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Abstract

Background Remimazolam is a new type of ultra-short-acting benzodiazepine. The aim of this study was to investigate the
effects of remimazolam, propofol and sevoflurane anesthesia on rocuronium-induced neuromuscular block.

Methods Ninety-nine consenting patients were randomly assigned to a remimazolam group (R-group), sevoflurane group
(S-group), or propofol group (P-group). Train-of-four (TOF) responses evoked on the abductor digiti minimi muscle to ulnar
nerve stimulation following bolus administration of 0.9-mg/kg rocuronium were monitored with electromyography-based
neuromuscular monitor. The primary outcomes were times from administration of rocuronium to first reappearance of post-
tetanic count (PTC). Free plasma concentrations of rocuronium were concurrently measured at these events.

Results Ninety patients were analyzed. No significant differences were seen in time to first PTC among the three groups.
Mean (+ standard deviation) and median (inter-quartile range) times for the reappearance of TOF counts 1 and 2 were
significantly prolonged in S-group [50.7 +13.9 min, P=0.043 and 61.6 (54.3-78.0) min, P =0.020, respectively], when
compared with P-group [42.6 + 10.3 min and 52.9 (45.4-58.8) min, respectively]. However, no significant differences were
seen between S-group and R-group. Median (inter-quartile range) free plasma concentration of rocuronium measured at first
PTC was significantly lower in R-group [1255 (1126-1717) ng/mL] than in P-group [1717 (1592-1961) ng/mL, P=0.031].
Conclusions These results suggest that the potentiating effects of remimazolam on rocuronium-induced neuromuscular block
are weaker than those of sevoflurane and similar to those of propofol.
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Introduction

Remimazolam is a new type of ultra-short-acting benzo-
diazepine anesthetic drug [1] that acts on y-aminobutyric
acid type A (GABA ) receptors. With a structure similar to
that of midazolam, remimazolam is a high-affinity, selective
ligand for the benzodiazepine binding site on the GABA ,
receptor but shows no clear selectivity for other sites [2].
Diazepam, another benzodiazepine, has a muscle-relaxing
effect by binding to benzodiazepine 1 and benzodiazepine 2
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binding sites and increasing the affinity of y-aminobutyric
acid for GABA , receptors [3]. The function of binding to
benzodiazepine 2 binding sites is specifically important for
skeletal muscle relaxation [4]. However, no reports appear to
have investigated the potentiating effects of remimazolam on
neuromuscular block produced by rocuronium. In addition,
remimazolam has the protein-binding rate of 92% and binds
to predominantly serum albumin [1], which may affect the
protein binding of rocuronium and lead to greater amounts
of free, non-protein bound rocuronium available.

It is well known that sevoflurane prolongs the duration of
action of non-depolarizing neuromuscular blocking agents
[5]. The times to reappearance and recovery of the first
response in the train-of-four (TOF) stimulation after a sin-
gle dose of rocuronium is thus prolonged during sevoflurane
anesthesia compared with propofol anesthesia [5-7].
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Remimazolam has been increasingly used for general
anesthesia in recent years, but there are few reports of inter-
actions with neuromuscular blocking agents. Knowledge of
the risk of prolonged neuromuscular blockade during gen-
eral anesthesia is important for clinical safe management.
Here, we hypothesized that remimazolam would augment
rocuronium-induced neuromuscular block. The purpose of
this study was to assess the influence of remimazolam on
rocuronium by comparison with the influences of sevoflu-
rane and propofol on rocuronium-induced neuromuscular
block. In addition to neuromuscular monitoring with an
AF-201P™ electromyography (EMG)-based neuromuscu-
lar monitor (Nihon Kohden, Tokyo, Japan), we also used the
total and free plasma concentration and the protein-binding
property of rocuronium as an evaluation method.

