an interim analysis of Part A, 
participants were randomized in a 1:1:5 ratio (overall) to one of three 
intervention groups: 1) moderate blockade and reversal with sugam-
madex 2 mg/kg, 2) moderate blockade and reversal with neostigmine 
methylsulfate 50 µg/kg plus either glycopyrrolate 5– 15 µg/kg or at-
ropine sulfate 10– 30 µg/kg (active control), or 3) deep blockade and 
reversal with sugammadex 4 mg/kg. Enrollment was enriched in the 

K E Y W O R D S
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What is already known about this topic?

Studies conducted to date have suggested benefit of sug-
ammadex for reversing neuromuscular blockade in chil-
dren/adolescents, but the sample sizes have been relatively 
small. Furthermore, most studies assessed sugammadex in 
the moderate neuromuscular blockade setting and only as-
sessed reversal of rocuronium- induced blockade.

What new information does this study adds

This study randomized a total of 288 pediatric participants 
aged 2 to <17 years to sugammadex 2 mg/kg, sugamma-
dex 4 mg/kg, or neostigmine 50 µg/kg. Pediatric partici-
pants recovered from rocuronium-  or vecuronium- induced 
moderate neuromuscular blockade faster with sugam-
madex 2 mg/kg than with neostigmine. Reversal of deep 
neuromuscular blockade with sugammadex 4 mg/kg was 
consistent with that of moderate neuromuscular blockade 
reversal.
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sugammadex 4 mg/kg group to address whether the highest routine 
sugammadex dose was associated with bradycardia. Randomization in 
Part B was also stratified by age group (2 to <6 years, 6 to <12 years, 
and 12 to <17 years) and by NMB with either rocuronium or vecuro-
nium. Neostigmine is not indicated for the reversal of deep NMB, and 
no other comparator exists for sugammadex 4 mg/kg in the reversal 
of deep NMB. Rocuronium or vecuronium was dosed per prescribing 
information. Additional doses of the assigned NMB agent could be 
administered as clinically necessary for the duration of the surgery to 
target maintenance at the assigned depth of block. Participants were 
assigned treatment using computer- generated randomized allocation 
schedules. The site pharmacist (or delegate) was unblinded to study 
treatment assignments to prepare study treatment. Other site staff 
involved in the study were blinded to treatment. Study treatment was 
provided to site staff in the operating room in masked syringe(s) to en-
sure that the contents were not revealed.

Quantitative neuromuscular transmission monitoring (NMTM) was 
performed for all participants. After induction of anesthesia, NMTM 
was started before administration of the NMB agent and continued 
until either the participant reached the endpoint of recovery to TOF 
ratio ≥0.9, or for at least 30 min following study drug administration. 
Neuromuscular monitoring was performed with the TOF- watch SX® 
(Organon Ireland Ltd., Dublin, Ireland) at the adductor pollicis muscle 
using calibrated acceleromyography (CAL II method) with supramaxi-
mal electrical stimulation of the ulnar nerve in line with guidance for 
pharmacodynamic studies of NMB agents.11 After the last dose of 
NMB agent, sugammadex or neostigmine was administered as a single 
bolus IV injection over 10 s within 2 min of the detection of reappear-
ance of second twitch (T2) for participants randomized to moderate 
blockade or at least 1– 2 post- tetanic counts for participants random-
ized to deep blockade. All relevant study staff were trained on the 
NMTM protocol to reduce inter- assessor variability.

2.3  |  Pharmacokinetics

In Part A, blood samples were collected, via an intravenous catheter 
not used for study drug administration, at ~2, 15, 30, 60, 300, and 
600 min following sugammadex administration to support characteri-
zation of pharmacokinetic parameters. Sugammadex pharmacokinetic 
parameters including area under the plasma concentration- time curve 
(AUC), maximum plasma concentration (Cmax), volume of distribution at 
steady state (Vss), clearance (Cl), and half- life (t½) were derived in 3 age 
subgroups (2 to <6 years, 6 to <12 years, and 12 to <17 years) using a 
noncompartmental approach in Phoenix™ (WinNonlin® 6.4).

2.4  |  Safety

Safety assessments were undertaken in parts A and B of the study 
and involved routine hematology and laboratory findings, vital signs, 
and monitoring of adverse events, including recurrence of NMB. 
Continuous electrocardiographic monitoring was initiated 5 min 

before the start of study drug administration and continued until 
at least 30 min after study drug administration. A directed physi-
cal examination was conducted by a blinded safety assessor at the 
postanesthetic visit. Safety data were periodically reviewed by an 
external Data Monitoring Committee.

