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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Remimazolam is a short-acting benzodiazepine that is administered
as repeated bolus doses for procedural sedation and as a continu-
ous infusion for general anesthesia in adults

e The pharmacokinetics of remimazolam administered as a bolus
dose as well as a continuous infusion have been well-characterized

What This Article Tells Us That Is New

e The pharmacokinetic-pharmacodynamic relationships between remi-
mazolam concentrations and Modified Observer's Assessment of
Alertness and Sedation scores and bispectral index were assessed in
24 healthy volunteers using step-up and step-down target-controlled
infusions to determine clinically appropriate target concentrations

e Target concentration—dependent sedation was observed with little
effect on vital signs

e A difference in the sedative effects of remimazolam at identical
target concentrations was observed between the step-up and step-
down parts of the titration scheme that could not be explained by a
bias in the predicted target concentrations

ABSTRACT

Background: Remimazolam exhibits sedative properties by binding to
y-aminobutyric acid type A receptors. Remimazolam is administered as a
bolus dose or continuous infusion, but has not been studied using target-
controlled infusion (TCI). The study quantified the relationship between the
remimazolam concentration, Modified Observer's Assessment of Alertness
and Sedation (MOAAS) score, and bispectral index (BIS) using TCI.

Methods: The authors performed a three-period, crossover, dose-ranging clin-
ical trial in 24 healthy volunteers using age and sex stratification. Data collected
in the first period, where remimazolam was administered alone using a step-up
and step-down TCI protocol, were used for this analysis. Remimazolam concen-
trations, MOAAS scores, and BIS values were collected at each step at steady
state. Data were analyzed using nonlinear mixed-effects modeling methodology.

Results: The relationship between remimazolam, BIS, and MOAAS differed
between step-up and step-down infusions at similar remimazolam target
concentrations. Tolerance, driven by remimazolam or CNS7054, significantly
improved overall model fit (P < 0.01) for both BIS and MOAAS models. After
30min of repeated bolus dosing, mimicking the regimen in the label for pro-
cedural sedation, the BIS and probability of MOAAS 2/3 were predicted to be
54 (95% prediction interval, 44 to 67) and 2% (95% prediction interval, 0 to
32%) versus 58 (95% prediction interval, 48 to 70) and 8% (95% prediction
interval, 0 to 36%) in a model without and with tolerance, respectively. After
60 min of continuous infusion, mimicking the regimen in the label for general
anesthesia, the BIS and probability of MOAAS 0 were predicted to be 40 (95%
prediction interval, 33 to 50) and 87% (95% prediction interval, 18 to 100%)
versus 50 (95% prediction interval, 41 to 60) and 59% (95% prediction inter-
val, 6 to 99%) in a model without and with tolerance, respectively.

Conclusions: In this study, it was shown that remimazolam-induced seda-
tion is prone to tolerance development, which is potentially mediated by the
CNS7054 concentration. The clinical consequences are, however, limited in
situations where remimazolam is titrated to effect.

(ANESTHESIOLOGY 2024; 140:207-19)

e Pharmacodynamic models for Modified Observer's Assessment of
Alertness and Sedation scores and bispectral index that assumed tol-
erance development described the observed difference in the sedative
effects between the step-up and step-down parts of the titration scheme
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Remimazolam (Byfavo, PAION, Germany) is a
short-acting benzodiazepine that is indicated for
procedural sedation (European Union, United States, and
United Kingdom) and, in the European Union, Japan, and
South Korea, for general anesthesia in adults. Interestingly,
the posology of remimazolam in the procedural sedation
setting differs between the European Union and U.S.
drug labels. Contrary to the U.S. label, the posology in the
European Union label depends on the presence or absence
of concomitant administration of opioids.'?

The pharmacokinetics of remimazolam have been
extensively characterized after bolus dose administration as
well as continuous infusion.*” Remimazolam has a rela-
tively low volume of distribution of approximately 40 1/
kg, which indicates that distribution throughout the body
is rather limited.® Remimazolam has a terminal half-life of
approximately 70min and is therefore rapidly eliminated
from the body.® Remimazolam is metabolized by carbox-
ylesterase 1A, which is expressed mainly in the liver, into
its main metabolite, CNS7054.® The pharmacokinetics of
CNS7054 are less extensively characterized, but the volume
of distribution is reported to be around 8 1, and the terminal
half-life is approximately 120 min.> This favorable pharma-
cokinetic profile of remimazolam contributes to the rapid
onset and short duration of effect.

Remimazolam exhibits sedative properties by binding
to the benzodiazepine binding site at the y-aminobutyric
acid type A (GABA)) receptor with a rapid onset of
effect (1 to 3min).*’ The contribution of CNS7054 to
the sedative properties of remimazolam is expected to be
negligible, because the affinity of remimazolam for the
GABA, receptor is about 320 to 410 times higher com-
pared to CNS7054.° Remimazolam does not have analge-
sic properties.” The effect of remimazolam can, however,
be enhanced during concomitant administration with
an opioid as a synergistic interaction between remima-
zolam and opioids on the Modified Observer’s Assessment
of Alertness and Sedation (MOAAS) scores has been
reported.'*!"!