Methods
Study design

This study was approved by Nihon University Itabashi Hos-
pital Certified Clinical Research Review Board (Itabashi-ku,
Tokyo, Japan) on March 1st, 2023 (RK-230214-2, Chairper-
son Prof Hisamitsu Ishihara) and written informed consent
was obtained from all subjects participating in the trial. The
trial was registered prior to patient enrolled at the University
Hospital Medical Information Network (registration number
UMINO000050637, principal investigator: Sato Hanae, Date
of registration: March 20th, 2023). The study followed the
CONSORT statement. We followed the pharmacodynamic
studies of neuromuscular blocking agents III [8].

Study population

Patients aged 20-65 years old undergoing elective surgery
under general anesthesia were enrolled in the study. We
excluded patients with American Society of Anesthesiolo-
gists physical status class > III, a history of allergic reactions
to neuromuscular blocking agents, hepatic or renal disorders,
neuromuscular diseases, or benzodiazepine regular users.
In addition, patients receiving medications known to affect
neuromuscular function were excluded.

Randomization

The study was an open-label, single-center, randomized con-
trolled trial. Patients were randomized in a 1:1:1 ratio to a
remimazolam group (R-group), propofol group (P-group)
and sevoflurane group (S-group). Group assignments were
made using opaque envelopes before study commencement
by a member of the clinical research department not involved
in recruitment, coordination, or data collection.

Perioperative management

After arrival in the operating room, standard monitors
(electrocardiogram, non-invasive blood pressure, pulse
oximetry and bispectral index monitors) were applied to
all patients. Intravenous access was established on the
forearm or in the dorsal venous network of the hand. After
preoxygenation, R-group (n =33) underwent induction
of anesthesia with fentanyl at 1-2 pg/kg and continuous
infusions of remifentanil at 0.1-0.5 pg/kg/min and remi-
mazolam at 12 mg/kg/h. Thereafter, the infusion rate of
remimazolam was decreased to 1-2 mg/kg/h, targeting a
bispectral index of 40—60. In P-group (n=33), anesthesia
was induced with fentanyl at 1-2 pg/kg, continuous infu-
sion of remifentanil at 0.1-0.5 pg/kg/min, and target-con-
trolled infusion of propofol at 3—4 pug/mL by target con-
trolled infusion pump (TE-371; Terumo, Tokyo, Japan),
targeting a bispectral index of 40—60. In S-group (n=33),
anesthesia was induced with fentanyl at 1-2 pg/kg, con-
tinuous infusion of remifentanil at 0.1-0.5 pg/kg/min, and
intravenous propofol at 2 mg/kg, followed by controlled
ventilation with 1.5-2.0% sevoflurane in oxygen, target-
ing a bispectral index of 40-60. An upper body forced-air
warming device (3 M™ Bair Hugger™; 3 M Japan, Tokyo,
Japan) was used throughout surgery to ensure that core and
peripheral temperatures were kept above 35 °C and 32 C,
respectively. End-tidal carbon dioxide was maintained at
35-40 mmHg.

Neuromuscular management

The AF-201P™ was applied on the arm opposite intrave-
nous access after induction of anesthesia and prior to rocu-
ronium administration. After cleaning the skin where the
sensor was to be attached using alcohol wipes, single-use
surface electrodes (NM-345Y™; Nihon Kohden) for the
AF-201P™ were placed over the ulnar nerve and abductor
digiti minimi muscle, in accordance with the instructions
from the manufacturer. After application and calibration of
the device, TOF measurements were repeated every 15 s.

Stable baseline TOF responses were confirmed for a few
minutes, then rocuronium was administered at 0.9 mg/kg in
a running infusion. Post-tetanic count (PTC) stimulations
were performed every 3 min until first appearance of the
PTC response (first PTC). To prevent facilitation of TOF
recovery [9], PTC stimulation was stopped after first PTC
responses were observed. Spontaneous recovery of rocuro-
nium-induced neuromuscular block was taken as observation
of TOF counts of 1 and 2. When three consecutive TOF
counts of 2 were observed, sugammadex was administered
at 2 mg/kg to achieve reversal to a TOF ratio of 0.9.
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Plasma concentration of rocuronium assay

