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Abstract

Purpose Sugammadex is used to reverse neuromuscular block induced by rocuronium or vecuronium by forming a stable
complex. If the binding capacity of any substance to sugammadex is large enough, this molecule will displace rocuronium
or vecuronium from the complex. For drugs used in anesthesia, the binding affinity of remifentanil for sugammadex was
highest. The aim of the current study was to investigate the decrease in the reversal of neuromuscular blockade with sugam-
madex by complex formation between remifentanil and sugammadex in the model using isolated hemidiaphragm of the rat.
Methods Phrenic nerve-hemidiaphragms from 34 male Sprague—Dawley rats were allocated randomly to four groups: 0 or
100 ng/ml remifentanil with equimolar amounts of sugammadex and O or 100 ng/ml remifentanil with three-quarter dose
of sugammadex. Muscle contraction responses were recorded during the stimulation of the phrenic nerve by train-of-four
(TOF) stimulation. Rocuronium was added to the organ bath with or without 100 ng/ml remifentanil until the first height
response (T1) of TOF disappeared completely. Then, equimolar amounts or three-quarter dose of sugammadex was added.
Results Remifentanil has no significant effects on the concentration-response curves of rocuronium. No significant differ-
ences were observed in the recoveries of T1 and TOF ratio with time after administration of equimolar amounts or three-
quarter dose of sugammadex regardless of the presence of 100 ng/ml remifentanil.

Conclusion Clinical concentration of remifentanil does not inhibit sugammadex reversal after rocuronium-induced neuro-
muscular block. Sugammadex can be used safely without worrying about the interaction with remifentanil.
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Introduction

Sugammadex, a y-cyclodextrin, is widely used to reverse
neuromuscular block induced by aminosteroid neuromus-
cular blockers [1]. Cyclodextrins are doughnut-shaped
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molecules to form inclusion complexes with other sub-
stances [2]. Sugammadex binds and inactivates rocuro-
nium or vecuronium by forming a stable 1:1 water-soluble
complex by a process of encapsulation [3]. This results
in a rapid decline of free rocuronium concentration in the
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plasma, and consequently causes a shift from the neuromus-
cular junction to the plasma [4]. It could be possible that
sugammadex may combine with pharmaceutical molecules
or endogenous substances. If the binding capacity of any
substance to sugammadex is large enough, this molecule
will displace rocuronium or vecuronium from the complex
with sugammadex and form a complex with sugammadex
instead of rocuronium or vecuronium [5]. This unintended
phenomenon may threaten patient safety by causing insuf-
ficient recovery of muscle relaxation or reoccurrence of neu-
romuscular blockade.

Binding affinity between sugammadex and various drugs
was determined by Zwiers et al. using isothermal titration
calorimetry [5]. They have demonstrated the binding affinity
of drugs used in anesthesia, such as ketamine, pentobarbital,
propofol, remifentanil, oxycodone, pethidine and naloxone.
Among these drugs, the binding affinity of remifentanil
for sugammadex was highest, which equates to 0.28% and
0.87% of the value for sugammadex with rocuronium and
vecuronium, respectively [5]. The affinity of remifentanil
for sugammadex is lower than those of rocuronium or vecu-
ronium; however, these are the results of a pharmacoki-
netic—pharmacodynamic modeling approach using isother-
mal titration calorimetry, and therefore need to be verified
through an ex vivo study.

The aim of the current study was to investigate the
decrease in the reversal of neuromuscular blockade with sug-
ammadex by complex formation between remifentanil and
sugammadex in the model using isolated hemidiaphragm of
the rat. In addition, we evaluated the effects of remifentanil
on rocuronium-induced muscle relaxation.

