Potency estimation of sugammadex for the reversal of
moderate rocuronium-induced neuromuscular block:
a non-randomized dose—response study
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Abstract

Purpose There is no report investigating the precise potency of sugammadex for antagonizing various intensities of rocu-
ronium-induced neuromuscular block. The aim of this study was to evaluate the EDy5 of reversibility of sugammadex and
reveal the safety factor of 2 mg/kg of sugammadex for moderate rocuronium-induced neuromuscular block.

Methods Fifteen patients were enrolled in this study. After induction of anesthesia, we recorded the adductor pollicis muscle
response to ulnar nerve stimulation using acceleromyography. All patients received 0.6 mg/kg rocuronium. When the first
twitch (T1) of the train-of-four (TOF) response reappeared, rocuronium infusion was commenced to maintain T1 at 10% of
the control. After the surgery was completed and infusion of rocuronium was stopped, patients were given sugammadex by
a cumulative dose technique. The effective doses of sugammadex that led to recovery of the amplitude of T1 and the TOF
ratio by 95% (EDys) were calculated from the regression lines of least-squares regression analysis.

Results The mean EDyg of sugammadex for recovery of T1 and the TOF ratio from rocuronium-induced moderate neuro-
muscular block was 1.34 (0.24) and 1.14 (0.24) mg/kg, respectively.

Conclusions The EDy5 of sugammadex for the recovery of T1 was significantly greater than that for the TOF ratio. How-
ever, a sugammadex dose of 2 mg/kg is equivalent to about 1.5 times the EDy5 of sugammadex for reversal of moderate

rocuronium-induced block, indicating its safety margin.
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Introduction

Dose recommendations of sugammadex for completely
antagonizing rocuronium-induced neuromuscular block
depend on the depth of neuromuscular block, and are report-
edly 2 mg/kg for moderate block and 4 mg/kg for profound
and deep block. The doses are based on the results of dose-
finding studies with sugammadex that have shown dose-
dependent decreases in time to recovery from neuromus-
cular block [1, 2]. In that study, at the reappearance of T2
during recovery from rocuronium-induced neuromuscular
block, a single dose of sugammadex of 0.5, 1, 2, or 4 mg/
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kg was administered. The averaged time for recovery to a
train-of-four (TOF) ratio of 0.9 decreased from 16.3 and
4.6 min in the 0.5 and 1 mg/kg groups to 1.4 and 1.5 min
in the sugammadex 2 and 4 mg/kg groups, respectively
[1]. When incremental sugammadex doses of 0.5, 2, 4 or
8 mg/kg were administered at the reappearance of 1-2 post-
tetanic counts (PTC), mean recovery time to a TOF ratio of
0.9 decreased from 79.8 min (0.5 mg/kg group) to 3.2 min
(2 mg/kg), 1.7 min (4 mg/kg) and 1.1 min (8 mg/kg) [2].
Once dose-responses reached a plateau, there were no fur-
ther shortening effects on the recovery time. In this man-
ner, 2 or 4 mg/kg of sugammadex were derived as adequate
doses by dose-finding studies conducted, respectively, for
moderate and deep rocuronium-induced neuromuscular
block and were not based on the potency of sugammadex.
However, there is no report investigating the precise potency
of sugammadex for antagonizing various intensities of rocu-
ronium-induced neuromuscular block. Therefore, the aim
of this study was to evaluate the EDys of sugammadex for
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reversibility and reveal the safety factor of the dose of 2 mg/
kg of sugammadex in rocuronium-induced moderate neuro-
muscular block.

Patients and methods

The study protocol (protocol number: RK-160913-05) was
approved by the Hospital Ethics Committee on Human
Rights in Research (Nihon University Itabashi Hospital,
Clinical Research Judging Committee). After registration
with the University Hospital Medical Information Network
(ID: UMIN000025218), we studied 15 patients (9 males, 6
females), ASA I-III, aged 37-81 years, who consented to
participate in this study. None of the patients were allergic
to neuromuscular blocking agents, nor were they taking any
drugs known to interact with these agents.

An intravenous infusion of Ringer’s acetated solution
was commenced and electrocardiogram, pulse oximeter, and
non-invasive arterial pressure were continuously monitored
after arrival in the operating theater. Anesthesia was induced
with continuous infusion of remifentanil 0.2-0.5 pg/kg min
and propofol 1-2 mg/kg, while patients received 100% oxy-
gen through an anesthesia facemask. After insertion of a
supraglottic airway without a neuromuscular blocking agent,
anesthesia was maintained with 4-6% end-tidal desflurane
and a continuous infusion of 0.1-0.25 pg/kg/min remifen-
tanil. Ventilation was adjusted to maintain end-tidal PCO,
within the range of 35—40 mm Hg.