We collected 2 mL of venous blood at the time of first PTC
and at TOF counts of 1 and 2. The blood samples were cen-
trifuged and the plasma maintained at — 80 °C until assay.
The total plasma concentration of rocuronium was measured
by high-performance liquid chromatography (HPLC) and
free plasma concentration of rocuronium by HPLC after
ultracentrifugation. ACQUITY UltraPerformance LC™ and
Xevo TQ-S micro tandem quadrupole mass spectrometer
(Waters TA Instruments, New Castle, DE, USA) was used
for HPLC. For free plasma concentration of rocuronium
using ultracentrifugation, a himac CS100GXL ultracentri-
fuge with a RP-100AT2 rotor (HITACHI Ltd, Tokyo, Japan)
was used at 436,000xg for 3.25 h at 10 C to collect the mid-
dle layer of the plasma. The assay device showed a linear
relationship between the drug concentration and peak height
in a range of 10-5000 ng/ml. The correlation coefficients
were greater than 0.999. The intra-day relative error of 25,
2500, and 5000 ng/ml rocuronium were 3.9% (co-efficient
of variation, 6.3%), — 4.9% (co-efficient of variation, 2.2%),
and 1.7% (co-efficient of variation, 1.2%), respectively. The
inter-day relative error of 25, 2500, and 5000 ng/ml rocu-
ronium were 6.4% (co-efficient of variation, 4.1%), — 1.4%
(co-efficient of variation, 2.7%), and 5.2% (co-efficient of
variation, 2.7%), respectively. The protein-binding property
of rocuronium were determined as the free plasma concen-
tration of rocuronium ratio to the total plasma concentration
of rocuronium.

Study outcomes

The primary outcomes of this study were the times from
administration of rocuronium to first reappearance of PTC.
Secondary outcomes were the times from administration of
rocuronium to TOF counts 1 and 2, time from administration
of sugammadex 2 mg/kg to a TOF ratio of 0.9, and the total
and free plasma concentrations and protein-binding property
of rocuronium at first PTC and TOF counts of 1 and 2.

Sample size and statistical analysis

To estimate sample size, we used previous data on the first
appearance of PTC (27.3 [8.9] min) as the mean [standard
deviation] time for the first appearance of PTC following
administration of rocuronium at 0.9 mg/kg [10]. We consid-
ered a 30% difference in first reappearance time (a difference
of approximately three cycles of PTC stimulation) observed
between the R-group, P-group and S-group as clinically sig-
nificant. To provide adequate power (80%) with an alpha
error of 5%, we calculated that 75 patients would need to
be included in this study. We thus set a sample size of 99
patients in anticipation of some loss to dropout.
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Statistical analysis

We used the Kolmogorov—Smirnov test and F test to deter-
mine whether data showed normal distributions. The Tukey
multiple comparison test after one-way analysis of variance
was used for parametric data and the Steel-Dwass multi-
ple comparison test after the Kruskal-Wallis test was used
for non-parametric data to analyze differences in outcomes
between the three groups. All statistical analyses were per-
formed using EZR (Easy R) version 1.64 (Jichi Medical
University Saitama Medical Centre, Saitama, Japan) [11].
Values of P <0.05 were considered indicative of statistical
significance.

Results
Descriptive data

A total of 99 patients were enrolled in this study between
March 2023 and November 2023. Nine patients were
excluded because of dislodgement of the sensor (n=23),
unstable nerve stimulation due to postural changes (n=35)
and withdrawal of consent to participate (n=1). As a result,
90 patients were included in the final analyses (Fig. 1). No
significant differences in patient characteristics were evident
among the three groups (Table 1).

Primary results

Primary outcomes of the study are shown in Table 2. No
significant difference was seen in time to first PTC from
rocuronium administration among the three groups. (P-group
26.1 min, S-group 31.6 min, R-group 35.1 min) (P=0.513;
S-group vs R-group, P=0.584; S-group vs P-group,
P=0.088; R-group vs P-group).