Materials and methods

After obtaining the ethical approval of the Institutional
Animal Care and Use Committee of Asan Medical Center,
Seoul, South Korea (approval number 2016-13-110), 34
male Sprague-Dawley rats (weighing 200-300 g) were anes-
thetized with intraperitoneal injection of 50 mg/kg alfax-
alone (Alfaxan®, Jurox Pty. Limited, Rutherford, NSW, Aus-
tralia). The left diaphragm and accompanying phrenic nerve
were excised en bloc, and a phrenic nerve-hemidiaphragm
was suspended vertically in an organ bath containing 75-ml
Krebs solution (118 mmol 1=! NaCl, 4.7 mmol 1-' KCl,
2.5 mmol 17! CaCl,, 1.2 mmol 1=! MgSO,, 1.2 mmol 17!
KH,PO,, 25 mmol 1-! NaHCO;, and 11.4 mmol 17! dex-
trose). The bath solution was aerated continuously with 95%
0,/5% CO, and its pH and temperature were kept at 7.4
and 35 C, respectively. The proximal portion of the phrenic
nerve was connected to bipolar platinum electrodes. The
central tendinous portion of the hemidiaphragm was con-
nected to a force displacement transducer (FT03, Grass,

Grass Instrument Co., Quincy, Massachusetts) to measure
the isometric contraction of the hemidiaphragm at a rest-
ing tension of 2 g. Using a nerve stimulator (S88, Grass)
and stimulus isolation unit (SIUS, Grass), the phrenic nerve
was stimulated by 2-Hz train-of-four (TOF) stimulus every
20 s (rectangular pulses of 0.2 ms duration) via the bipolar
platinum electrodes with individual supramaximal square-
wave pulses throughout the study. After determining the
supramaximal stimulation current, the phrenic nerve was
continuously stimulated by TOF until the twitch height
reached a stable plateau for at least 30 min, which was
defined as the baseline. The first height response of the four
twitches was considered as T1 and the TOF ratio was the
ratio of the fourth twitch height response to the T1. Muscle
contraction responses were recorded and digitized using a
PowerLab acquisition system (ADInstruments, Austin, TX,
USA). T1 and TOF ratio to the TOF stimulus was calcu-
lated with LabChart 7 (ADInstruments) after data acquisi-
tion [6-11].

The isolated phrenic nerve-hemidiaphragm preparations
were randomly assigned to one of four groups according
to the concentration of remifentanil and sugammadex: O or
100 ng/ml remifentanil with equimolar amounts of sugam-
madex and 0 or 100 ng/ml remifentanil with three-quarter
dose of sugammadex. The remifentanil group was sup-
plemented with remifentanil in an organ bath to achieve
a remifentanil concentration of 100 ng/ml. Starting with
300 g of rocuronium, a booster dose of 150 pg rocuronium
was added to the organ bath every 10 min until the T1 disap-
peared completely. The concentrations of rocuronium that
produced depression of the first twitch to 5, 50, and 95% of
baseline value in each group were defined as the effective
concentration (EC);, ECs;,, and ECy; of rocuronium, respec-
tively. Equimolar amounts of sugammadex or three-quarter
dose of sugammadex corresponding to the total amounts
of administered rocuronium was added into the organ bath
10 min after T1 disappeared to evaluate the recovery of con-
tractions from the rocuronium-induced neuromuscular block
with or without 100 ng/ml remifentanil. We observed rever-
sal of rocuronium-induced neuromuscular block by sugam-
madex for 30 min in all groups. Recovery of T1 and TOF
ratio was monitored at every 5 min until 30 min.

Statistical analysis

Continuous data were tested for a normal distribution using
the Shapiro—Wilk test. Data are expressed as mean + SD.
Continuous variables were compared using an analysis of
variance (ANOVA). Two-way repeated-measures ANOVA
was used to analyze the differences in T1 and TOF ratio
between groups over time. Mauchly’s sphericity test was
used to validate an assumption of repeated-measures fac-
tor ANOVA. Greenhouse—Geisser corrected significance
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values were used when sphericity was lacking [12]. A P
value <0.05 was used as a threshold for statistically signifi-
cant differences. Statistical analyses were performed using
SPSS version 21.0 (IBM Corp., Armonk, NY, USA).