Then, the ulnar nerve at the wrist was stimulated with
square-wave stimuli of 0.2-ms duration, which were deliv-
ered in a TOF mode at 2 Hz every 15 s. Contraction of the
ipsilateral adductor pollicis muscle was measured using an
acceleromyograph (TOF-Watch SX™, Organon Ltd., Dub-
lin, Ireland). After application of 50-Hz tetanic stimulation
over 5 s and when the response to TOF stimulation had
stabilized, calibration and supramaximal stimulation were
ensured by the built-in calibration function (CAL2) of the
acceleromyograph. After obtaining stable baseline responses
for at least 2 min, all patients received 0.6 mg/kg rocuronium
intravenously. Immediately after recovery of the first twitch
(T1), a continuous infusion of rocuronium was commenced
at a rate of 7 pg/kg/min. The infusion rate was adjusted to
maintain T1 at 10% of control values for at least 1 h. After
the surgery was completed and infusion of rocuronium was
stopped, patients were given sugammadex by a cumulative
dose technique. Sugammadex 0.2 mg/kg was administered
repeatedly via a rapidly running infusion whenever three
successive T1s were of similar height until T1 recovered
maximally. Considering the recommendations of good clini-
cal research practice in pharmacodynamic studies of neuro-
muscular block [3], T1 recorded during sugammadex-facil-
itated recovery from rocuronium-induced neuromuscular

block was normalized to the final T1 value. The data for
patients in whom T1 did not return above 80% of the con-
trol or exceeded 120% of the control due to a baseline shift
were excluded from analysis. Since control TOF ratios meas-
ured by acceleromyography are usually greater than 100%
[4], TOF ratios during recovery from neuromuscular block
were normalized with the control TOF ratio. The individual
dose-response relationship was examined by plotting the
log dose against the recovery of T1 and TOF ratio relative
to baseline. Regression lines were constructed using least-
squares regression analysis and parallelism of the lines was
determined. The effective doses of sugammadex that led to
recovery of the amplitude of T1 and the TOF ratio by 95%
(EDys) were calculated from the regression lines. After the
dose-response study, additional increments of sugammadex
were administered to a total dose of 2 mg/kg.

For neuromuscular dose-response study, sample size
of 15 subjects need to be recruited if an error of +20% is
deemed enough [5]. Data are presented as mean (SD). Statis-
tical analysis was performed using the StatView™ software
for Windows (SAS Institute, Cary, NC, USA). For compari-
son of EDys between T1 and the TOF ratio, the unpaired
Student’s ¢ test was used. A P value of <(0.05 was considered
statistically significant.

Results

Data from all 15 patients could be analyzed. Mean values of
the patient’s height, weight, and body mass index were 163.7
(9.7) cm, 63.7 (12.1) kg, and 23.7 (3.8) kg/m? respectively.
Averaged T1 value and TOF counts immediately before sug-
ammadex administration were 13.5 (3.5) % and 1 (n=38) or
2 (n=17). The final T1 averaged 98.6 (7.6) %.
Dose-responses in the T1 value and TOF ratio after
cumulative dosing of sugammadex are shown in Figs. 1
and 2. The mean EDy5 of sugammadex for recovery of T1
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Fig. 1 Dose-responses in the T1 value after cumulative dosing of
sugammadex in all patients
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Fig.2 Dose-responses in the TOF ratio after cumulative dosing of
sugammadex in all patients

and the TOF ratio from rocuronium-induced moderate neu-
romuscular block was 1.34 (0.24) and 1.14 (0.24) mg/kg,
respectively. There was a statistically significant difference
between EDy; for facilitated recovery of T1 and that for TOF
ratio (P=0.037). Averaged times required for full recovery
in the T1 and TOF ratio from the first dose of sugammadex
were 835 (234) s and 609 (205) s, respectively. There were
no cases of recurarization after the dose-response study.

Discussion

In clinical settings, the dose of sugammadex depends on
the depth of neuromuscular block, as evaluated by neuro-
muscular monitoring. We revealed in this study that the
dose of 2 mg/kg sugammadex is about 1.5 times the EDy;
of sugammadex for antagonizing moderate neuromuscular
block induced by rocuronium, indicating an adequate safety
margin.

Sugammadex has been replacing neostigmine as the
reversal agent for rocuronium-induced neuromuscular
block in clinical anesthesia. However, even sugammadex
cannot completely prevent postoperative residual neuro-
muscular block. The incidence of a TOF ratio < 0.9 after
sugammadex was reportedly 3.7 [6]-4.3% [7] when sug-
ammadex was dosed without the guidance of a neuromus-
cular monitor. To secure full recovery of neuromuscular
function and prevent recurarization because of under-dos-
ing of sugammadex, an adequate dose of sugammadex as
evaluated by neuromuscular monitoring should be admin-
istered. A dose-finding study revealed that under-dosing
with 0.5 mg/kg sugammadex administered at the reappear-
ance of T2 had caused significant recurrence of neuromus-
cular block in four of 10 adult patients [1]. In particular,
it was reported that elderly patients had a greater risk of
recurarization when lower doses of sugammadex were
administered [8]. A randomized study in pediatric patients