Secondary results

Secondary outcomes of the study are also shown in Table 2.
Recovery times from rocuronium administration to TOF
counts of 1 and 2 were significantly longer in S-group than
in P-group, but no significant differences were noted between
S-group and R-group or between P-group and R-group. How-
ever, the total and free plasma concentration of rocuronium
measured at first PTC was significantly lower in R-group than
in P-group, with no significant differences between S-group
and R-group or between P-group and S-group. In addition,
total and free plasma concentrations of rocuronium meas-
ured at TOF counts of 1 and 2 were significantly lower in
S-group than in P-group, while no significant differences were
found between S-group and R-group or between P-group and
R-group. No significant differences between any groups were
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99 patients assessed for eligibility

33 assigned to

remimazolam group

-Unstable nerve
stimulation due to
postural changes n=3

33 assigned to
sevoflurane group

-Refusal to participate n=1
-Dislodgment of the
sensor n=1
-Unstable nerve
stimulation due to postural

33 assigned to
propofol group

-Dislodgment of the
sensor n=2
-Unstable nerve
stimulation due to
postural changes n=1

A

Analyzed n=30

A,

changes n=1

Analyzed n=30

Fig. 1 Flowchart of the study

Table 1 Subject characteristics

A,

Analyzed n=30

All subjects (n=90)

Propofol (n=30)

Remimazolam (n = 30)

Sevoflurane (n=230)

Patient characteristics
Female, n (%)
Age (yr)
Weight (kg)
BMI (kg/m?)
ASA (I/TI/TII)

Type of surgery
Orthopedic, n (%)
Otorhinolaryngology, n (%)
Oral surgery, n (%)
Urology, n (%)
Other, n (%)

Preoperative blood sampling data
TP (g/dL)
Alb (g/dL)

42 (47) 12 (40)
44+13 40+13
68+15 68+ 14
24443 23+3.6
33/57/0 10/20/0
45 (50.0) 12 (40.0)
19 (21.1) 11 (36.7)
9 (10.0) 5(16.7)
6(6.7) 0(0)

11 (12.2) 2(6.7)
73+04 73+04
4.5 [4.3-4.8] 4.7 [4.5-4.8]

16 (53) 14 (47)
47+12 43+12
69+ 15 69+17
25+4.6 25+4.6
11/19/0 12/18/0
15 (50.0) 18 (60.0)
3(10.0) 4 (13.3)
2(6.7) 3(10.0)
5(16.7) 1(3.3)
5(16.7) 4(13.3)
72+0.4 7.3+0.4
4.4 [4.2-4.8] 4.4 [4.3-4.7]

Data expressed as number (%), mean + SD, or median [interquartile range]

Alb albumin, TP total protein

seen in the protein-binding property of rocuronium meas-

Discussion

ured at first PTC and TOF counts of 1 or 2. Recovery times

from administration of sugammadex to a TOF ratio of 0.9 did
not differ among the three groups, and in all patients TOF
ratio > 0.9 could be observed.

To the best of our knowledge, this represents the first ran-
domized control trial to investigate the potentiating effects

@ Springer
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Table 2 Primary and secondary outcomes of this study

Propofol

Remimazolam

Sevoflurane

Supramaximal current (mA)

Baseline compound muscle action potential (mV)
Onset time (s)

Time to first PTC (min)

Time to TOF count of 1 (min)

Time to TOF counts of 2 (min)

Time to reach TOF ratio > 0.9 after the reversal with sug-
ammadex (s)

Total plasma concentration of rocuronium
First PTC (ng/mL)
TOF count of 1 (ng/mL)
TOF counts of 2 (ng/mL)

Free plasma concentration of rocuronium
First PTC (ng/mL)
TOF count of 1 (ng/mL)
TOF counts of 2 (ng/mL)

Protein binding property of rocuronium
First PTC (%)
TOF count of 1 (%)
TOF counts of 2 (%)