The pharmacokinetics and pharmacodynamics under
target-controlled infusion (TCI) have not yet been stud-
ied. Therefore, we performed a dose-ranging trial under
TCI conditions in the absence or presence of concomi-
tant administration of the opioid remifentanil to evaluate
appropriate target concentrations for use in clinical practice.
In this first analysis, we quantified the pharmacokinetic-
pharmacodynamic relationship between remimazolam and
the MOAAS score and bispectral index (BIS) in the absence
of remifentanil under TCI conditions.
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Materials and Methods

This
Anesthesiology  of the

trial was conducted at the Department of
University Medical Center
Groningen, Groningen, The Netherlands. The independent
Ethics Committee of the Foundation “Evaluation of Ethics
in Biomedical Research” in Assen, The Netherlands, has
approved the study (clinical trial registry: https://clinicaltri-

als.gov; NCT04670471; protocol No. CNS7056-025).

Inclusion and Exclusion of Volunteers

Healthy volunteers were stratified across groups by age (18
to 34, 35 to 49, and 50 to 70 yr) and sex. Eligibility crite-
ria were an age between 18 and 70 yr, a body mass index
between 18 and 30kg/m?, a bilateral patent arteria radia-
lis, and an American Society of Anesthesiologists Physical
Status of I. All subjects agreed to abstain from alcohol for 2
days, nicotine for 1 week, and recreational drugs for 2 weeks
before the first dose and until the end of the trial. All volun-
teers agreed to use a medically accepted form of contracep-
tion. The exclusion criteria were recent (less than 3 months)
use of psychoactive medication, a history of illicit drug or
alcohol abuse, known intolerance to any of the medications
or ingredients of the drugs that were used during the trial,
a positive COVIDd-19 test, a positive pregnancy test, and
recent (less than 3 months) blood donation of 500ml or
more. Volunteers with bradycardia (less than 45 beats per
minute), hypotension (systolic blood pressure less than 90
mmHg), or hypertension (systolic blood pressure greater
than 140 mmHg) were also excluded. Written informed
consent was obtained from all volunteers.

Study Design

In this single-center, three-period, crossover, dose-ranging
trial, each volunteer received a step-up and step-down
remimazolam infusion in the absence or presence of con-
comitant remifentanil administration. The washout period
between periods was at least 1 week. During the first
period, remimazolam was administered without remifen-
tanil using TCI with effect-site target concentrations of
150, 300, 400, 800, 1,300, and 2,000 ng/ml during step-up
and 1,300, 800, 400, 300, and 150 ng/ml during step-down.
The infusion duration was composed of the time to reach
pharmacokinetic steady state, which depended on the rate
constant for effect-site equilibration and the targeted effect-
site concentration and ranged between 2 and 30 min, and
an equilibration period of 10min that was introduced to
ensure steady state was reached at each step of the infusion
protocol (Supplemental Digital Content 1, figs. 1 and 2,
https://links.lww.com/ALN/D354). Subsequently, phar-
macokinetic samples and pharmacodynamic outcomes
were collected during a period of approximately 10 min.
Therefore, each step in this infusion protocol was planned
to consist of at least 22min and up to 50 min of adminis-
tration of remimazolam. In the second and third periods,
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different remifentanil effect-site target concentrations (0.1
to 4.0ng/ml) were administered, and remimazolam was
administered using a similar step-up and step-down infu-
sion protocol as used in session 1. In case of early dropout,
additional healthy volunteers were included until a total of
24 healthy volunteers with data available in all three peri-
ods of the trial was available. The effect-site target concen-
trations, the number of targets, the number of volunteers,
and the number of blood samples and pharmacodynamic
measurements were optimized before the trial using clinical
trial simulations based on modeling results of Zhou et al."!
and Schiittler ef al.®

Drug Administration

Drugs were administered by two syringe pumps (AlarisTM
GH syringe pump, Becton Dickinson, USA) controlled
by a computer running RUGLOOP II software (Demed,
Belgium) for Windows (Microsoft, USA). The RUGLOOP
II software was programed to deliver remimazolam by
effect-site TCI using the model developed by Zhou et al.
with a rate constant for effect-site equilibration (ke0) of
0.135min"."

Study Procedures

During the study, a board-certified anesthesiologist and
nurse anesthetist were responsible for the monitoring
and safety of the volunteers. Upon arrival, the volunteers
were connected to a multichannel electroencephalo-
gram device (BrainAmp DC 23 amplifier, Brain Products,
GmbH, Germany) and to a BIS monitor (BIS Vista,
Medtronic, USA) using electrodes placed on the fore-
head. Two 20-gauge IV cannulas were used for fluid and
drug administration. For the remimazolam line, a sodium
chloride solution (Baxter B.V., The Netherlands) was used.
Fluids were administered at a flow rate of 1ml - kg - h™'.
After 4h, fluids were reduced to a flow rate of 0.5ml - kg™
- h™'. A 20-gauge arterial cannula was placed under local
anesthesia for hemodynamic monitoring and blood sam-
pling. Volunteers were connected to a Philips IntelliVue
MP50 vital signs monitor (Philips Medical Systems, The
Netherlands) using standard monitoring (electrocardio-
gram, noninvasive blood pressure monitoring, pulse oxime-
try, and atrial blood pressure). For advanced hemodynamic
monitoring, a HemoSphere (Edwards Lifesciences, USA)
was used. Ventilation was monitored using a Zeus ventila-
tor (Drager Medical, Germany). The volunteers breathed
spontancously through a tight-fitting mask to measure the
frequency, tidal volumes, and the end-tidal carbon dioxide.