Two main categories of safety events were considered to be of 
special interest in this population: hypersensitivity/anaphylaxis and 
clinically relevant bradycardia. Potential events of hypersensitivity 
and anaphylaxis were identified and referred to an external inde-
pendent committee for adjudication. Events were adjudicated ac-
cording to the Sampson criteria, including acute onset of an illness 
involving the skin/mucosal tissue and airway compromise, reduced 
blood pressure or associated signs, or hypotension after exposure to 
a known allergen.12 Bradycardia was defined in three ways. Clinically 
relevant bradycardia was defined as bradycardia necessitating in-
tervention as judged by the site investigator. Treatment- emergent 
bradycardia was defined as heart rate below the 1st percentile for 
age13,14 and ≥20% less than the patient's predose baseline heart 
rate value, sustained for at least 30 seconds, and occurring after the 
administration of study treatment. Finally, treatment- emergent rel-
ative bradycardia was defined as any reduction of ≥20% below the 
participant's predose baseline heart rate value.

2.5  |  Efficacy

In Part B, the primary efficacy endpoint was time from the start 
of administration of study drug to recovery to a TOF ratio of ≥0.9. 
Secondary endpoints were time to recovery to a TOF ratio of ≥0.8 
and time to recovery to a TOF ratio of ≥0.7. Non- normalized TOF 
ratios were reported. Delayed recovery was also assessed as an ex-
ploratory endpoint and was defined as any observation of the time 
to recovery to TOF ratio to ≥0.9 (original scale) that was >3 times the 
geometric mean recovery time of the TOF ratio to ≥0.9 within each 
treatment group.

2.6  |  Statistical analysis

Safety analyses were performed in the all- participants- as- treated 
population, defined as all randomized participants who received ≥1 
dose of study drug in Parts A and B. Participants were included in the 
treatment group corresponding to the study treatment they received. 
Safety was analyzed using a tiered approach. Tier 1 safety endpoints 
(adjudicated hypersensitivity and/or anaphylaxis and clinically rel-
evant bradycardia) were subject to inferential testing for statistical 
significance. For between- group comparisons for Tier 1 events, p 
values and 95% confidence intervals (CIs) were calculated. Point es-
timates and 95% CIs were assessed for Tier 2 parameters, defined 
as drug- induced liver injury, events with at least 4 participants in 
any treatment group that exhibited the event, treatment- emergent 
bradycardia, and summary clinical and laboratory adverse event cat-
egories. Tier 3 parameters (all other adverse events and predefined 
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limits of change) were evaluated by point estimates only. Analyses for 
Tier 1 and Tier 2 endpoints were performed using the Miettinen and 
Nurminen method,15 stratified by NMB agent and age group.

Efficacy analyses were carried out for the all- patients- treated 
population, defined as all randomized participants who received 
≥1 dose of study drug. Participants were included in the treatment 
group to which they were randomized (in practice, this was the same 
as the treatment to which they were randomized for all participants). 
Efficacy was evaluated by comparing sugammadex to neostigmine 
in the setting of moderate NMB, using log- transformed time- to- 
recovery values via analysis of variance (ANOVA) with SAS software 
Version 9.4, adjusting for NMB agent and age. Time to recovery was 
also assessed in participants reversed at deep NMB.

2.7  |  Power

The planned sample size of 238 participants was based on the num-
ber of participants required to obtain safety information for each 
level of NMB, as specified by the Sponsor's commitments under the 
Pediatric Research Equity Act of the USA. For the efficacy analysis, 
the planned sample size was 30 participants per treatment arm (sug-
ammadex 2mg/kg and neostigmine) in the setting of moderate NMB. 
For the primary efficacy endpoint of time to recovery to TOF ≥0.9, 
the trial had >99% power to demonstrate that sugammadex 2mg/
kg is superior to neostigmine at an overall two- sided 5% alpha- level, 
based on the assumption of similar efficacy in the pediatric popula-
tion to the previously studied adult population and assuming 10% of 
participants with nonevaluable data. An interim analysis was con-
ducted prior to Part B enrollment to confirm the doses that would 
be used in Part B.

3  |  RESULTS

3.1  |  Participant Flow

Twenty- eight sites across eight countries screened a total of 299 
participants and of these 288 were randomized (Figure 1). Of those 
randomized, 276 received treatment and 272 completed the study. 
Four participants who received treatment were lost to follow- up 
and did not complete the final study visit. Overall, 51 participants 
received sugammadex 2 mg/kg (18 from Part A, 33 from Part B), 
191 received sugammadex 4 mg/kg (22 from Part A, 169 from Part 
B), and 34 received neostigmine 50 µg/kg +glycopyrrolate (mean 
dose = 10 µg/kg) or atropine (mean dose = 20 µg/kg) (Figure 1). In 
the 276 participants who were treated, the NMB agent was rocuro-
nium in 180 (65.2%) and vecuronium in 96 (34.8%).

3.2  |  Baseline characteristics

Participant baseline characteristics are shown in Table 1. The mean 
(SD) age of treated participants was 7.9 (4.4) years. Most were white 
(89.5%) and male (55.4%). Baseline characteristics were similar 
among the intervention groups in each study part.

