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Original Article
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Abstract 

Study Objectives:  Post hoc analysis to evaluate the effect of daridorexant on sleep architecture in people with insomnia, focusing on 
features associated with hyperarousal.

Methods:  We studied sleep architecture in adults with chronic insomnia disorder from two randomized phase 3 clinical studies 
(Clinicaltrials.gov: NCT03545191 and NCT03575104) investigating 3 months of daridorexant treatment (placebo, daridorexant 25 mg, 
daridorexant 50 mg). We analyzed sleep–wake transition probabilities, EEG spectra, and sleep spindle properties including density, 
dispersion, and slow oscillation phase coupling. The wake EEG similarity index (WESI) was determined using a machine learning 
algorithm analyzing the spectral profile of the EEG.

Results:  At month 3, daridorexant 50 mg decreased wake-to-wake transition probabilities (p < .05) and increased the probability of 
transitions from wake-to-N1 (p < .05), N2 (p < .05), and REM sleep (p < .05), as well as from N1-to-N2 (p < .05) compared to baseline 
and placebo. Daridorexant 50 mg decreased relative beta power during wake (p = .011) and N1 (p < .001) compared to baseline and 
placebo. During the wake, relative alpha power decreased (p < .001) and relative delta power increased (p < .001) compared to placebo. 
Daridorexant did not alter EEG spectra bands in N2, N3, and REM stages or in sleep spindle activity. Daridorexant decreased the WESI 
score during wake compared to baseline (p = .004). Effects with 50 mg were consistent between months 1 and 3 and less pronounced 
with 25 mg.

Conclusions:  Daridorexant reduced EEG features associated with hyperarousal as indicated by reduced wake-to-wake transition 
probabilities and enhanced spectral features associated with drowsiness and sleep during wake and N1.

Clinical Trials:  ClinicalTrials.gov NCT03545191: study to assess the efficacy and safety of ACT-541468 (daridorexant) in adult and 
elderly participants with insomnia disorder. URL: Study Details | study to assess the efficacy and safety of ACT-541468 (daridorexant) 
in adult and elderly participants with insomnia disorder | ClinicalTrials.gov ClinicalTrials.gov NCT03575104:

study to assess the efficacy and safety of ACT-541468 (daridorexant) in adult and elderly participants who experience difficulties 
sleeping. URL: study details | study to assess the efficacy and safety of ACT-541468 (daridorexant) in adult and elderly participants who 
experience difficulties sleeping | ClinicalTrials.gov

Key words: insomnia; EEG analysis; neurobiology of sleep and arousal; sleep–wake mechanisms; sleep–wake physiology; sleep and 
the brain; sleep spindles
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Graphical Abstract 

Statement of Significance

This is the first study to examine the treatment effect of a dual orexin receptor antagonist (DORA), daridorexant, on a large, ran-
domized, dose–response, and placebo-controlled cohort of 1466 chronic insomnia disorder patients. The results from this post hoc 
analysis provide evidence that daridorexant reduces features associated with hyperarousal, a well-characterized aspect of this 
disorder. We observed significant increases in probabilities to transition from wake to sleep, in addition to significant modifications 
of EEG spectral power in beta, alpha, and delta bands particularly at the higher 50 mg dose, both after 1 and 3 months of treatment. 
Taken together, these treatment-related changes underlie a possible mechanism for how DORAs, such as daridorexant, improve 
insomnia symptoms by reducing hyperarousal.