Measurement of Drug Effect

The depth of sedation was assessed by the anesthesiologist
using the MOAAS score. The MOAAS score contains cat-
egories from 5 (fully alert) to 0 (fully sedated).'? See table
1, Supplemental Digital Content 1 (https://links.lww.com/
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ALN/D354), for an overview of the individual categories
of the MOAAS score. All volunteers were asked to stay
in bed with their eyes closed and not to engage in activ-
ities or spontaneous conversations except for reacting to
the MOAAS assessment. MOAAS scores were collected at
baseline, defined as 2min before drug infusion, and during
the last 5min of each step of the remimazolam infusion
protocol, in which it was assumed that the remimazolam
concentration was at steady state (see Supplemental Digital
Content 1, https://links.lww.com/ALN/D354). An arterial
blood sample was collected after each MOAAS assessment.
For pharmacokinetic modeling, additional arterial blood
samples were collected at defined non—steady state time-
points (see Supplemental Digital Content 2, https://links.
Iww.com/ALN/D355). The cerebral drug effect was con-
tinuously measured using the BIS. The median BIS value
from —60s up to the start of the MOAAS assessment was
used for this analysis. See figures 1 and 2 in Supplemental
Digital Content 1 (https://links.lww.com/ALN/D354) for
an overview of the entire sequence of interventions.

Recovery Period

A recovery period was initiated after completion of all
infusion steps or if any of the safety criteria (i.e., heart rate
less than 40 beats/min despite the use of atropine, changes
in cardiac rhythm resulting in clinically significant hemo-
dynamic instability) were reached. During the recovery
period, MOAAS scores were assessed with a 2-min interval
for the first 30 min until the volunteer reached two sequen-
tial MOAAS scores of 5. A volunteer was discharged from
the research unit when the volunteer reached a modified
Aldrete score of 10 and met the discharge criteria of the
hospital’s postanesthesia care unit.

Storage and Analysis of Blood Samples

Remimazolam and CNS7054 concentrations were deter-
mined in arterial plasma samples that were collected at
baseline (before the start of infusion) and at each step in
the infusion protocol at pseudo—steady state (i.e., after a
minimum equilibration period of at least 25min after tar-
get adjustment). Blood samples were collected in EDTA
tubes and stored on ice.Within 10 min after collection, sam-
ples were centrifuged (Labofuge 400R, Heracus Holding,
GmbH, Germany) for 10min at 2,000¢ at 4°C and trans-
ferred to cryovials. Remimazolam samples were stored at
—20°C until analysis. Remimazolam and CNS7054 con-
centrations were extracted from plasma using solid-phase
extraction and analyzed using ultra-high-performance liq-
uid chromatography—mass spectrometry at Aptuit (Italy).
Deuterium-labeled D4-remimazolam and D4-CNS7054
were used as internal standards. The lower and upper limits
of quantification were 2ng/ml and 2,000ng/ml (remima-
zolam) and 20 ng/ml and 20,000 ng/ml (CNS7054), with a
within-run precision of 6.6% or less.
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Model Development

A population pharmacokinetic model was first developed
to characterize the relationship between remimazolam
dose, remimazolam plasma concentration, and CNS7054
plasma concentration using a nonlinear mixed-effects mod-
eling approach (full details are provided in Supplemental
Digital Content 2, https://links.lww.com/ALN/D355).
Subsequently, this model was used to predict the remima-
zolam and CNS7054 plasma concentration in the population
pharmacodynamic models using the sequential population
pharmacokinetic parameters and data (PPP&D) approach.”

Population pharmacodynamic models were then
developed for MOAAS and BIS using all observations
collected in session 1.The Laplacian algorithm with inter-
action as implemented in NONMEM version 7.5 (Icon
Development Solutions, USA) was used for parameter esti-
mation in the population pharmacodynamic models. Pre-
and postprocessing of data were performed in R version
4.0.3 (R core team, Austria).

For MOAAS, a proportional odds model structure was
used in which the ordered categorical nature of the score
is preserved by estimating cumulative probabilities." The
cumulative probabilities are modeled as follows:

Logit [P (Y <1)] = Baseline (i) + Drug ef fect. (Eq 1)

In this equation, Y represents the observed MOAAS
score, 1 represents a particular category, and baseline(i) is
a parameter that represents the cumulative probability of a
particular score in the absence of drug in the logit domain.
The baseline parameter is constrained, where baseline(i)
< baseline(i + 1), to maintain the order in the cumula-
tive probabilities of the MOAAS scores. The drug effect
represents the change in cumulative probability in the
presence of drug in the logit domain. Linear, Emax, and
sigmoid equations were used to evaluate the influence of
the remimazolam concentration on the overall drug effect.
The cumulative probabilities in the logit domain can be
converted back to the probability domain using the expit
transform (equation 2), where X is the logit[P(Y < 1)].

