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Abstract
The analysis aimed at identifying subject- specific characteristics (covariates) influ-
encing exposure to daridorexant and quantification of covariate effects to determine 
clinical relevance. Data from 13 phase I, two phase II, and two phase III studies 
were pooled to develop a population pharmacokinetic model describing darido-
rexant concentration over time. Covariate effects were quantified based on model 
predictions. A two- compartment model with dose- dependent bioavailability, ab-
sorption lag time, linear absorption, and nonlinear elimination described the data 
best. Statistically significant covariates were food status on absorption (lag time 
and rate constant), time of drug administration (morning, bedtime) on absorption 
rate constant, lean body weight on central volume of distribution and elimination, 
fat mass on peripheral volume of distribution and intercompartmental drug trans-
fer, and age and alkaline phosphatase on elimination. Age, lean body weight, fat 
mass, and alkaline phosphatase influence exposure (area under the curve, time of 
maximum concentration after dose administration, maximum plasma concentra-
tion, and next- morning concentration) to a limited extent, that is, less than 20% 
difference from a typical subject. Morning administration is not relevant for dari-
dorexant use by insomnia patients. The food effect with simultaneous intake of a 
high- fat, high- calorie food is an extreme- case scenario unlikely to occur in clinical 
practice. Body composition, alkaline phosphatase, and age showed clinically negli-
gible effects on exposure to daridorexant. Lean body weight and fat mass described 
the pharmacokinetics of daridorexant better than other body size descriptors (body 
weight, height, body mass index), suggesting a convenient physiological alternative 
to reduce the number of covariates in population pharmacokinetic models. The 
results indicate that differences between subjects do not require dose adjustments.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The orexin system is involved in the regulation of sleep and arousal and currently 
targeted with new therapies for sleep disorders such as insomnia. Daridorexant 
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INTRODUCTION

Insomnia disorder is defined as a predominant complaint 
of dissatisfaction with sleep quantity or quality associ-
ated with difficulty initiating sleep, difficulty maintain-
ing sleep, or early- morning awakening with an inability 
to return to sleep. Estimates indicate a prevalence of 6%– 
10% of adults meeting the established diagnostic crite-
ria.1 As a consequence, clinically significant distress or 
impairment in social, occupational, educational, aca-
demic, behavioral, or other important areas of function-
ing occur.

Orexin is suggested to play a key role in insomnia and 
the sleep/wake cycle.2 Orexin receptor antagonists appear 
to not induce dependency and reduced efficacy over time, 
that is, tolerance.3 Thus, safety and tolerability clearly dif-
fer from older treatment options such as barbiturates, ben-
zodiazepines, or nonbenzodiazepines such as zolpidem. 
Following the marketed dual orexin receptor antagonists 
(DORAs) suvorexant and lemborexant, daridorexant was 
approved for marketing in the United States4 and the 
European Union5 in 2022 supported by two pivotal clini-
cal studies.6 The recommended dose is 50 mg.

The molecular weight of daridorexant is 451 g/mol,7 and 
the absolute bioavailability was estimated as 62% derived 
from an oral dose of 100 mg of daridorexant and a micro-
dose of 2.02 μg. Elimination was determined to be primarily 

via feces (56.6%) and urine (27.9%).8 Daridorexant is pri-
marily metabolized by cytochrome P450 3A4.9

The clinical program of daridorexant in insomnia so 
far comprised 18 phase I studies, two phase II studies, 
and three phase III studies with further studies in plan-
ning. The aim of this study was to identify subject- specific 
characteristics influencing exposure (area under the curve 
[AUC], maximum plasma concentration [Cmax], time of 
maximum concentration after dose administration [tmax], 
and next- morning concentration [C8h]) in healthy subjects 
and insomnia patients. The covariate effects were quanti-
fied to determine clinical relevance and in turn the neces-
sity of dose adaptation in special populations.

Sleep- inducing drugs such as daridorexant have spe-
cific modeling aspects such as assessing next-morning 
concentrations (possibly related to daytime functioning) 
and daytime versus nighttime pharmacokinetics (PK) (i.e., 
during sleep), showing that identification of clinically rel-
evant covariates plays a role in efficacy and safety aspects.