33.0 [27.0-44.3]
133432

106 [91-122]
26.1 [23.2-27.9]
42.6+103

52.9 [45.4-58.8]
103 [86-120]

2436 [2270-2824]
1443 [1244-1662]
1116 £257

1717 [1592-1961]
1020 [896-1146]
744 [695-820]

31.3+4.6
30.3+4.5
30.3+4.2

30.0 [24.0-42.0]
13.9+3.9

92 [73-118]
35.1[25.8-43.5]
47.7+133

54.4 [46.8-66.5]
106 [91-135]

1819 (1687-2315) *
1413 [1025-1608]
968 +264

1255 [1126-1717] *
986 [722-1097]
645 [519-821]

29.9+3.5
31.7+£42
31.4+3.0

30.0 [24.8-39.0]
13.8+3.2

99 [68-126]

31.6 [20.8-38.4]
50.7+13.9 *

61.6 [54.3-78.0] **
92 [80-120]

1883 (1664—3138)
1269 [1014-1383] **
877 + 187 ###

1320 [1073-2102]
844 [665-930] **
618 [557-663] ***

30.2+5.7
32.1+£5.5
31.3+4.6

Results are expressed as mean +SD, or median [inter-quartile range]. We used the Tukey multiple comparison test after one-way analysis of
variance for parametric data and the Steel-Dwass multiple comparison test after the Kruskal-Wallis test for non-parametric data

TOF train-of-four, PTC post-tetanic count, C/ confidence interval
*P=0.043, 95% CI [0.21-15.97] vs propofol

*#*P=0.020 vs propofol

#P=0.011 vs propofol

#Pp=0.004 vs propofol

###p=0.001 95% CI [— 391.10 to — 87.13] vs propofol
*P=0.031 vs propofol

++P <0.001 vs propofol

++*+P<0.001 vs propofol

of remimazolam on rocuronium-induced neuromuscular
block and to compare the effects of remimazolam with
those of propofol and sevoflurane. The results of this study
demonstrated that the effects of remimazolam on the dura-
tion of action of rocuronium to reach first PTC and TOF
counts of 1 and 2 did not differ from the effects of propofol
and sevoflurane. While there were significant differences
in times to recover to TOF counts of 1 and 2 between sevo-
flurane and propofol anesthesia, but not, remimazolam and
propofol anesthesia. It would be therefore reasonable to
understand that the potentiating effects of remimazolam on
rocuronium-induced neuromuscular block is weaker than
sevoflurane and similar to propofol. However, the fact that
total and free plasma concentrations of rocuronium at the
time to detect first PTC was significantly lower in R-group
than P-group may partly show a somewhat stronger neu-
romuscular effect of remimazolam. It is therefore likely
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that the significant difference in plasma concentration of
rocuronium during remimazolam anesthesia had no clini-
cal impact probably because of below the threshold levels
and redistribution effects at the neuromuscular junction.
In this regard, further investigation is needed.

We have previously reported that the potentiating effects
of midazolam, a typical benzodiazepine derivative, on vecu-
ronium-induced neuromuscular block were significantly
weaker than those of sevoflurane and similar to those of
propofol in clinical settings [5]. On the other hand, mida-
zolam has been shown to significantly prolong the durations
of action of vecuronium and atracurium, compared with
diazepam [12]. An animal study also showed that mida-
zolam had dose-dependent enhancing effects on neuromus-
cular block induced by vecuronium and tubocurarine [13].
In addition, supratherapeutic concentrations of midazolam
could potentiate the action of rocuronium by increasing
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adenosine concentrations, [14] resulting in depression of
quantal acetylcholine release from motor nerve terminals
[15, 16]. Since remimazolam is given by continuous infusion
with higher clinical doses than midazolam, remimazolam
may much more strongly inhibit prejunctional neuromus-
cular transmission. This idea is supported by the present
results, which show that remimazolam minimized total and
free plasma concentration of rocuronium at first PTC.