PY < iz) = €/ (1 4+ €). (Eq2)

Probabilities for each MOAAS category can then be
derived using equation 3,

P(Y=i) = P(Y <i) — P(Y < i — 1)(Eq3)

in which, for the highest category, P (Y < i) = 1.

For BIS, similar to the MOAAS model, a logit transform
was used to preserve the bounds of the score between 0 and
100 (equation 4).

Y = 100 x (e(baseline — drug ef fect + residual error) /

(1 + e(baseline — drug ef fect + residual e'rrm‘)))

(Eq 4)
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In this equation, Y represents the observed BIS value,
baseline represents the expected baseline BIS value in the
absence of drug, and drug effect represents the change in
BIS in the presence of drug. The influence of remimazolam
concentration on the overall drug effect was evaluated as
described for the MOAAS model. Finally, the residual error
describes the discrepancy between the observed BIS and
model-predicted BIS and was assumed to follow a normal
distribution in the logit domain with a mean of 0 and esti-
mated variance.

Random effect parameters, representing differences
between subjects, were evaluated on all structural model
parameters assuming either a normal or log-normal distri-
bution. Model comparison was performed by comparing
the change in objective function value between compet-
ing models. A change in objective function value of —3.84
corresponds to a significant (P < 0.05) improvement in
model fit. Further, model performance was assessed by
visual predictive checks, plausibility and uncertainty of the
model parameters, and a condition number less than 1,000.
Uncertainty in the model parameters was estimated using

likelihood profiling.

Simulations

illustrate  the
pharmacokinetic-pharmacodynamic relationship between
remimazolam dose and MOAAS and BIS. Two scenarios
were evaluated. First, repeated bolus dosing was evalu-
ated, as recommended by the current European Union,
with an induction dose of 7mg administered over 1
min.! After 2min, additional bolus doses of 2.5mg can
be administered during a 15-s interval with at least 2 min
between dosages. In our simulations, a 3-min interval

Simulations were conducted to

was used between start and follow-up administrations.
Second, a continuous infusion protocol was evaluated,
similar to the continuous infusion protocol evaluated in
the confirmatory phase III study in the general anesthe-
sia setting, where 6 mg/min remimazolam was adminis-
tered for 3 min, continued by 2.5 mg/min for 7 min and
1.5mg/min for 50 min." For the repeated bolus dosing,
summary statistics were predicted at 10, 20, and 30 min
after treatment initiation. For the continuous infusion
protocol, summary statistics were predicted at 10, 20, 30,
and 60 min after treatment initiation. The parameters of
interest were BIS, the probability of reaching a MOAAS
score of 2 or 3, and MOAAS score less than 2 (sedation;
repeated bolus dosing scenario) and the probability of
reaching a MOAAS score of 0 (anesthesia; continuous
infusion scenario). In the simulations (n = 1,000), a ref-
erence subject of 70kg and a rate constant for effect-site
equilibration of 0.135min™' or 0.6 min™' was assumed. All
simulations were conducted using the RxODE package
(version 1.0.9) in R.

Vellinga et al.
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Results

A total of 28 of the 33 screened volunteers were eligible for
inclusion. Four volunteers were excluded, two volunteers
stopped early (after session 1 and after session 2, respec-
tively) for personal reasons, and two volunteers had a pos-
itive drug test upon arrival at the first session. Of the 24
volunteers enrolled in the study, 13 (54.2%) subjects were
male. These subjects had a mean (minimum, maximum) age
of 43 (19, 70) yr, weight of 74 (51, 106) kg, height of 175
(159, 192) cm, and body mass index of 24.1 (20.2, 29.4)
kg/m?. Cardiovascular and respiratory homeostasis were
maintained throughout the study duration (Supplemental
Digital Content 3, https://links.lww.com/ALN/D356).

Pharmacokinetics

The measured remimazolam and CNS7054 concentrations
per remimazolam target concentration during step-up and
step-down are displayed in figure 1. No bias was observed
between the observed remimazolam concentrations and the
predicted TCI target concentrations (median absolute pre-
diction error, —0.64%; 95% CI, —8.33 to 7.06%), and the
precision was acceptable (median absolute prediction error,
18.6%; 95% CI, 14.4 to 22.9%).

A difference in the remimazolam to CNS7054 concen-
tration ratio was observed between step-up and step-down.
The largest difference was observed at the 150ng/ml TCI
target concentration (step-up ratio, 0.35 [minimum, max-
imum: 0.23, 0.60] vs. step-down ratio, 0.02 [0.01, 0.05]).
A population pharmacokinetic model was fitted to the

10000+

1000+
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[ ]
.+.