METHODS

Data

Daridorexant concentration data from 13 clinical phase 
I studies, two phase II studies, and two phase III studies 

(ACT- 541468) is a potent and selective dual orexin receptor antagonist that blocks 
the actions of orexin neuropeptides at both orexin- 1 and orexin- 2 receptors. 
Daridorexant was approved for marketing by the US Food and Drug Administration 
and the European Medicines Agency in 2022 for the treatment of insomnia.
WHAT QUESTION DID THIS STUDY ADDRESS?
Quantification of exposure to daridorexant for subjects differing by demograph-
ics, food status, time of drug administration, and disease status to judge if dose 
adaptation is required for particular subject characteristics.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Daridorexant pharmacokinetics (PK) were characterized by a two- compartment 
model with dose- dependent bioavailability and nonlinear drug elimination most 
pronounced at concentrations originating from doses above the clinical dose of 
50 mg. Food status and time of drug administration (morning vs. bedtime), body 
composition, age, and alkaline phosphatase influence exposure to daridorexant. Age 
and body composition as well as alkaline phosphatase influence exposure param-
eters to a limited extent, that is, not more than 20% different from a typical subject.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Lean body weight and fat mass provided a better characterization of the PK of 
daridorexant than body weight, height, body mass index, age, or sex, suggest-
ing body composition as a physiologically meaningful PK covariate with lower 
dimensionality than a set of standard demographic covariates, in particular for 
lipophilic compounds. The clinical implications of differences in daridorexant 
concentration between subjects with different characteristics are negligible.
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were combined. The data not used for population PK mod-
eling were largely excluded because of placebo treatment, 
other concomitant medication (e.g., in drug– drug inter-
action studies with diltiazem, midazolam, citalopram, 
or ethanol), formulations of no further clinical relevance 
(liquid- filled soft gelatin capsule), or concentration meas-
urements prior to first- dose administration (467). The 
orally administered doses ranged from 5 to 200 mg.

Model development

1. The population PK model was developed in a stepwise 
approach. Selection of the structural model that best 
described daridorexant concentrations over time (i.e., 
absorption, distribution, and elimination) was based 
on data from phase I studies in healthy subjects with 
dense PK sampling. One- , two- , and three- compartment 
models with linear and nonlinear absorption with and 
without lag time and linear and nonlinear elimination 
were evaluated.

2. Parameter estimation was based on all PK data from 
phase I studies (healthy subjects, subjects with hepatic/
renal impairment) using the structural model selected 
in Step 1. This model formed the phase I base model for 
subsequent covariate analysis.

3. Covariate analysis, that is, univariate forward 
 inclusion/backward elimination, used all phase I data.

4. All PK data, that is, phase I, II, and III data, were 
combined, and model parameters were (re)estimated. 
Parameters for which phases II and III (sparse) data did 
not provide additional information, for example, ab-
sorption parameters, intercompartmental drug transfer, 
interindividual variability (IIV), and covariate effects, 
were kept fixed to the estimates obtained in Step 3.

5. The final covariate analysis using the full data set 
was restricted to drug clearance and volume(s) of 
distribution. Univariate forward inclusion/back-
ward elimination was used to determine significant 
parameter– covariate relationships.

IIV was added a priori to each of the model param-
eters and only removed if, for example, the parameter 
was very small with a high relative standard error (RSE). 
Parameters were estimated using stochastic approxima-
tion of expectation maximization (SAEM).10

For all covariates, the baseline value was defined as 
the last measurement prior to study drug administration. 
Candidate covariates for the PK model were as follows: co-
variates (Table S1) were assessed for their impact on the 
specified model parameters. Other covariates were inves-
tigated if indicated by plots displaying random effects ver-
sus covariates and the associated p value calculated with 

Pearson's correlation test (continuous covariates) or anal-
ysis of variance (categorical covariates). If a covariate was 
included in the defined set of candidate covariates or was 
statistically significant (p < 0.05) based on the aforemen-
tioned criteria, the covariate was included in the model and 
formally tested for significance using Wald's test.11 This 
procedure was performed univariately, that is, assessing 
one covariate on one model parameter per run (univariate 
forward selection). All covariates that were statistically sig-
nificant (p < 0.05) were included in a full covariate model.

Based on the full covariate model, an iterative backward 
elimination was performed. After each run, the least signif-
icant covariate was dropped until all remaining covariates 
were statistically significant (p < 0.01). Body weight was 
the primary body size descriptor assessed as a covariate (to 
allow for pediatric scaling based on body size, i.e., volume 
of distribution). Other body size descriptors such as body 
mass index (BMI), lean body weight, and fat mass were 
assessed if suggested by graphical analyses and statistical 
criteria. These variables were only kept in the model if:

a. A statistically significant effect on top of a body weight 
effect was apparent, or

b. The effect was statistically significant while the body 
weight effect was not.

Continuous covariate– parameter terms were included 
in the model as power relationships:

Parameter=�∗
(

cov∕referencecov
)��,cov

where θ is the population parameter for the reference co-
variate value, and βθ,cov is the parameter estimate for the 
covariate effect. Reference values were chosen as round 
values close to observed medians.

Categorical covariate– parameter terms were imple-
mented as power relationships:

Parameter = �∗exp
(

��,cov
)

where θ is the population parameter for the reference co-
variate category, and βθ,cov is the covariate effect parameter.

Continuous covariates were centered at a round value 
close to the observed median. Categorical covariates were 
investigated versus a specified reference category, typi-
cally the most frequent. Table 1 provides an overview.