As seen in previous studies, our study also demonstrated
that sevoflurane had a marked inhibitory effect and pro-
longed recovery times from rocuronium administration to
TOF counts of 1 and 2 [5, 6, 17]. The fact that total and
free plasma concentrations of rocuronium measured at TOF
counts of 1 and 2 were significantly lower with sevoflurane
than with propofol shows a pharmacodynamic effect of
sevoflurane on rocuronium-induced neuromuscular block.
However, no significant differences were seen in the time to
observation of first PTC or the total and free plasma concen-
tration of rocuronium at the time of first PTC appearance.
The plasma concentration of sevoflurane presumably does
not immediately reach equilibrium with the neuromuscular
junction because inhalation of sevoflurane for at least 30 min
is needed to achieve stable potentiating effects on neuromus-
cular block [18].

Rocuronium is an amino steroid compound and approxi-
mately 40% binds to plasma proteins [19]. The free rocuro-
nium that remains unbound to proteins can exert neuromus-
cular blocking effects. On the other hand, the protein-binding
rates of propofol and remimazolam have been reported as
97-99% [20] and approximately 92% [1], respectively.
Drugs having such high degrees of protein binding may
displace coadministered drugs from their binding sites to
plasma proteins. This would lead to greater amounts of free,
non-protein bound rocuronium available for distribution to
the neuromuscular junction. As such drug interactions could
result in augmentation of the rocuronium-induced neuro-
muscular blockade, we measured and compared the protein-
binding rates of rocuronium in each group. However, the
protein-binding rates of rocuronium did not differ among
the three groups. Gray and colleagues hypothesized that
phenytoin with an 80% protein-binding rate may augment
vecuronium-induced neuromuscular block by increasing the
concentration of free active drug after displacing vecuro-
nium from protein-binding sites [21]. Conversely, Spacek
and colleagues argued that acute administration of phenytoin
augments rocuronium-induced neuromuscular block without
influencing the extent of rocuronium protein binding [22].
This discrepancy of the results may arise from differences
in the protein-binding properties of vecuronium (90% [21])
and rocuronium (42% [19]). The effect of displacing rocu-
ronium from albumin may thus be less, when compared to
vecuronium. In addition, it is unlikely that remimazolam
would affect the dissociation of rocuronium from the protein,

given that the number of molecules of the drug is consider-
ably smaller than that of albumin.

Our study showed several limitations that should be kept
in mind when interpreting the results. First, the effects of
remimazolam on prolonging recovery times from rocuro-
nium administration to first PTC and TOF counts of 1 and
2 were unremarkable. If the present examinations had been
performed in elderly patients who were more susceptible to
the effects of neuromuscular block induced by rocuronium,
[7] the effects of remimazolam may have been significantly
increased. Further investigation is warranted to determine
the potentiating effects of remimazolam on rocuronium-
induced neuromuscular block with age. Second, we did not
compare the recovery times to the shallow and minimal
neuromuscular block that may be easy to detect influence
of anesthetics. In this study, we preferred to evaluate the
facilitated recovery with sugammadex. Further investigation
is needed to determine the effects of remimazolam on the
TOF ratios during rocuronium-induced shallow and mini-
mal neuromuscular block. Third, the involved mechanism of
neuromuscular effects of remimazolam is unclear and may
act at outside the neuromuscular junction. Despite adequate
reversibility of sugammadex was observed in the present
study, we should pay attention to postoperative patient’s
behavior and motor function after using remimazolam.
Fourth, this study had an open-label design, which may have
led to measurement bias, but all neuromuscular assessments
were objectively monitored by EMG based neuromuscular
monitor, minimizing the influence of subjective assessments.

In conclusion, the results of this study showed that the
potentiating effects of remimazolam on rocuronium-induced
neuromuscular block are weaker than those of sevoflurane
and similar to those of propofol in clinical settings. It is
therefore suggested that changes in duration of the action of
rocuronium with different anesthetics should be objectively
evaluated to adequately manage neuromuscular block.
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