100+ ¢

100 300 500 1000 3000
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data to quantify both the remimazolam and CNS7054
concentrations over time. Remimazolam and CNS7054
concentrations were well-captured by the population
pharmacokinetic model. No difference between step-up
and step-down infusions were observed in bias (step-up:
median absolute prediction error, 2.8%; 95% CI, —4.2 to
9.9%; step-down: median absolute prediction error, 0.1%;
95% CI, =11.9 to 12.1%) and precision (step-up: median
absolute prediction error, 25.0%; 95% CI, 17.6 to 32.5%;
step-down: median absolute prediction error, 18.6%; 95%
CI, 14.5 to 22.7%). Population pharmacokinetic model
structure, parameter estimates, parameter uncertainty, visual
predictive checks, and likelihood profiles can be found in
Supplemental Digital Content 2 (https://links.lww.com/
ALN/D355).

MOAAS Model Development

A total of 338 MOAAS observations was collected, and they
are shown in figure 2 (with the size of the orange circles
representing the distribution of observed MOAAS for each
TCI target concentration). Model development started by
fitting the proportional odds model without a drug effect.
A drug effect was then added, which was best described
using an Emax equation (change in objective function value,
—314.9) versus a linear equation (change in objective func-
tion value, —255.6). A sigmoid equation (change in objective
function value, —315.1) only showed minimal improvement
(change in objective function value, —0.2) over the Emax
equation, but this improvement was not significant.

10000-
[ ]
[ ]
1000- '!' _i_
[ ] s °
o
[ )
T
100- ® T
3000 1000 500 300 100

Target concentration (ng/mL)

Fig. 1. Plasma remimazolam and CNS7054 concentrations versus remimazolam target concentrations in step-up and step-down phases.
The black dots represent the observed remimazolam concentrations, and the gray dots represent the observed CNS7054 concentrations.
Black and gray lines represent the geometric mean of the remimazolam and CNS7054 concentrations. Orange lines represent the predicted

target concentration.
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Fig. 2. Modified Observer’s Assessment of Alertness and Sedation (MOAAS) scores versus remimazolam target concentrations in step-up
and step-down phases. Top, Model predictions did not account for potential tolerance development. Bottom, Model predictions accounted for
potential tolerance development. Orange dots represent observed MOAAS scores (size indicates relative frequency per remimazolam target
concentration). Solid and dashed lines represent the most frequently observed and predicted MOAAS scores, respectively.

An overlay of the predicted MOAAS according to this
model and the observed MOAAS (fig. 2, top panels) showed
a noticeable difference in the relative distribution of observed
MOAAS for each TCI target concentration between step-up
and step-down. In an attempt to explain this difference, we
explored the addition of a tolerance model to the MOAAS
model using two different approaches.

In the first approach, the influence of tolerance was eval-
uated using a tolerance compartment that drives the influ-
ence on the remimazolam drug effect, which was based
on the approach described by IThmsen et al.”” This method

ANESTHESIOLOGY 2024; 140:207-19

will be referred to as “remimazolam-induced tolerance.”
As a second approach, tolerance development was assumed
to be mediated by competitive inhibition by CNS7054,
which was based on the approach described by Holford
and Sheiner'® and Tuk et al.'” This method will be referred
to as “CNS7054-induced tolerance.” Both approaches were
evaluated using linear, Emax, or sigmoid-type equations.
Addition of tolerance mechanisms improved the over-
all model fit with a change in objective function value of
—136.7 assuming remimazolam-induced tolerance, and
a change in objective function value of —107.4 assuming

Vellinga et al.
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CNS7054-induced tolerance. For both CNS7054- and
remimazolam-induced tolerance models, the addition
of a Hill parameter on the drug effect of remimazolam
(remimazolam: change in objective function value, —21.4;
CNS7054: change in objective function value, —18.4) and
addition of a random effect on Emax (remimazolam: change
in objective function value, —20.5; CNS7054: change in
objective function value, —39.5) further improved the
model. The difference between the two final models was a
change in objective function value of —20.5 in favor of the
remimazolam-induced tolerance model, but the condition
number of remimazolam-induced tolerance model indi-
cated model instability (remimazolam, 8,050; CNS7054,
134). Therefore, the CNS7054 tolerance model was used
for the simulations. In the bottom panels of figure 2, the
predicted MOAAS with the CNS7054-induced tolerance
model 1s shown. Figure 2 shows that our final model bet-
ter described the observed difference between the step-up
and step-down periods. To ascertain that this observation
was not driven by the step-up data only, the model was
refitted based on data solely obtained in the down-titration
phase. The difference in objective function value between
the model with and without tolerance on this subset of data
is =59.9 (P < 0.001) in favor of the model with tolerance,
which also confirms data during the down-titration phase
were better described. Model code, visual predictive checks,
and likelihood profiles of the CNS7054 tolerance model

Remimazolam Target-controlled Infusion

are shown in Supplemental Digital Content 4 (https://
links.Iww.com/ALN/D357). Model parameters for the
CNS7054-induced tolerance model are provided in table 1.

BIS Model Development

A total of 328 BIS observations were collected and are
shown in figure 3. Model development started by fit-
ting a model with a random effect on baseline without a
drug effect. A drug effect was then added, which was best
described using an Emax equation (change in objective
function value, —1,006.4) versus a linear equation (change
in objective function value, —857.1). A sigmoid equation
(change in objective function value, —1,006.8) showed
only minimal improvement (change in objective function
value, —0.4) over the Emax equation, but this improvement
was not significant. Similar to the MOAAS, the observed
BIS, shown in the top panels of figure 3, suggests tolerance
development. Addition of tolerance mechanisms improved
the overall model fit with a change in objective function
value of =129.7 assuming CNS7054-induced tolerance, and
a change in objective function value of —137.6 assuming
remimazolam-induced tolerance.