For categorical covariates, only categories compris-
ing more than 5% of the subjects were considered. This 
rule was not applied to food status (light meal/uncon-
trolled, fasted, fed), hepatic/renal impairment, and drug 
formulation.

Body size– related covariates were defined as follows 
BMI  =  body weight (kg)/body height (m)2, lean body 
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weight = 9270 * body weight/(6680 + 216 * BMI) for male 
subjects and 9270 * body weight/(8780 + 244 * BMI) for fe-
male subjects,12 and fat mass was derived from the differ-
ence between body weight and lean body weight.

Covariate selection was performed using the com-
bined stochastic approximation for model building and 
conditional sampling for stepwise approach based on 
correlation tests methodology, an automated covariate 
model– building algorithm in Monolix.13,14 The laboratory 
parameter alkaline phosphatase (ALP) was specifically 
considered because it was identified as a covariate in the 
population PK model for lemborexant.15

Model qualification

Model qualification was based on the precision of the pa-
rameter estimation based on RSE and goodness- of- fit plots 
of observations versus predictions and residuals versus time 
and versus predictions. Predictive model performance was 
assessed based on visual predictive checks (VPCs) without 
covariates and prediction- corrected VPCs (pcVPCs) with co-
variates. In addition, Akaike's information criterion was eval-
uated, a combination of goodness of fit and a penalty term for 
the number of parameters, that is, the model complexity.16

Model- based simulations

The final population PK model was employed to derive 
exposure estimates for different subject characteristics 

based on the statistically significant covariates. Covariate 
effects, that is, exposure parameters, were estimated for 
the 5% and 95% quantiles of covariates and quantified in 
comparison to the reference subject (defined as 60 years 
of age, fat mass of 20 kg, lean body weight of 55 kg, ALP of 
60 U/L, food status light meal/uncontrolled, and bedtime 
drug administration). Exposure estimates were derived 
for the first day of drug administration because daridorex-
ant exhibits negligible drug accumulation.

Visualizations and tabulated numerical results of ex-
posure parameters were created for the exposure param-
eters Cmax and tmax, next-morning plasma concentration 
(C8h), and AUC over a 24- h interval.

Software

The statistical programming environment R17 was used 
for data set preparation, exploratory analyses, and the 
visualization of results. Population PK modeling was 
performed using Monolix18 and its implementation of 
the SAEM method10,19 for model fitting. Concentrations 
below the lower limit of quantification (LLOQ) were 
treated as censored and simulated from a lognormal dis-
tribution restricted to the range (0, LLOQ). The Fisher 
information matrix and log- likelihoods were generally es-
timated using stochastic approximation unless numerical 
convergence could not be achieved (in which case linear 
approximation was used). The stiff ordinary differential 
equation solver was used in case of nonconvergence of the 
ordinary differential equation solver (in a few cases during 

T A B L E  1  Covariate summary

Variable at baseline 
(unit) Minimum First quartile Median Mean Third quartile Maximum

Age (years) 18 38 54 51.8 66 88

Body weight (kg) 42.0 64.9 73.6 74.7 83.2 119.5

BMI (kg/m2) 17.6 22.9 25.4 25.8 28.1 39.6

LBW (kg) 29.1 41.3 47.2 50.3 59.6 83.9

FM (kg) 7.0 19.0 23.4 24.4 28.9 58.6

Categorical variable at baseline Group (size)

Sex Female (1155), male (743)

Race/ethnicity White (1646), Black or African American (175), Asian (36), Japanese (17), American Indian or 
Alaska Native (4), Native Hawaiian or Other Pacific Islander (4), not reported (1), other (15)

Hepatic impairment Healthy (1882), mild (8), moderate (8)

Renal impairment Healthy (1891), severe (7)

Laboratory value at 
baseline (unit) Minimum First quartile Median Mean Third quartile Maximum

ALP (U/L) 16 50 61 64 75 244

CLcr (ml/min) 16 79 98 101 120 241

Abbreviations: ALP, alkaline phosphatase; BMI, body mass index; CLcr, creatinine clearance37; FM, fat mass; LBW, lean body weight.
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structural model identification). Berkeley Madonna was 
used for model exploration and visualization.20,21 Simulx 
was used to perform model- based simulations.22

RESULTS

Data characteristics

The phase I studies provided 9420 concentrations from 412 
subjects, and the two phase II and two phase III studies 
provided 3207 next-morning concentrations from 1486 in-
somnia patients, totaling 12,627 concentrations from 1898 
subjects. Some observations had to be excluded for reasons 
such as missing dosing history (2), measurements not being 
performed (32), missing concentration values (2), missing 
time of dose administration or concentration measurement 
(8), no drug intake (1), or switched samples (24).

Different study setups provided information on sub-
ject characteristics (e.g., age), drug administration times 
(mostly morning in the phase I studies and bedtime in the 
phase II and III studies), or food effects (Table S2).