In an exploratory animal study verifying the inhibiting
effect of remifentanil on sugammadex reversal after rocuro-
nium-induced neuromuscular block, sample size calculation
is difficult. We thus referred to previous studies that sug-
gested using 8—10 animals per group to attain statistically
significant data [7, 8, 10, 13-15].

Results

Table 1 lists the characteristics of tissue specimens. There
were no significant differences in muscle mass, size, and
the height of initial T1 among the groups. The total amount
of rocuronium administered to the organ bath did not show
significant differences among the groups. The results of the
repeated-measures ANOVA showed insignificant effects of
100 ng/ml remifentanil on the concentration—response curves
of rocuronium for T1 depression (Fig. 1). The ECj, of rocu-
ronium was 13.5+ 1.4 and 12.7+2.3 in the 0 and 100 ng/ml
remifentanil groups, respectively. There were no significant
differences in ECs, ECs(, and ECys of rocuronium, and total
amount of administered rocuronium (Table 2). No significant
differences were observed in the recoveries of T1 and TOF
ratio with time after administration of equimolar amounts
of sugammadex regardless of the presence of 100 ng/ml
remifentanil (Fig. 2). Additional studies were performed to
determine the effect of remifentanil on the reversal of neuro-
muscular block below equimolar amounts of sugammadex.
T1 recovery did not occur at all with half dose of sugamma-
dex for 30 min in a preliminary experiment (data not shown),
so we tested with three-quarter dose of sugammadex. There
were also no significant differences in the time-course of
the recoveries of T1 and TOF ratio after administration of
three-quarter dose of sugammadex (Fig. 3).

Table 1 Characteristics of tissue specimens

Sugammadex Equimolar amounts Three-quarter amounts

Remifentanil (ng/ 0(®m=9) 100 (n=8) 0(n=9) 100 (n=3_)

ml)

Muscle mass (mg) 186+33  188+41 200+64 229+87

Muscle length 9+2 9+1 9+2 9+3
(mm)

Muscle width (mm) 19+2 19+1 19+1 20+1

Initial T1 (g) 169+3.6 122+2.7 14.0+4.1 14.5+4.0
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Fig. 1 Cumulative concentration—response curves of rocuronium with
(n=16) or without (n=18) 100 ng/ml remifentanil. There were no
significant differences between groups in the concentration-response
curves of rocuronium for T1 depression over time. Data are presented
as mean + SD. T1, the first height response of four twitches

Discussion

In the present study, we investigated the effect of remifen-
tanil on rocuronium-induced muscle relaxation and reversal
of neuromuscular blockade with sugammadex in the iso-
lated hemidiaphragm of the rat. The presence of 100 ng/ml
remifentanil had no significant effect on muscle relaxation
by rocuronium. In addition, reversal of rocuronium-induced
neuromuscular block with sugammadex does not seem to
be significantly influenced by clinical concentrations of
remifentanil.

Rocuronium was introduced as an intermediate-acting
steroidal neuromuscular blocker with a very rapid onset
[16]. Various drugs interact with nondepolarizing neuro-
muscular blocking drugs. Magnesium sulfate, verapamil and
amlodipine appear to potentiate the neuromuscular block-
ade induced by nondepolarizing neuromuscular blocking
drugs [17, 18]. Selective estrogen receptor modulators such
as tamoxifen, appear to augment the blockade induced by
neuromuscular blocking drugs [19]. Calcium and steroids

Table 2 Effective concentrations of rocuronium according to remifen-
tanil concentration

Rocuromium (pM) Remifentanil

0 ng/ml (n=18) 100 ng/ml (n=16)

ECs 89+1.3 8.4+24
ECs, 13.5+14 12.7+2.3
ECy; 18.0+1.7 17.1+2.1
Final concentration 22.8+3.0 21.1+3.2

Values are expressed as mean+ SD
No significant differences were observed among the groups

T1, the first height response of four twitches; n, number
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Values are expressed as mean+SD
No significant differences were observed between the groups