The difference between the two final models was a
change in objective function value of =7.9 points in favor
of remimazolam-induced tolerance.The condition num-
ber of the remimazolam-induced tolerance model was

Table 1. Parameter Estimates of Bispectral Index and Modified Observer’s Assessment of Alertness and Sedation Scores

Lower Limit Upper Limit Interindividual Lower Limit Upper Limit Shrinkage
Parameter Name Parameter Estimates (95% Cl) (95% Cl) Variability (95% Cl) (95% CI) (%)
Bispectral index
Baseline (100 — estimate) BASEB 5.1 48 55 0.005 0.003 0.01 21.1
Maximum drug effect in logit EMAXB 3.7 3.5 4.0
domain
EC50 — remimazolam (ng/ml) EC50B 241 182 311
EC50 — CNS7054 (ng/ml) EC50BM 7,838 6,103 10,226
Additive residual error (SD) 0.41 0.38 0.45 55
MOAAS
Baseline in logit domain BASEO -10.1 -11.8 -8.9
MOAAS <0
Baseline in logit domain BASET1 3.1 25 3.9
MOAAS < 1
Baseline in logit domain BASE2 0.4 0.2 0.8
MOAAS < 2
Baseline in logit domain BASE3 1.1 0.7 1.7
MOAAS < 3
Baseline in logit domain BASE4 2.7 2.1 3.4
MOAAS < 4
Maximum drug effect in logit EMAXM 12.4 101 15.3 0.035 0.013 0.078 18.2
domain
EC50 — remimazolam (ng/ml) EC50M 189 150 245
EC50 — CNS7054 (ng/ml) EC50MM 1,351 481 3,108
Hill parameter GAMMAM 21 1.7 2.6

The interindividual variability was expressed as SD in the logit domain. The residual variability of the bispectral index model was expressed as SD in the logit domain. The lower limit
and upper limit of the 95% CI of the parameters were derived using log-likelihood profiling. Model code, visual predictive checks, and likelihood profiles of the CNS7054 tolerance

model are shown in Supplemental Digital Content 4 (https:/links.lww.com/ALN/D357).
MOAAS, Modified Observer’s Assessment of Alertness and Sedation.
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Fig. 3. Bispectral index values versus remimazolam target concentrations in step-up and step-down phases. Top, Model predictions did not
account for potential tolerance development. Botfom, Model predictions accounted for potential tolerance development. Gray dots represent
observed bispectral index values. Black and orange lines represent the observed and predicted mean bispectral index values, respectively.

higher (remimazolam, 1,051.6; CNS7054, 185.1). No
differences between the tolerance models were observed
in goodness-of-fit plots. In the bottom panels of figure 3,
the predicted BIS according to the CNS7054 toler-
ance model is shown. This model better described the
observed difference between the step-up and step-down
periods. The CNS7054-induced tolerance model was
used for subsequent simulations. Model code, visual pre-
dictive checks, and likelihood profiles of the CNS7054
model are displayed in Supplemental Digital Content 4
(https://links.lww.com/ALN/D357). Model parameters

ANESTHESIOLOGY 2024; 140:207-19

of the CNS7054-induced tolerance model are provided
in table 1.

Simulations

Simulations were conducted to visualize the pharmacokinetic-
pharmacodynamic relationship between remimazolam and
BIS and MOAAS after repeated bolus dosing or continu-
ous infusion (fig. 4; table 2). For the repeated bolus dose
simulations, BIS was predicted to be 54 (95% prediction
interval, 44 to 67) in the model without tolerance versus

Vellinga et al.
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Fig. 4. Simulated bispectral index (BIS) values and probability of Modified Observer’s Assessment of Alertness and Sedation (MOAAS) scores
2/3 (sedation) or 0 (anesthesia) after repeated bolus dose administration (fop) or continuous infusion (bottom). The solid black lines are
simulations that account for potential tolerance development, while dashed lines are simulations that do not account for potential tolerance
development. The units are nanograms per milliliter for remimazolam and CNS7054 concentration, points for BIS, and percentage for MOAAS

2/3 and MOAAS 0.

Table 2. Simulated Mean (95% Prediction Intervals) BIS Values and Probability of MOAAS 2/3 (Sedation), MOAAS < 2 or 0 (Anesthesia)
after Repeated Bolus Dose Administration or Continuous Infusion Assuming a Rate Constant for Effect-site Equilibration of 0.135 min-!