Population PK model

The concentration- time course of daridorexant was de-
scribed by a two- compartment population PK model with 
bioavailability reduced at higher doses, linear absorption, 
and nonlinear elimination apparent at high concentrations 
associated with doses higher than 50 mg. The final param-
eter estimates are provided in Table 2. The model described 
the daridorexant concentration data well across the dose 
range from 5 to 200 mg. Model predictions and simulations 
showed good alignment with the observed data (Figures S1– 
S5). Further analyses did not indicate systematic differences 
between observations and predictions (Figures S6– S10).

The evaluation of covariate effects showed that the in-
clusion of body size descriptors improved the model fit. 
Lean body weight and fat mass described the data more 
accurately than combinations of alternatives such as 
body weight, BMI, age, or sex. The formulae for deriva-
tion of lean body weight (fat- free mass) are sex specific 
and include body weight and BMI.12 Alternative methods 
include age and estimate both, lean body weight and fat 
mass, separately per sex.23

Although it can be difficult to identify the correct re-
lation of volumes of distribution and body size descrip-
tors,24 body composition and the relation of volumes to 
lean body weight and fat mass provide a physiologically 
plausible model structure, in particular for a lipophilic 
compound such as daridorexant. These relationships are 
visualized for different covariates (Figure 1). The complete 

separation of sexes with lean body weight and fat mass 
(Figure 2) indicates that sex provides no additional infor-
mation to body composition.

The PK model parameters comprised the components 
bioavailability (fraction F of the dose), absorption (absorption 
lag time, tlag, and absorption rate constant, ka), distribution 
(central and peripheral volumes, Vc and Vp, with intercom-
partmental transfer Q), and elimination (Vm and Km).

The relative bioavailability F was found to decrease 
with higher doses: a dose of 200 mg was estimated to have 
52% of the bioavailability of the 50 mg dose or approxi-
mately twice as much drug bioavailable with a dose four 
times as high.

The estimated tlag was 15 min (fasted), 25 min (light meal/
uncontrolled), and 46 min (high- fat, high- calorie food). The 
absorption rate constant increased by 9% in the fasted state 
and decreased by 70% with high- fat, high- calorie food com-
pared with light meal/uncontrolled food intake. Morning 
administration showed a 186% higher absorption rate con-
stant compared with bedtime administration.

The central volume of distribution was associated with 
lean body weight, and the peripheral volume of distribu-
tion and the intercompartmental transfer rate were asso-
ciated with body fat mass.

The elimination parameter Km was found to be related to 
lean body weight, age, and ALP. Km decreased with higher 
lean body weight and increased with higher age and higher 
ALP levels. Higher ALP levels are associated with reduced 
liver function and cholestasis (decreased bile flow).25

Creatinine clearance, renal impairment (yes/no with 
renally impaired subjects from a dedicated study), hepatic 
impairment (yes/no with hepatically impaired from a ded-
icated study), and race (Black or African American) were 
not statistically significant at the 1% level on bioavailabil-
ity, absorption, and elimination.

The relationships between model parameters and co-
variates are summarized in Table 3.

Model qualification

All model parameters were well estimated as evidenced 
by the RSE values that were below 20% for all structural 
model parameters and random effects (Table 2).

Observations and predictions showed good alignment 
on the population and individual levels for the base model 
in healthy subjects (Figures S1 and S2) and the full data 
set with healthy subjects and patients with insomnia dis-
order (Figures S3– S5). Analyses of residuals and random 
effects indicated good alignment between the observed 
data and model fits overall (Figures S6– S10).

Predictive model performance was shown to be good based 
on pcVPCs comparing observed to model- predicted 5th, 50th, 
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T A B L E  2  PK model parameter estimates for selected models

Phase I data (intense PK) All Phase I data All data, reestimation All data, final model

Estimate RSE(%) Estimate RSE(%) Estimate RSE(%) Estimate RSE(%)

Parameter
F 0.53 3.43 0.41 1.53 0.41 0.41

Dose −0.66 4.39 −0.47 4.17 −0.47 −0.47
tlag (h) 0.29 0.06 0.41 7.94 0.41 0.41

Food: fasted on tlag −0.51 16.50 −0.51 −0.51
Food: fed on tlag 0.62 17.80 0.62 0.62

ka (1/h) 5.28 0.09 1.05 18.70 1.05 1.05
Food: fasted on ka 0.09 172.00 0.09 0.09
Food: fed on ka −1.19 16.90 −1.19 −1.19
Morning administration 

on ka

1.05 11.00 1.05 1.05

Vc (L) 24.40 2.51 14.60 1.42 14.60 14.60
Lean body weight on Vc 0.37 18.20 0.56 17.10 0.49 13.86

Vp (L) 19.40 4.75 13.70 1.91 13.70 13.70
Fat mass on Vp 0.72 8.70 0.42 18.50 0.47 13.83