EC, effective concentration; n, number
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Fig.2 Changes of T1 (a) and TOF ratio (b) for 30 min after admin-
istration of equimolar amounts of sugammadex. Insignificant effects
of 100 ng/ml remifentanil on the recoveries of T1 and TOF ratio
with time after administration of equimolar amounts of sugammadex
were observed. Data are presented as mean+SD. T1, the first height
response of four twitches; TOF, train-of-four

antagonize the effects of nondepolarizing neuromuscular
blockers [20]. In our present study, rocuronium-induced
neuromuscular block was not influenced by the presence of
remifentanil in an organ bath.

Sugammadex reduces the amounts of free neuromuscular
blocking agents in the neuromuscular junction by forming
a stable complex with rocuronium or vecuronium [1, 21].
Various compounds besides rocuronium and vecuronium
demonstrated binding affinity for sugammadex, meaning
that the potential for displacement of neuromuscular block-
ing agent from the complex with sugammadex and recur-
rence of neuromuscular blockade could theoretically occur.
Flucloxacillin was found to have potential for displacement
reactions with sugammadex [5]. However, administration of
flucloxacillin did not result in recurrence of neuromuscular
blockade through displacement of sugammadex from the
sugammadex—neuromuscular blockade complex in healthy
anaesthetized volunteers [22]. Dexamethasone, which struc-
turally resembles the aminosteroid neuromuscular blocking
agents, did not delay neuromuscular blockade reversal by
sugammadex in anesthetized patients [23]. Of the drugs that
may be used in anesthesia, remifentanil has the highest affin-
ity to sugammadex [5]. Our results show that the recover-
ies of T1 and TOF ratio with time after administration of
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Fig.3 Changes of T1 (a) and TOF ratio (b) for 30 min after admin-
istration of three-quarter dose of sugammadex. There were no signifi-
cant differences in the recoveries of T1 and TOF ratio with time after
administration of three-quarter dose of sugammadex regardless of the
presence of 100 ng/ml remifentanil. Data are presented as mean + SD.
T1, the first height response of four twitches; TOF, train-of-four

equimolar amounts of sugammadex were not different by
the presence of 100 ng/ml remifentanil. Since the effect-
site concentration of remifentanil is usually between 3 and
8 ng/ml for total intravenous anesthesia with propofol [24,
25], remifentanil at the clinical use level does not seem to
influence neuromuscular blockade reversal by sugammadex.

Experiments with three-quarter dose of sugammadex
were conducted to investigate the effect of remifentanil on
the reversal effect of sugammadex when sugammadex was
not administered in sufficient amounts. The recoveries of
T1 with three-quarter dose of sugammadex were 76% of the
recoveries of T1 with equimolar amounts of sugammadex
corresponding to the total amounts of administered rocu-
ronium. Even in this situation, the presence of 100 ng/ml
remifentanil did not affect the reversal of muscle relaxation
by sugammadex.

Our present study had several limitations. This study was
an ex vivo experiment, wherein the pharmacodynamic and
pharmacokinetic properties of each agent were excluded.
Thus, our results may not be generalizable in an in vivo
study or clinical situations in which sugammadex may
interact with other drugs being used during general anesthe-
sia. An additional limitation to our study was that we used
100 ng/ml remifentanil, which is not widely used in clinical
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practice. However, experiments with a high concentration
of remifentanil did not affect the reversal of rocuronium-
induced neuromuscular block with sugammadex, so the use
of sugammadex in the presence of remifentanil is considered
safe in clinical practice.

In conclusion, clinical concentration of remifentanil does
not inhibit sugammadex reversal after rocuronium-induced
neuromuscular block. Sugammadex, a breakthrough drug to
reverse neuromuscular blockade, can be used safely without
worrying about the interaction with remifentanil in patients
undergoing total intravenous anesthesia with propofol and
remifentanil or in patients receiving remifentanil as an adju-
vant during inhalation anesthesia.
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