@ Springer

also concluded that an inappropriately small dose of sug-
ammadex could not completely antagonize rocuronium-
induced neuromuscular block and additional increments
of the drug were required [9]. In a case report [10] regard-
ing recurarization after sugammadex administration, the
dose of sugammadex was not decided based on the level
of neuromuscular block determined by objective neuro-
muscular monitoring. Our results suggest that in cases in
which rocuronium-induced moderate neuromuscular block
is objectively confirmed, a 2 mg/kg dose of sugammadex
provides an adequate safety margin for adequate recovery.

In clinical anesthesia, sugammadex is administered
based on the TOF counts during moderate neuromuscular
block. While, in this study, sugammadex was administered
when the T1 was 10% of control because the effective dose
of sugammadex for reversal from the same depth of neu-
romuscular block was needed to be evaluated. When sug-
ammadex will be administered at the TOF count of 2, it
is likely that the EDg5 of sugammadex for full recovery of
neuromuscular function will vary greatly and be smaller
than the results of this study. It is known that recovery
speed of the T1 is characteristically slower than that of
the TOF ratio after the reversal with sugammadex [11].
Therefore, we consciously made a choice that T1 of 10%
of baseline as a measure of rocuronium-induced moderate
neuromuscular block to detect safety margin of the dose
of sugammadex. Even when an acceleromyograph shows
the TOF count of 1, it is suggested from the results of
our study that sugammadex 2 mg/kg may be safe for full
recovery of neuromuscular function. However, 4 mg/kg of
sugammadex, recommended during deep neuromuscular
block, should have a much wider safety margin.

The EDys for facilitated recovery of T1 tended to be
higher than that for recovery of the TOF ratio. Increase
in T1 represents a decrease in the occupancy rate of post-
synaptic nicotinic acetylcholine receptors (nAChR) at the
motor endplate with rocuronium. By contrast, an increase
in the TOF ratio represents a decrease in the fade phe-
nomenon with repetitive muscle contractions and progres-
sive reduction in the amount of presynaptic acetylcholine
released from the motor nerve ending during TOF stimu-
lation. It is believed that fade in the TOF response dur-
ing partial non-depolarizing neuromuscular block arises
from inhibition of presynaptic autoreceptors. The normally
innervated endplate mostly contains muscle-type o, f3,0¢
nAChRs, while presynaptic nAChRs are composed of neu-
ronal subtype a5, receptors. It was previously reported
that the potency of rocuronium for blockade of muscle-
type «,3,0e nAChRs was significantly greater than that for
neuronal a3, nAChRs [12]. It is, therefore, possible that
rocuronium might more easily dissociate from presynap-
tic neuronal nAChRs, as compared to the affinity between
rocuronium and postsynaptic muscle nAChRs, resulting in
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the significantly lower EDgys of sugammadex for recovery
of the TOF ratio.

A limitation of this study is that although the cumula-
tive dose method requires fewer patients and individual
dose-response curves can be constructed for each subject,
this method is not suitable for determining the dose—response
of short or intermediate acting drugs. A cumulative dose
technique results in reduced potency of short or intermediate
acting neuromuscular blocking agents, because significant
recovery occurs before the next dose [13, 14]. We cumula-
tively administered small doses of 0.2 mg/kg sugammadex
for reversal of rocuronium-induced neuromuscular block
whenever three successive T1s were of similar height. Since
recurarization might occur between the intervals of adminis-
tration of sugammadex, the dose of sugammadex required to
produce 95% reversal might have been overestimated in this
study. As a second limitation, data obtained by acceleromyo-
graphy cannot be used interchangeably with that obtained by
mechanomyography [15] or electromyography [16], which is
the gold standard method for assessing neuromuscular func-
tion. Acceleromyographic TOF values tend to overestimate
the extent of recovery as compared with other monitoring
systems. It is, therefore, possible that the potency of sug-
ammadex was overestimated in this study. Although TOF
values were normalized with the baseline value to improve
the accuracy of determination of recovery, further studies
using other monitoring methods are desired.

In conclusion, 2 mg/kg sugammadex is equivalent to
about 1.5 times the EDgy5 of sugammadex for reversal of
rocuronium-induced moderate block and, therefore, this dose
seems to have an adequate safety margin.
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Fig. 1. Neostigmine-facilitated recovery from rocuronium-induced neuromuscular block. The first twitch of the train-of-four (TOF) (11,
bars) recovers faster than the TOF ratios (dots).
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Fig.2. Sugamadex-facilitated recovery from rocuronium-induced neuromuscular block. The train-of-four (TOF) ratios recovers faster than
the first twitch of the TOF (T1, bars).
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