Q (L/h) 3.96 0.09 3.58 3.24 3.58 3.58
Fat mass on Q 1.21 8.57 1.39 8.76 1.47 6.48

Vm (mg/h) 4.81 6.91 6.94 1.13 6.94 6.94
Km (μg/ml) 0.96 0.00 2.36 2.20 2.36 2.36

Age on Km 0.30 6.87
ALP on Km 0.34 10.54
Lean body weight on Km −0.12 79.30 −0.55 8.58 −0.20 25.95

CL (L/h)
Variability

SD(F) 0.31 12.30 0.42 4.94 0.42 0.42
SD(tlag) 0.23 7.38 0.26 14.40 0.26 0.26
SD(ka) 1.35 7.92 0.59 9.12 0.59 0.59
SD(Vc) 0.31 9.56 0.17 7.26 0.17 0.17
SD(Vp) 0.32 10.30 0.23 7.70 0.23 0.23
SD(Q) 0.55 12.80 0.50 5.18 0.50 0.50
SD(Vm) 0.27 13.00 0.09 11.90 0.09 0.09
SD(Km) 0.28 11.90 0.36 4.28 0.36 0.36
SD(CL)
IOV(F) 0.19 7.33 0.20 5.59 0.20 0.20
IOV(tlag) 0.42 5.70 0.42 0.42
IOV(ka) 0.66 5.72 0.66 0.66
Additive error 0.25 10.00 4.44 3.84 17.70 1.88 17.59 1.97
Multiplicative error 0.23 1.13 0.18 1.10 0.16 1.31 0.16 1.34

Note: If no RSE value is reported, the population parameter was fixed rather than estimated.
Continuous covariates were normalized by reference values, that is, age 30 years, fat mass 20 kg, lean body weight 55 kg, ALP 60 U/L, and dose 50 mg. 
Categorical covariates were defined with reference categories light meal/uncontrolled for food status and evening for time of administration.
Parameters are assumed to follow a lognormal distribution such that, for example, tlag with food status fed and fasted are derived from the reference, light 
meal/uncontrolled, as 0.41 * exp(0.62) = 0.76 and 0.41 * exp(−0.51) = 0.25, respectively. For continuous covariates, for example, Vc with lean body weight of 
40 kg and the reference of 55 kg, is derived as Vc = 14.6 * exp(0.49 * log[40/55]) = 12.49 L.
Abbreviations: ALP, alkaline phosphatase; CL, clearance; F, relative bioavailability; IOV, interoccasion variability; ka, absorption rate constant; Km, 
concentration at which the rate of elimination is half the maximum rate; PK, pharmacokinetic(s); Q, intercompartmental transfer rate; RSE, relative standard 
error; tlag, time lag between drug intake and start of absorption; Vc, volume of distribution of the central compartment; Vm, maximum rate of elimination; Vp, 
volume of distribution of the peripheral compartment.
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and 95th percentiles as empirical percentiles are largely within 
the confidence intervals of the predictions for daridorexant 
concentrations (Figure S5). Limited overestimation of the vari-
ability was observed for the higher doses of 150 and 200 mg 
(Figure S5). These could possibly be attributed to (limited) dif-
ferences between studies or study participants.

Quantification of covariate effects

A typical subject (age 60 years, fat mass 20 kg, lean body 
weight 55 kg, ALP 60 U/L, food status light meal/uncon-
trolled, bedtime administration) provided the reference 
for comparisons.

Covariate effects were estimated for the 5th and 95th 
percentiles for continuous covariates (age 23 and 74 years, 
fat mass 13.1 and 39.1  kg, lean body weight 36.2 and 
69.1 kg, ALP 38 and 99 U/L). Categorical covariates were 
evaluated for each category (food status fasted and fed vs. 
uncontrolled/light meal, and morning drug vs. bedtime 
drug administration).

Model- based estimation of the exposure parameters 
(AUC, Cmax, C8h, tmax) showed that food (drug adminis-
tration simultaneously with a high- calorie, high- fat meal) 
and morning administration compared with bedtime ad-
ministration had the largest effects on exposure (Figure 3). 
Simultaneous food and drug intake was estimated to in-
crease tmax from 2.1 h to 4.5 h and decreased Cmax from 

F I G U R E  1  Next- morning concentrations (dose normalized) after bedtime administration versus body size descriptors in patients with 
insomnia disorder. Data restricted to 8– 10 h after drug administration (pharmacokinetics [PK] sampling was scheduled to be between 9 and 
10 h after drug administration, however, more than 10% of PK samples were taken between 8 and 9 h after drug administration). Colors 
indicate sexes, lines indicate linear regression fits with 90% confidence intervals (gray areas) by sex.