3.3  |  Pharmacokinetics (Part A)

A total of 40 participants were included in the pharmacokinetic 
analysis. Pharmacokinetic parameters in each of the 3 age groups 
are shown in Table 2. Sugammadex pharmacokinetics for ages 
6 to <17 years were comparable to adults receiving equivalent 

F I G U R E  1  Disposition of participants
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sugammadex doses (comparison based on data on file). Exposures 
(Cmax and AUC) were 25– 40% lower in the 2 to <6 years age group; 
however, the differences in the youngest children, taking into ac-
count also the tolerability and efficacy of sugammadex in this age 
group, were not considered clinically relevant. Based on the phar-
macokinetic, safety, and efficacy profile of sugammadex in Part A, 
doses of 2 and 4 mg/kg, for reversal of moderate and deep blockade, 
respectively, were considered appropriate for evaluation in all pedi-
atric age groups from 2 to <17 years in Part B.

3.4  |  Safety (Parts A and B)

Overall, sugammadex was well tolerated, regardless of the depth 
of NMB. There were no deaths and no serious adverse events con-
sidered by the investigators to be related to the study drug. Most 
adverse events were rated as mild or moderate in intensity by the 
investigator or participant and ≤6% of participants in each group 
reported serious adverse events (Table 3). The most frequently 
reported adverse events were procedural pain (58.1%– 70.6%) and 
vomiting (5.9%– 10.5%) with no clinically meaningful differences 
across treatment groups. Drug- related adverse events in the sugam-
madex 2 mg/kg group were comparable to the neostigmine group. 

The most frequently reported drug- related adverse event was brad-
ycardia (experienced by three (3/51; 5.9%), two (2/191; 1.0%), and 
two (2/34; 5.9%) participants in the sugammadex 2 mg/kg, 4 mg/
kg, and neostigmine groups, respectively). Across age groups, the 
incidence of events of special interest was low and no adjudicated 
hypersensitivity, anaphylaxis, or drug- induced liver injury events 
were reported. One (1/51; 2.0%), three (3/191; 1.6%), and two (2/34; 
5.9%) participants had a clinically relevant bradycardia in the sug-
ammadex 2 mg/kg, 4 mg/kg, and neostigmine groups, respectively; 
the differences in percentages between sugammadex groups and 
neostigmine were not significant (2 mg/kg difference = −3.9, 95% 
CI −18.4 to 4.8, p = .346; 4 mg/kg difference = −3.9, 95% CI −17.5 to 
1.3, p = .152). Treatment- emergent bradycardia was lowest in par-
ticipants on sugammadex 2 mg/kg (2/51; 3.9%), followed by sugam-
madex 4 mg/kg (10/191; 5.2%), and neostigmine (4/34; 11.8%).

3.5  |  Efficacy (Part B)

Geometric mean time to recovery to a TOF ratio of ≥0.9 was sig-
nificantly faster (p < .0001) with sugammadex 2 mg/kg (1.6 min, 
95% CI 1.3 to 2.0) than with neostigmine (7.5 min, 95% CI 5.6 to 
10.0) in the setting of moderate NMB in Part B (Table 4). The ratio 

TA B L E  1  Baseline characteristics by treatment group (parts A and B)

Characteristic

Sugammadex
2 mg/kg
N = 51

Sugammadex
4 mg/kg
N = 191

Neostigmine + (Glycopyrrolate  
or Atropine)
N = 34

Age, years, mean (SD) 7.7 (4.6) 7.8 (4.4) 8.5 (4.3)

2 to <6 years, n (%) 22 (43.1) 80 (41.9) 12 (35.3)

6 to <12 years, n (%) 15 (29.4) 64 (33.5) 13 (38.2)

12 to <17 years, n (%) 14 (27.5) 47 (24.6) 9 (26.5)

Sex, male, n (%) 31 (60.8) 104 (54.5) 18 (52.9)

BMI, kg/m2, mean (SD) 18.5 (4.2) 18.3 (4.9) 18.7 (4.4)

Weight, kg, mean (SD) 34.1 (21.4) 33.7 (21.6) 35.4 (21.8)

Abbreviations: BMI, body mass index (not age adjusted); SD, standard deviation.