Timepoint (min) P(MOAAS 2/3) (%) P(MOAAS < 2) (%) P(MOAAS 0) (%) BIS (Points)

Repeated bolus dose Without tolerance 10 4 (0-36) 94 (36-100) 59 (49-71)
20 3(0-33) 97 (47-100) 55 (45-68)

30 2(0-32) 97 (51-100) 54 (44-67)

With tolerance 10 7 (0-36) 90 (27-100) 60 (50-72)

20 7 (0-36) 91 (27-100) 58 (48-70)

30 8 (0-36) 90 (24-100) 58 (48-70)

Continuous infusion Without tolerance 10 86 (18-100) 41 (33-50)
20 86 (17-100) 41 (34-51)

30 86 (18-100) 41 (34-51)

60 87 (18-100) 40 (33-50)

With tolerance 10 83 (15-100) 42 (35-52)

20 76 (11-100) 45 (47-55)

30 70 (9-99) 47 (38-57)

60 59 (6-99) 50 (41-60)

BIS, bispectral index; MOAAS, Modified Observer’s Assessment of Alertness and Sedation.

58 (95% prediction interval, 48 to 70) in the model with
tolerance after 30 min of dosing. The probability of reaching
a MOAAS score of 2 or 3 was 2% (95% prediction interval,
0 to 32%) in the model without tolerance versus 8% (95%
prediction interval, 0 to 36%) in the model with tolerance
after 30min of dosing. The probability for oversedation
(MOAAS score less than 2) decreased when tolerance was
assumed (table 2).

For the continuous infusion, the predicted BIS was 40
(95% prediction interval, 33 to 50) in the model without
tolerance versus 50 (95% prediction interval, 41 to 60) in
the model with tolerance after 60 min of dosing. The prob-
ability of reaching a MOAAS score of 0 was 87% (95%
prediction interval, 18 to 100%) in the model without tol-
erance versus 59% (95% prediction interval, 6 to 99%) in the
model with tolerance after 60 min of dosing. Simulations
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with a rate constant for effect-site equilibration of 0.6 min™'
showed similar trends (Supplemental Digital Content 4,
https://links.Iww.com/ALN/D357).

Discussion

In this dose-ranging trial, a difference in the sedative effects
of remimazolam, as measured by MOAAS and BIS, was
observed at identical TCI target concentrations between the
step-up and step-down parts of the titration scheme. The
difference could not be explained by a bias in the predicted
remimazolam target concentrations. Pharmacodynamic
models for MOAAS and BIS that assumed tolerance devel-
opment were able to better describe the observed difference
in the sedative effects between the step-up and step-down
parts of the titration scheme.

The observed difference in sedative effects between
step-up and step-down could indicate that the population
pharmacokinetic model, used for TCI administration of
remimazolam in this trial, displayed a bias in the predicted
target concentrations. The observed remimazolam con-
centrations, however, indicated that the model was able to
adequately describe the pharmacokinetics of remimazolam
over time. The population pharmacokinetic model devel-
oped from these data resulted in very similar pharmacoki-
netic parameters to those of the model used to design the
clinical trial." In addition, model diagnostics, both graphi-
cally and numerically, did not show clear signs of a misspec-
ification of remimazolam concentrations between step-up
and step-down, which further confirms that the pharmaco-
kinetic profile of remimazolam behaved as expected.

It was therefore hypothesized that the observed difter-
ence in sedative effects between step-up and step-down
was caused by pharmacodynamic mechanisms, such as
development of acute tolerance or tachyphylaxis. Svensson
proposed a mechanistic distinction between (acute) tol-
erance and tachyphylaxis, where tachyphylaxis is reserved
for attenuation of drug response by cellular depletion.'
Cellular depletion is not directly a logical explanation for
the observed difference between step-up and step-down
as the mechanism of action of remimazolam is based on
enhancing the effects of y-aminobutyric acid, and we are
not aware of any depletion downstream of the receptor.
Development of acute tolerance was therefore explored.

Acute tolerance has been observed before by Zhou et
al.,'" who used the cumulative dose to account for a bias
in the relationship between remimazolam concentration
and BIS over time, and by Io ef al.,"” who demonstrated
tolerance development in remimazolam-induced sedation
in a miniature pig model. We explored two different, more
mechanistic, modeling approaches to describe tolerance
in the sedative effects. In the first approach, tolerance was
induced by the remimazolam concentration using a tol-
erance compartment, which is similar to the effect com-
partment approach, where an additional compartment

ANESTHESIOLOGY 2024; 140:207-19

is used to describe delays between pharmacokinetics and
pharmacodynamics. The second approach was inspired by
the observed difference in the remimazolam to CNS7054
concentration ratio during step-up and step-down, where
the metabolite concentration influenced the affinity of
remimazolam assuming competitive antagonism. The data
from this trial indicated more plausible model parameters
and a more stable model when tolerance was induced by
CNS7054.

Tolerance development has also been described pre-
viously for another short-acting benzodiazepine, RO48-
6791, and other benzodiazepines like midazolam.'*!'” For
RO48-6791, tolerance has been successfully described
by an additional tolerance compartment that was driven
by the concentration of RO48-6791." The drug effect
was then modified using a competitive interaction
model. For RO48-6791, the hypothetical tolerance com-
partment followed the pharmacokinetic behavior of the
metabolite, and therefore tolerance was also described
using a model where the metabolite concentration of
RO48-6791 was driving tolerance.' This model resulted
in a similar fit as the model where tolerance was driven
by RO48-6791, suggesting that tolerance of RO48-6791
could be mediated by the metabolite."” In our analy-
sis, we also found that both approaches could describe
tolerance, which suggests that also for remimazolam,
CNS7054 could be driving potential tolerance develop-
ment in the sedative effects.