F I G U R E  2  Fat mass versus lean body 
weight by sex in patients with insomnia 
disorder.
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817 ng/ml to 523 ng/ml (−36%). Morning drug administra-
tion reduced tmax from 2.1 h to 1.25 h and increased Cmax 
from 817 ng/ml to 1054 ng/ml (+29%). All other covari-
ates affected the exposure by less than 20% (Figure 3), in 
line with concentration- time profiles for different subject 
characteristics (Figure 4).

DISCUSSION

Clinical studies with insomnia drugs

Studying insomnia drugs poses particular challenges. 
Drugs are generally administered to patients at bedtime, 
whereas studies in healthy subjects are generally con-
ducted with morning drug administration. It appears 
plausible that there might be differences in PK depend-
ing on whether a subject is awake or asleep (i.e., different 
body postures). To collect data, nighttime PK sampling is 
not easy to implement in practice, in particular if sleep 
parameters are to be assessed in the study.

An ideal drug to treat insomnia should have fast ab-
sorption (to fall asleep quickly) and a PK profile such that 
most of the drug is eliminated by the morning to avoid 
residual next- morning effects and allow for full daytime 
functioning. Next- morning exposure is a characteristic of 
insomnia drugs administered at bedtime, and the com-
mon trough concentration, that is, before administration 
of the next dose, is of limited relevance.

Healthy subjects (mostly young and male) and insom-
nia patients (mostly elderly of both sexes) generally differ 
substantially. Estimating differences between morning 

and bedtime administrations should be based on data 
containing both administrations in the same population, 
healthy subjects or patients, avoiding convolution of the 
estimation by differences between populations, for exam-
ple, age. Phase I studies in healthy young and elderly sub-
jects enabled robust estimation of PK differences between 
morning and bedtime administrations (possibly related to 
differences in body posture and liver blood flow as well as 
being awake or asleep) and quantification of the influence 
of interindividual differences on the PK of daridorexant.

Comparison of DORAs

The population PK models for drugs in the same class, that 
is, daridorexant, suvorexant,26 and lemborexant,15,27 show 
similarities and differences with respect to population PK 
models. Similar structural models (i.e., absorption, num-
ber of compartments, and drug elimination) would fa-
cilitate comparison of covariate influences. However, the 
differences are substantial, and a comparison of the three 
models is hampered by differences in structural models, 
covariates, and covariate selection methods.

Data

The suvorexant analysis used 16 phase I studies, appar-
ently not including patient data.26 The lemborexant anal-
ysis combined nine phase I (six with rich PK sampling), 
one phase II, and two phase III studies (with sparse PK 
sampling), with 1892 subjects in total (Table 4 in Lalovic 

T A B L E  3  Covariate effects on population PK model parameters

Covariate 
parameter Dose Food

Time of 
administration Lean body weight Fat mass Age, ALP

F F(200 mg) = 52% 
F(50 mg)

tlag tlag(fed) = 3.1 * 
tlag(fasted)

ka ka(fasted) = 3.6 * 
ka(fed)

ka(morning)=2.9 * 
ka(bedtime)

Vc Vc increases with 
lean body weight

Vp Vp increases with fat 
mass

Q Q increases with fat 
mass

Vm

Km Km decreases with 
lean body weight

Km increases with 
age and ALP

Abbreviations: ALP, alkaline phosphatase; F, relative bioavailability; ka, absorption rate constant; Km, concentration at which the rate of elimination is half 
the maximum rate; PK, pharmacokinetic(s); Q, intercompartmental transfer rate; tlag, time lag between drug intake and start of absorption; Vc, volume of 
distribution of the central compartment; Vm, maximum rate of elimination; Vp, volume of distribution of the peripheral compartment.
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et al.15). The daridorexant analysis included 13 phase I 
studies, two phase II studies, and two phase III studies, 
with 1898 subjects in total (Table 4).

Structural models

The structural models for suvorexant and lemborexant 
comprised three compartments. Lemborexant's inter-
compartmental transfer was identified as linear, whereas 
the suvorexant model included saturable transfer kinet-
ics into the second peripheral compartment, an unusual 
model component.26

Although the suvorexant PK were structurally de-
scribed by a three- compartment model with sequential 

zero- order absorption (to describe an absorption limit for 
the tablet formulation) followed by first- order absorption, 
lemborexant PK were described by a three- compartment 
model with parallel zero-  and first- order absorption. 
Daridorexant PK were described by a two- compartment 
model with first- order absorption and bioavailability re-
duced at higher doses.

Apparent volumes of distribution were reported as 58.3 
and 47.6 L for suvorexant (no volume reported for the sat-
urable peripheral compartment) and 9.09, 278, and 783 L 
for lemborexant, whereas daridorexant estimates were 
14.6 and 13.7  L (with bioavailability estimated as addi-
tional model parameter).