TA B L E  2  Geometric mean (% geometric coefficient of variation) sugammadex pharmacokinetic parameters in pediatric participants  
(part A)

Age Group (years) Dose (mg/kg) N AUC0- inf (h*μg/ml) Cmax (μg/ml) CL (L/hr) Vss (L) t1/2 (hr)

2 to <6 2 9 14.1 (19.4) 17.5 (33.1) 2.30 (21.4) 3.58 (21.3) 1.23 (17.4)

4 10a 26.9 (18.5) 47.1 (22.1) 2.26 (29.4) 3.10 (27.7) 1.23 (25.2)

6 to <12 2 5 18.8 (27.4) 32.2 (15.6) 3.58 (26.2) 5.16 (31.4) 1.29 (25.1)

4 6 38.2 (73.0) 51.6 (69.2) 3.43 (105) 6.24 (73.9) 1.66 (32.5)

12 to <17 2 4 27.6 (58.0) 41.3 (85.8) 4.68 (52.5) 7.20 (32.8) 1.49 (23.2)

4 6 49.2 (20.1) 61.9 (13.5) 5.69 (24.1) 9.88 (27.7) 1.49 (19.2)

Abbreviations: AUC0- inf, area under the concentration- time curve from time zero to infinity; CL, clearance; Cmax, maximum concentration; t1/2, half- 
life; Vss, apparent volume of distribution at steady state.
aN = 10 for Cmax, N = 8 for other parameters.
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of geometric means was 0.22 (95% CI 0.16 to 0.32). Geometric 
mean time to recovery of the TOF ratio to ≥0.9 following admin-
istration of sugammadex 2 mg/kg was 1.5 min (95% CI 1.1 to 2.1) 
for rocuronium- induced NMB and 1.8 min (95% CI 1.4– 2.4) for 
vecuronium- induced NMB. Kaplan- Meier estimates demonstrated 
90.9% (30/33) of participants receiving sugammadex 2 mg/kg for 
reversal of moderate rocuronium-  or vecuronium- induced NMB 
recovered to a TOF ratio of ≥0.9 within 3 min of administration 
compared with 8.8% (3/34) of participants in the neostigmine 
group (Figure 2). Geometric mean times to recovery of the TOF ra-
tios to ≥0.7 and ≥0.8 were also faster with sugammadex compared 
with neostigmine (Table 4; ratios of the geometric means were 
0.3, 95% CI 0.22 to 0.41 and 0.26, 95% CI 0.19 to 0.37, respec-
tively, both nominal p < .001 vs neostigmine, not controlled for 
multiplicity). Results were similar across all age groups and across 
both NMB agents, as well as various other subgroups (Figure 3). In 
those receiving sugammadex 4 mg/kg for reversal of deep rocu-
ronium-  or vecuronium- induced NMB, geometric mean time from 
start of sugammadex administration to recovery to TOF ratio of 

≥0.9 was 2.0 min (95% CI 1.8 to 2.3; Table 4). The proportion of 
participants with delayed recovery was <9% (experienced by 1/51 
[2.0%], 14/191 [7.3%], and 3/34 [8.8%] in the sugammadex 2 mg/
kg, 4 mg/kg, and neostigmine groups, respectively). Recovery 
times in these patients were not affected by age group, sex, or 
site. There was no evidence of recurrence of NMB in pediatric par-
ticipants in this study.

4  |  DISCUSSION

In this study, we evaluated sugammadex for reversing rocuro-
nium-  or vecuronium- induced moderate or deep NMB in pediatric 
participants aged 2 to <17 years. Part A of the study determined 
that sugammadex doses of 2 and 4 mg/kg (ie, the doses recom-
mended in adults) were appropriate for further evaluation in Part 
B. Sugammadex doses of 2 mg/kg and 4 mg/kg were well toler-
ated in pediatric participants in this study. No hypersensitivity or 
anaphylaxis was observed. The percentages of participants with 

TA B L E  3  Summary of adverse events (parts A and B, up to 7 days post- treatment)

Participants with adverse events

Sugammadex
2 mg/kg
N = 51

Sugammadex
4 mg/kg
N = 191

Neostigmine + (Glycopyrrolate 
or Atropine)
N = 34

One or more events 40 (78.4) 143 (74.9) 33 (97.1)

One or more study drug- related events 4 (7.8) 5 (2.6) 4 (11.8)

One or more serious events 3 (5.9) 3 (1.6) 2 (5.9)

One or more drug- related serious events 0 0 0

Deaths 0 0 0

Selected events of special interest

Treatment- emergent relative bradycardiaa 8 (15.7) 29 (15.2) 14 (41.2)

Treatment- emergent bradycardiaa 2 (3.9) 10 (5.2) 4 (11.8)

Clinically relevant bradycardiaa 1 (2.0) 3 (1.6) 2 (5.9)

Hypersensitivity 0 0 0

Anaphylaxis 0 0 0

Drug- induced liver injury 0 0 0

Events occurring in ≥5% of any treatment group

Procedural pain 30 (58.8) 111 (58.1) 24 (70.6)

Vomiting 4 (7.8) 20 (10.5) 2 (5.9)

Bradycardia 3 (5.9) 12 (6.3) 3 (8.8)

Procedural nausea 4 (7.8) 9 (4.7) 0

Nausea 1 (2.0) 12 (6.3) 2 (5.9)