The exact tolerance mechanism of remimazolam
remains unclear. Tolerance driven by a metabolite has
also been described for midazolam and its metabolite
o-hydroxymidazolam."” The difference, however, between
midazolam and RO48-6791 is that the metabolite of
RO48-6791 does not have an intrinsic effect for GABA ,
whereas 0-hydroxymidazolam does have an intrinsic effect
for GABA,.">" For RO48-6791, it is expected that the
metabolite influences the concentration of parent drug
at the receptor site and, consequently, weakens the effect.
CNS7054 was also best described when assuming no
intrinsic effect for GABA, (data not shown). Therefore,
potential tolerance development of remimazolam resem-
bles tolerance development of RO48-6791 and could also
be attributed to a weakening of effect due to influenc-
ing the remimazolam concentration at the receptor site.
We cannot, however, distinguish remimazolam-induced
tolerance development versus CNS7054-induced tolerance
development.To confirm that CNS7054 induces tolerance,
in vitro experiments, such as functional assays with recom-
binantly expressed GABA  receptors or inducible plurip-
otent stem cells that are differentiated into GABAergic
neurons, should be conducted.

The simulations from our final models for MOAAS and
BIS indicate that the clinical impact of tolerance develop-
ment on the sedative effects of remimazolam is limited for
the simulated U.S. dosing regimens for procedural sedation
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targeting short procedures (less than 30min). At the same
time, it is noteworthy to appreciate that our results suggest
that CNS7054 could be involved in the tolerance devel-
opment of remimazolam. Hence, tolerance development
could be more pronounced in situations where CNS7054
pharmacokinetics are different from those in healthy vol-
unteers. For example, in patients with impaired kidney
function, where higher CNS7054 concentrations have
been reported, the CNS7054-induced tolerance may have
a larger impact on the sedative effects of remimazolam.
Unfortunately, the dose in the clinical trial that studied
the influence of impaired kidney function was too low to
demonstrate an influence on the sedative effects of remi-

mazolam.”

Tolerance development would also be more
pronounced in situations when remimazolam infusion is
stopped.

This study aimed to evaluate appropriate target concen-
trations for use in clinical practice. However, in the presence
of tolerance development, the effects of remimazolam on
MOAAS and BIS change over time. One consequence of
this finding is that TCI targets aimed at attaining a fixed
sedative effect (e.g., targeting a BIS of 50) will change with
time, which complicates remimazolam administration using
TCI. In addition, administration of remimazolam using TCI
is especially beneficial for appropriate sedation in long-term
procedures. The impact of the quantified tolerance devel-
opment for long-term procedures is difficult to determine
as titration steps in this study had a relatively short duration
(approximately 25min) and did not take into account the
titration to effect that is part of common clinical practice.
Future studies will therefore need to determine appropriate
ways of managing tolerance development in the sedative
effects of remimazolam at the bedside.

A limitation of the trial is that relatively few observa-
tions of MOAAS 2 and 3 were collected, which increases
uncertainty in the predictions for these MOAAS scores,
which are most relevant for sedation. Additionally, limited
CNS7054 pharmacokinetic samples were collected after
stop of infusion. Therefore, we could not quantify a sec-
ond distribution compartment of CNS7054, which has
been described previously. This is, however, not expected
to influence the described tolerance development of remi-
mazolam. The tolerance phenomenon was unexpected, and
therefore, the clinical trial was not a priori designed to char-
acterize the observed tolerance development. It is unclear
to what extent the tolerance phenomenon observed in this
study depends on our study design. A study with prolonged
target-controlled infusion at a constant effect-site concen-
tration would be highly informative for studying the toler-
ance phenomenon and could be used in a future study to
confirm our findings. An effect-site elimination rate con-
stant of 0.135min! was assumed in the simulations as the
rate constant for effect-site equilibration could not be esti-
mated in this clinical trial due to the collection of MOAAS
and BIS at steady state. An alternative effect-site elimination

Remimazolam Target-controlled Infusion

rate constant did not alter conclusions that were based on
the simulations as additional simulations using an effect-site
elimination rate of 0.6 min™ showed similar trends to those
displayed in figure 4. Finally, this trial included healthy vol-
unteers, and it is therefore unknown whether the observed
tolerance development is also apparent in the patient setting.
Therefore, future studies are needed to confirm or negate
our findings (e.g., in patients with impaired kidney function
using a higher remimazolam dose) and, if relevant, establish
appropriate ways of handling tolerance in a broad patient
population (e.g., by studying different dosing regimens).

that
concentration—dependent sedation for remimazolam with

In conclusion, we showed there is target
little impact on vital signs. However, remimazolam-induced
sedation is prone to tolerance development, which is poten-
tially mediated by the CNS7054 concentration. The clini-
cal consequences for short-term procedures for the general
population are limited, but a more pronounced tolerance
effect can be expected in long-term procedures and in
patients with impaired kidney function. This does not have

clinical consequences when titrating to effect.
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