Elimination of suvorexant was described by linear 
clearance, estimated as 4.81 L/h, whereas lemborexant 

F I G U R E  3  Covariate effects on exposure parameters with a dose of 50 mg: absolute exposure (a) and difference to reference subject (b). 
Bullets indicate model predictions of exposure for the reference subject (age 60 years, fat mass 20 kg, lean body weight 55 kg, ALP 60 U/L, 
food status light meal/uncontrolled, bedtime administration); ranges indicate estimated exposure ranges for 5%– 95% quantile ranges of 
covariates (age 23– 74 years, fat mass 13.1– 39.1 kg, lean body weight 36.2– 69.1 kg, ALP 38– 99 U/L, food status fasted and fed, morning 
administration). Units: AUC0– 24h = ng/ml * h, Cmax and Conc at 8 h = ng/ml, and tmax = h. ALP, alkaline phosphatase; AUC, area under 
the curve; AUC Day 1, area under the curve 0– 24 h; Cmax, maximum plasma concentration; Conc, concentration; tmax, time of maximum 
concentration after dose administration.
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clearance was estimated as 22.7 L/h. Daridorexant appar-
ent drug clearance was estimated as 2.4 L/h at concentra-
tions of 500 ng/ml.

Parameter estimates and covariate effects

Bioavailability of suvorexant was 62% at 20 mg and 47% 
at 40 mg, whereas lemborexant was reported to have at 
least 87% bioavailability (not as part of the PK model but 
from a bioavailability study; NCT0204621315) with a 21% 
increase if administered with food. The suvorexant model 
identified a decreased bioavailability with higher doses 
similar to the daridorexant model, whereas the lemborex-
ant model did not include an effect of dose on bioavail-
ability. Bioavailability of suvorexant and daridorexant was 
estimated to decrease with higher doses and was approxi-
mately 50%– 60% for clinically relevant doses, whereas no 
change in bioavailability with higher doses was reported 
for lemborexant.

For lemborexant, tlag was estimated as 24 min, whereas 
the suvorexant value was reported as 11 min. Suvorexant 
absorption was described as “a sigmoidal26 function, rep-
resenting zero- order release of drug from the tablet for-
mulation followed by first- order absorption,” whereas 

lemborexant absorption was described by a mixed first- 
order and zero- order absorption.

A food effect was not included in the suvorexant 
population PK model26 even though a study suggested 
a delay in tmax (1.5  h in the fasted state vs. 3  h in the 
fed state26) that is reflected in the US prescriber infor-
mation (“Time to effect of BELSOMRA may be delayed 
if taken with or soon after a meal”).28 For lemborexant, 
differences in Cmax (−23% with food), AUC0–­∞ (−18% 
with food), and tmax (1.75 h delay with food) were deter-
mined.27 However, only food status on absorption rate 
constant was included in the population PK model15 
(i.e., not affecting AUC). Similarly, the daridorexant 
population PK model included food status on tlag and ka 
(tlag 0.41 and 1.23 h, ka 3.8 and 1.05/h in the fasted and 
fed states, respectively).

Morning administration was reported to increase bio-
availability and the linear absorption rate constant for 
suvorexant, whereas for lemborexant, morning adminis-
tration was associated with a shorter duration of the zero- 
order absorption process and, for daridorexant, with a 
higher absorption rate constant.

Female subjects were reported to have a lower suv-
orexant clearance than male subjects, in line with lower 
clearance for lemborexant with higher BMI (BMI shows a 

F I G U R E  4  Concentration- time profiles for different subject characteristics with 50 mg once- daily dosing for 3 days. ALP, alkaline 
phosphatase.
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positive correlation with body fat mass, which is generally 
higher in female subjects).

Lemborexant results included the effects of ALP on 
clearance (reduced with higher levels) and 26% lower 
clearance for elderly subjects (65 years and older).

The many differences in model structure, parameters, 
and covariates among the three models might simply re-
flect different approaches to modeling. Correlations be-
tween covariates might have made the choice of particular 
covariates arbitrary to some extent. It is generally difficult 
to identify which of the body size descriptors are most ap-
propriate.24 Although the lemborexant model included 

BMI, the suvorexant model included BMI and sex, and 
the daridorexant model included lean body weight and fat 
mass.

Clinically, none of the results suggested the need of 
dose adaptation for specific patient populations.