Incision site pain 3 (5.9) 6 (3.1) 1 (2.9)

Procedural vomiting 3 (5.9) 5 (2.6) 1 (2.9)

Sinus bradycardia 2 (3.9) 1 (0.5) 2 (5.9)

Pyrexia 0 2 (1.0) 2 (5.9)

Body temperature increased 0 1 (0.5) 2 (5.9)

Muscle spasms 0 0 2 (5.9)

aUp to 45 min post- treatment. Other adverse events are up to 7 days post- treatment.
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clinically relevant bradycardia, serious adverse events, or events 
of clinical interest were generally balanced across all treatment 
groups. No sugammadex dose- dependent effects on the rates 
of bradycardia were observed, despite enrichment of participant 
allocation to the sugammadex 4 mg/kg treatment group by a 

factor of five to facilitate detection of any potential safety con-
cerns and to provide adequate data in the deep block setting. 
Incidence rates of bradycardia in the sugammadex groups were 
comparable to or numerically lower than those observed in the 
neostigmine group.

TA B L E  4  Summary of the geometric mean time in min (95% CI) from start of administration of sugammadex or neostigmine to recovery of 
the TOF ratio (by age group and dose group for TOF ratio ≥0.9), and number of participants with delayed recovery

Sugammadex
2 mg/kg
N = 51

Neostigmine + (Glycopyrrolate  
or Atropine)
N = 34

Ratio of geometric  
mean, p Valuea

Sugammadex
4 mg/kg
(Part A and B)
N = 191

TOF ratio ≥ 0.9 1.6 (1.3, 2.0)a

n = 33
7.5 (5.6, 10.0)a

n = 34
0.22 (0.16, 0.32),  

p < .0001
2.0 (1.8, 2.3)

2 to <6 years 2.0 (1.3, 3.2)a

n = 13
5.0 (3.2, 7.8)a

n = 12
0.40 (0.21, 0.74),  

p < .0053
– 

6 to <12 years 1.4 (1.0, 2.0)a

n = 10
7.0 (4.3, 11.2)a

n = 13
0.20 (0.11, 0.37),  

p < .0001
– 

12 to <17 years 1.5 (1.1, 1.9)a

n = 10
14.1 (7.7, 26.0)a

n = 9
0.10 (0.06, 0.19),  

p < .0001
– 

TOF ratio ≥0.8 1.3 (1.1, 1.6)a

n = 33
5.0 (3.8, 6.7)a

n = 34
0.26 (0.19, 0.37),  

p < .0001
1.5 (1.3, 1.7)

TOF ratio ≥0.7 1.1 (0.9, 1.3)a

n = 33
3.7 (2.9, 4.8)a

n = 34
0.30 (0.22, 0.41),  

p < .0001
1.3 (1.1, 1.4)

Delayed recoveryb 1 (2.0) 3 (8.8) – 14 (7.3)

Abbreviations: CI, confidence interval; TOF, train of four.
aPairwise comparisons are between sugammadex 2 mg/kg and neostigmine. No comparator for sugammadex 4 mg/kg.
bPart B. n = number of participants in each group.
cValues are number (%) of participants. Delayed recovery = any observation of the TOF ratio to ≥0.9 (in the original scale) that is >3 times the 
geometric mean recovery time of the TOF ratio to ≥0.9 within each treatment group.

F I G U R E  2  Cumulative percentage of participants achieving TOF ratio ≥0.9 versus time. A given participant's results were censored if 
monitoring terminated or data became unreliable. TOF, train of four
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These safety findings are consistent with previous studies in 
pediatric patients.7,8 A recent study by Alsuhebani et al.16 reported 
a bradycardia incidence of 8% at a median of 2 min following the 
administration of sugammadex in a pediatric patient population 
(<18 years old). Alsuhebani et al. attributed their bradycardia rate 
at least partially to the presence of cardiac comorbidities in their co-
hort and also an association with male sex. A retrospective analysis 
of pediatric patient charts demonstrated fewer bradycardia events 
occurred with sugammadex than with neostigmine.17 Similarly, the 
incidences of treatment- emergent bradycardia and relative brady-
cardia in this study were numerically lower for both sugammadex 
treatment groups versus neostigmine. The findings in pediatric pa-
tients are also generally consistent with results from a meta- analysis 
of over 4000 adult patients that found a significantly reduced risk of 
bradycardia with sugammadex compared with neostigmine.18

With regard to efficacy, sugammadex 2 mg/kg rapidly reversed 
moderate rocuronium-  and vecuronium- induced NMB in pediat-
ric participants with rates of reversal significantly faster than with 
neostigmine and comparable to those seen in adults.2 Within 3 min, 
over 90% of the pediatric population dosed with sugammadex 2 mg/
kg recovered to a TOF ratio of ≥0.9. In comparison, over 85% of 
sugammadex- treated adults for reversal of moderate NMB recov-
ered to a TOF ratio of 0.9 within 5 min.2 Moreover, time to reversal 
of deep rocuronium-  or vecuronium- induced NMB with sugamma-
dex 4 mg/kg was consistent with that observed for moderate NMB 
reversal in these pediatric participants with rates of recovery com-
parable to those seen in adults.2 Despite the lack of a comparator for 
sugammadex 4 mg/kg, our study provides valuable new information 
on the clinical profile of this dose in the reversal of deep rocuronium-  
and vecuronium- induced NMB in pediatric patients.

Potential limitations of this study include that non- normalized 
TOF ratios were reported; however, a rigorous setup regimen con-
sistent with Fuchs- Buder et al. (2007)11 was implemented, such that 
normalizing to baseline before NMB was considered unnecessary 
in order for the TOF results to be reliable and comparable to other 
studies supporting sugammadex marketing applications. In addition, 
while the number of participants receiving sugammadex in this study 

(n = 202) was deemed sufficient for detection of an unanticipated 
increase in risk for hypersensitivity/anaphylaxis events in this pop-
ulation, the study was not powered for, nor intended to, definitively 
characterize the incidence, unlike other studies specifically designed 
to address this risk.19 Of note, hypersensitivity/anaphylaxis event 
rates suggested by the overall pooled clinical trial experience and in 
postmarketing pharmacovigilance suggest it would not be feasible 
to prospectively address this question in a randomized clinical trial 
setting.20

Overall, the current findings support the use of sugammadex in 
reversing both moderate and deep levels of NMB in pediatric pa-
tients age 2 to <17 years. The time to recovery from NMB from 
either rocuronium or vecuronium was rapid and complete, unlike 
the distribution of recovery seen with comparator neostigmine, 
and consistent with efficacy results from previous trials in adults.2 
In addition, the safety profile observed was comparable to that of 
adults. Our findings are potentially important considering the possi-
ble risks associated with delayed recovery following administration 
of NMB agents, and subsequent risk of postoperative pulmonary 
events. In adult patients, sugammadex has been associated with a 
30% reduced risk of postoperative pulmonary complications such 
as pneumonia and respiratory failure compared with neostigmine.21 
Further studies are necessary to determine the frequency of post-
operative pulmonary complications in children and whether sugam-
madex might reduce their risk in this age group.

5  |  CONCLUSIONS

Pediatric participants recovered from rocuronium-  or vecuronium- 
induced moderate NMB significantly faster with sugammadex 
2 mg/kg than with neostigmine. Sugammadex 2 mg/kg and 4 mg/
kg were well tolerated by pediatric participants aged 2 to <17 years 
when used to reverse moderate or deep levels of rocuronium-  or 
vecuronium- induced NMB. The rates of adverse events were gener-
ally similar across treatment groups, and there were no meaning-
ful differences in clinically relevant bradycardia, hypersensitivity, 

F I G U R E  3  Recovery time to TOF ratio 
≥0.9 for subgroups. Point estimates and 
95% CI of the ratio of geometric mean 
for sugammadex versus neostigmine 
are presented for the subgroups (n 
[sugammadex, neostigmine]). CI, 
confidence interval; TOF, train of four
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or anaphylaxis with sugammadex versus neostigmine. These re-
sults support the use of sugammadex for reversing rocuronium-  or 
vecuronium- induced moderate and deep NMB in pediatric patients 
aged 2 to <17 years. Additional studies are being performed to eval-
uate the clinical profile of sugammadex for reversing NMB in infants 
under 2 years [ClinicalTrials.gov NCT03909165, NCT03728543].