Body composition as covariate

The results of the daridorexant model suggested that lean 
body weight and fat mass should be considered as candi-
date covariates for the description of body size, offering a 

T A B L E  4  Comparison of population PK models for daridorexant, lemborexant, and suvorexant

Compound Daridorexant Lemborexant Suvorexant

Reference 15,27 FDA review26

Data (number of studies in 
phases I, II, and III)

13 phase I studies
Two phase II studies
Two phase III studies
1898 subjects providing 12,627 

concentration measurements

Nine phase I studies
One phase II study
Two phase III studies
1892 subjects including 

112 taking concomitant 
protein pump inhibitors

16 studies
The numbers of subjects and 

samples were not reported

Structural model Two compartments
Linear absorption
Nonlinear elimination (in 

supratherapeutic range)

Three compartments
Nonlinear absorption
Linear intercompartmental 

transfer
Linear elimination

Three compartments
Nonlinear absorption
Saturable distribution into one 

peripheral compartment
Linear elimination

F
Absorption

41% for reference dose of 50 mg. 
Nonlinear for doses above the 
therapeutic dose

Linear absorption with absorption 
lag time. Presence of food 
increases tlag and decreases ka; 
morning administration increases 
ka

F at least 87%, no decrease in 
F with higher doses, 21% 
increase with food (not 
based on population PK 
model)

tlag 24 min
Mixed first- order and 

zero- order absorption 
(presumably in parallel)

Food effect on ka
Bedtime administration 

increases duration of 
zero- order absorption

62% for 20 mg and 47% for 
40 mg

tlag 11 min
A sigmoidal function, 

representing zero- order 
release of drug from the 
tablet formulation followed 
by first- order absorption

Food effect not included in 
population PK model. 
Morning administration 
increases F and linear 
absorption

Apparent volumes of distribution 14.6 and 13.7 L 9.09, 278, and 783 L 58.3 and 47.6 L, no estimate 
for third compartment 
(saturable distribution)

CL 2.4– 1.8 L/h for concentrations of 
500– 1000 ng/ml

22.7 L/h 4.81 L/h for the linear 
component

Covariates Higher lean body weight and fat 
mass correspond to higher 
central and peripheral volume, 
respectively. Higher age and 
ALP levels increase Km, whereas 
higher lean body weight 
decreases Km

CL decreases with higher 
BMI and higher ALP, 
whereas CL is decreased 
in the elderly (categorical 
covariate, 0.7 in elderly 
patients aged >65 years 
vs. adults)

CL decreases with higher BMI 
and is lower in female 
subjects

Abbreviations: ALP, alkaline phosphatase; BMI, body mass index; CL, clearance; F, relative bioavailability; FDA, Food and Drug Administration; ka, absorption 
rate constant; Km, concentration at which the rate of elimination is half the maximum rate; PK, pharmacokinetic(s); tlag, time lag between drug intake and start 
of absorption.
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physiological characterization for lipophilic compounds if 
the peripheral volume is considered to be fat mass.

For medical purposes, body composition is frequently 
divided into lean body weight (or lean body mass) and 
fat mass. Body composition measurements are generally 
labor intensive (e.g., using dual- energy x- ray absorptiome-
try, i.e., DEXA scanning) such that formulae were derived 
for estimation of body composition based on easily acces-
sible parameters such as body weight and height.12,23,29– 31 
Janmahasatian et al.12 provided an estimation method 
for lean body weight with individual characteristics that 
are commonly measured in clinical studies, that is, body 
weight, age, and sex. This formula was used in the current 
analysis to estimate lean body weight. Fat mass was de-
rived from the difference between total body weight and 
lean body weight. Further details on alternative estima-
tion methods and R code are provided in Appendix S1.

BMI is considered to be another estimator for the per-
centage of body fat.32,33 Ranasinghe et al.34 concluded that 
age and sex should be taken into account when using BMI 
to predict body fat percentage. Using lean body weight 
and fat mass therefore offers a convenient reduction of 
the number of covariates for PK models because age and 
sex are adjusted for in the estimation of lean body weight.

These subject- specific characteristics might further be 
used for a physiology- based PK model to estimate pediatric 
exposure based on scaling to children using body composi-
tion (lean body weight and fat mass).35,36 Practically, allome-
tric scaling and dosing based on body weight appears simpler 
than deriving doses based on body composition but might 
not reflect the change in body composition between different 
ages in children as well as lean body weight and fat mass.

CONCLUSIONS

The subject- specific characteristics of age and body compo-
sition (lean body weight and fat mass) as well as ALP were 
shown to influence the daridorexant exposure parameters 
AUC, tmax, Cmax, and next- morning concentration to a lim-
ited extent, that is, not more than 20% different from a typ-
ical subject. The effect of morning administration is not 
relevant for patient use of daridorexant. The food effect if 
daridorexant is taken simultaneously with high- fat, high- 
calorie food is an extreme- case scenario unlikely to occur 
in clinical practice. Clinical implications of differences in 
daridorexant concentrations between subjects with differ-
ent characteristics are therefore considered negligible.

Lean body weight and fat mass are suggested as candi-
date covariates for body size (i.e., central and peripheral 
volumes of distribution) in lieu of body weight, height, 
BMI, age, and sex for lipophilic compounds. These might 
allow for a physiology- based characterization of the PK in 

pediatric patients, reflecting changes in body composition 
during maturation.

The population PK models for the three DORAs dari-
dorexant, lemborexant, and suvorexant show differences 
at all model components, the structural models, and the 
covariates determined to influence exposure to drug.
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