ACKNOWLEDG MENTS
The authors thank the participants and their families. The follow-
ing investigators took part in this study: Erica Sivak; Daniela Damian 
(Pittsburgh, PA), Gregory B. Hammer (Stanford, CA), Richard F. 
Kaplan (Washington, DC), Scott Siegel (New Brunswick, NJ), Shobha 
Malviya (Ann Arbor, MI), Francis X. McGowan (Philadelphia, PA), 
Brad Taicher (Durham, NC), Abhishek Karnwal (Los Angeles, CA), 
Alyssa Brzenski (San Diego, CA), Maria Elisabeth Matuszczak 
(Houston, TX), Pavithra Ranganathan Ellison (Morgantown, WV), 
all of the USA, and Walter Klimscha (Vienna, Austria), Vera Saldien 
(Antwerp, Belgium), An Teunkens (Leuven, Beligum), Torsten 
Lauritsen (Copenhagen, Denmark), Manfred Blobner (Munich, 
Germany), Friedrich Puehringer (Reutlingen, Germany), Ulrich 
Goebel (Munich, Germany), Alexander Reich (Warendorf, Germany), 
Michael Przemeck (Hannover, Germany), Hinnerk Wulf (Marburg, 
Germany), Javier Pueyo Villoslada (Pamplona, Spain), Gloria Veiga 
Ruiz (Cartegena, Spain), Ana Belen Ortega Floria (Madrid, Spain), 
Ernesto Martinez Garcia (Ankara, Turkey), Ozlem Selvi Can (Ankara, 
Turkey), Fatis Altindas (Istanbul, Turkey), Hulya Bilgin (Bursa, Turkey), 
Kamil Darcin (Istanbul, Turkey), Tomi Taivainen (Helsinki, Finland). 
We would also like to thank Liliane Noble, John Lombard, Angela 
Gee, Molly Watkins, Monica Martinho, and Lata Maganti of Merck 
Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc., Kenilworth, 
NJ, USA, for their contributions to the study. Medical writing sup-
port, including assisting authors with development of the draft, was 
provided by Laila Guzadhur, PhD and editorial support was provided 
by Valerie Moss, PhD, CMPP both of Scion, London, UK. This assis-
tance was funded by Merck Sharp & Dohme Corp., a subsidiary of 
Merck & Co., Inc., Kenilworth, NJ, USA. Additional editorial support 
was provided by Christopher Lines, PhD of Merck Sharp & Dohme 
Corp., a subsidiary of Merck & Co., Inc., Kenilworth, NJ, USA. The 
Sponsor was involved in the study design, collection, analysis, and 
interpretation of data, as well as data checking of information pro-
vided in the manuscript. However, ultimate responsibility for opin-
ions, conclusions, and data interpretation lies with the authors. At 
the time this trial was conducted, pediatric use of sugammadex for 
reversal of moderate block induced by rocuronium was approved in 
regions outside of the USA.

CONFLIC TS OF INTERE S T
TV, AW, MS, RW, and WJH are employees of Merck Sharp & Dohme 
Corp., a subsidiary of Merck & Co., Inc., Kenilworth, NJ, USA, and 
may own stock and/or stock options in Merck & Co., Inc., Kenilworth, 
NJ, USA. MDeA was an employee of Merck Sharp & Dohme Corp., a 
subsidiary of Merck & Co., Inc., Kenilworth, NJ, USA at the time the 
study was conducted. VS and GH declare no competing interests.

AUTHOR CONTRIBUTIONS
TV, AW, MDeA, MS, RW, and WJH substantially contributed to the 
conception, design, or planning of the study. TV, AW, VS, and GH 
substantially contributed to the acquisition of data. TV, AW, MDeA, 
MS, RW, and GH substantially contributed to the analysis of the data. 
TV, AW, MDeA, MS, VS, GH, RW, and WJH substantially contributed 
to interpretation of the results. TV, VS, and GH substantially contrib-
uted to drafting of the manuscript. All authors reviewed the manu-
script for important intellectual content and provided final approval 
of the version to be published. All authors agree to be accountable 
for all aspects of the work in ensuring that questions related to the 
accuracy or integrity of any part of the work are appropriately inves-
tigated and resolved.

DATA AVAIL ABILIT Y S TATEMENT
Merck Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc., 
Kenilworth, NJ, USA’s data sharing policy, including restrictions, is 
available at http://engag ezone.msd.com/ds_docum entat ion.php. 
Requests for access to the clinical study data can be submitted 
through the EngageZone site or via email to dataaccess@merck.com.

ORCID
Gregory B. Hammer  https://orcid.org/0000-0002-7193-3938 
W. Joseph Herring  https://orcid.org/0000-0001-9133-031X 

R E FE R E N C E S
 1. Adam JM, Bennett DJ, Bom A, et al. Cyclodextrin- derived host 

molecules as reversal agents for the neuromuscular blocker rocuro-
nium bromide: synthesis and structure- activity relationships. J Med 
Chem. 2002;45:1806- 1816.

 2. Herring WJ, Woo T, Assaid CA, et al. Sugammadex efficacy for rever-
sal of rocuronium-  and vecuronium- induced neuromuscular blockade: 
A pooled analysis of 26 studies. J Clin Anesth. 2017;41:84- 91.

 3. Blobner M, Eriksson LI, Scholz J, Motsch J, Della Rocca G, Prins 
ME. Reversal of rocuronium- induced neuromuscular blockade 
with sugammadex compared with neostigmine during sevoflu-
rane anaesthesia: results of a randomised, controlled trial. Eur J 
Anaesthesiol. 2010;27:874- 881.

 4. Khuenl- Brady KS, Wattwil M, Vanacker BF, Lora- Tamayo JI, 
Rietbergen H, Alvarez- Gómez JA. Sugammadex provides faster 
reversal of vecuronium- induced neuromuscular blockade com-
pared with neostigmine: a multicenter, randomized, controlled trial. 
Anesth Analg. 2010;110:64- 73.

 5. Lemmens HJ, El- Orbany MI, Berry J, Morte JB Jr, Martin G. 
Reversal of profound vecuronium- induced neuromuscular block 
under sevoflurane anesthesia: sugammadex versus neostigmine. 
BMC Anesthesiol. 2010;10:15.

 6. Jones RK, Caldwell JE, Brull SJ, Soto RG. Reversal of profound 
rocuronium- induced blockade with sugammadex: a randomized 
comparison with neostigmine. Anesthesiology. 2008;109:816- 824.

 7. Plaud B, Meretoja O, Hofmockel R, et al. Reversal of rocuronium- 
induced neuromuscular blockade with sugammadex in pediatric 
and adult surgical patients. Anesthesiology. 2009;110:284- 294.

 8. Liu G, Wang R, Yan Y, Fan L, Xue J, Wang T. The efficacy and safety 
of sugammadex for reversing postoperative residual neuromus-
cular blockade in pediatric patients: A systematic review. Sci Rep. 
2017;7:5724.

 9. Honing G, Martini CH, Bom A, et al. Safety of sugammadex for rever-
sal of neuromuscular block. Expert Opin Drug Saf. 2019;18:883- 891.

http://engagezone.msd.com/ds_documentation.php
mailto:dataaccess@merck.com
https://orcid.org/0000-0002-7193-3938
https://orcid.org/0000-0002-7193-3938
https://orcid.org/0000-0001-9133-031X
https://orcid.org/0000-0001-9133-031X


    |  445VOSS et al.

 10. Food and Drug Administration. Adverse Events Reporting System 
(FAERS) public dashboard, 2020. Accessed April 29, 2021. https://
fis.fda.gov/sense/ app/95239 e26- e0be- 42d9- a960- 9a5f7 f1c25 ee/
overview

 11. Fuchs- Buder T, Claudius C, Skovgaard LT, Eriksson LI, Mirakhur RK, 
Viby- Mogensen J. Good clinical research practice in pharmacody-
namic studies of neuromuscular blocking agents II: the Stockholm 
revision. Acta Anaesthesiol Scand. 2007;51:789- 808.

 12. Sampson HA, Muñoz- Furlong A, Bock SA, et al. Symposium on 
the definition and management of anaphylaxis: summary report. J 
Allergy Clin Immunol. 2005;115:584- 591.

 13. Butterworth JF, Mackey DC, Wasnick JD. Chapter 42, Pediatric 
Anesthesia, in Morgan & Mikhail's Clinical Anesthesiology, 5th ed. 
McGraw- Hill Education; 2013:877- 905.

 14. Fleming S, Thompson M, Stevens R, et al. Normal ranges of heart rate 
and respiratory rate in children from birth to 18 years of age: a system-
atic review of observational studies. Lancet. 2011;377:1011- 1018.

 15. Miettinen O, Nurminen M. Comparative analysis of two rates. Stat 
Med. 1985;4:213- 226.

 16. Alsuhebani M, Sims T, Hansen JK, et al. Heart rate changes follow-
ing the administration of sugammadex in children: a prospective, 
observational study. J Anesth. 2020;34:238- 242.

 17. Gaver RS, Brenn BR, Gartley A, Donahue BS. Retrospective analysis 
of the safety and efficacy of sugammadex versus neostigmine for 

the reversal of neuromuscular blockade in children. Anesth Analg. 
2019;129:1124- 1129.

 18. 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.

 19. Min KC, Bondiskey P, Schulz V, et al. Hypersensitivity incidence 
after sugammadex administration in healthy subjects: a randomised 
controlled trial. Br J Anaesth. 2018;121:749- 757.

 20. Min KC, Woo T, Assaid C, et al. Incidence of hypersensitivity and 
anaphylaxis with sugammadex. J Clin Anesth. 2018;47:67- 73.

 21. Kheterpal S, Vaughn MT, Dubovoy TZ, et al. Sugammadex versus 
neostigmine for reversal of neuromuscular blockade and post-
operative pulmonary complications (STRONGER): A multicenter 
matched cohort analysis. Anesthesiology. 2020;132:1371- 1381.

How to cite this article: Voss T, Wang A, DeAngelis M, et al. 
Sugammadex for reversal of neuromuscular blockade in 
pediatric patients: Results from a phase IV randomized study. 
Pediatr Anesth. 2022;32:436– 445. doi:10.1111/pan.14370

https://fis.fda.gov/sense/app/95239e26-e0be-42d9-a960-9a5f7f1c25ee/overview
https://fis.fda.gov/sense/app/95239e26-e0be-42d9-a960-9a5f7f1c25ee/overview
https://fis.fda.gov/sense/app/95239e26-e0be-42d9-a960-9a5f7f1c25ee/overview
https://doi.org/10.1111/pan.14370