Chronic insomnia disorder is the most prevalent sleep disorder, 
affecting approximately 10% of the global population [1] and 
is associated with substantial impairment in quality of life [2] 
Although almost exclusively diagnosed through self-reported 
complaints of sleep and daytime functioning [3], objective meas-
ures like polysomnography (PSG) can offer valuable insights 
into the pathophysiology of insomnia [3, 4]. One of the leading 
hypotheses suggests that chronic insomnia disorder is character-
ized by a state of hyperarousal that can be defined as a persistent 
state of cognitive, emotional, physiological, or cortical arousal [5], 
impacting both daytime and nighttime function [6, 7]. Numerous 
studies in patients with insomnia have reported increased 
high-frequency EEG activity during sleep compared to individuals 
without insomnia [8–10], as well as more time spent in long wake 
bouts over an 8-hour PSG recording [11]. These findings are cor-
roborated in a companion paper in which we demonstrate that 
participants with insomnia had an increase in neurophysiologi-
cal arousal across various EEG features during sleep, when com-
pared to participants without insomnia. These EEG findings are 
consistent with a positron emission tomography study showing 
hypermetabolism in the hypothalamus and the relevant effer-
ent projections of arousal networks, as well as excessive cortical 

activity, during sleep in patients with insomnia compared to con-
trols without insomnia, supporting the presence of hyperarousal 
in insomnia [12]. Therefore, analyzing the effects of pharmacolog-
ical and non-pharmacological interventions for chronic insomnia 
disorder on those sleep architecture features indicative of hyper-
arousal, can help guide treatment choices and outcomes.

Most guidelines for the treatment of chronic insomnia recom-
mend cognitive behavioral therapy for insomnia (CBT-I) as the 
first-line approach for disease management [13–15]. CBT-I can 
reduce hyperarousal in patients with insomnia, as indicated by 
reductions in high-frequency EEG spectral power (beta power), 
which is associated with wakefulness [16]. This decrease in beta 
activity, along with enhancements in sleep quality, has been 
observed when comparing post-treatment outcomes to baseline 
measurements taken prior to starting CBT-I [16]. However, chal-
lenges associated with using CBT-I, such as limited accessibility, 
can reduce its use in clinical practice [17, 18].

This leads to the frequent and long-term use of sleep-
promoting medications, despite long-term treatment risks such 
as tolerance and dependence [13, 15, 19]. Hypnotics with phar-
macological activity at α1-containing GABAA receptors such as 
zolpidem reduce sleep onset latency and increase sleep time but 
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effects on EEG spectral power differ across studies [20]. For exam-
ple, a reduction in alpha activity has been observed in healthy 
volunteers without sleep disorders, while beta activity increased 
in the first hour of treatment [21]. Other studies identified that 
individuals with insomnia showed more delta power during the 
initial two hours of sleep while treated with zolpidem, but this 
effect did not persist throughout the night, consistent with the 
known pharmacokinetic profile of this compound [22]. Taken 
together, this underlines the inconsistent evidence regarding 
zolpidem’s impact on EEG markers of hyperarousal [20].

In recent years, dual orexin receptor antagonists (DORAs), 
which block both types 1 and 2 orexin receptors (OXR1 and OXR2, 
respectively) have become available for treating chronic insom-
nia disorder. The orexin/hypocretin system is known to play a key 
role in stabilizing wakefulness and promoting arousal [23–25]. 
DORAs dampen these arousing effects of the orexin system and 
promote sleep. There is limited evidence on the effect of DORAs in 
modulating sleep architecture and continuity. For example, suvo-
rexant and lemborexant have been shown to increase total sleep 
time (TST), as well as the time spent in all sleep stages, in patients 
with insomnia [26, 27]. While suvorexant was found to reduce 
long wake bouts [28] it only minimally modulated sleep microar-
chitecture by decreasing gamma and beta EEG activity after 1 
night of treatment, but no differences relative to placebo were 
observed after 1 and 3 months of treatment [26]. Daridorexant, 
the most recent DORA available for patients with insomnia, was 
shown to improve sleep onset, sleep maintenance, subjective TST, 
and daytime functioning in two pivotal 3-month clinical studies 
[29]. Furthermore, additional studies found that daridorexant 
reduced both the number and duration of long awakenings across 
the entire 8-hour night [11]. The increase in sleep duration did not 
alter the proportion of time spent in NREM and REM sleep stages 
compared to placebo [29].

The current study investigated whether daridorexant, admin-
istered at the two effective doses of 25 and 50 mg for 3 months, 
can reduce EEG features associated with hyperarousal, in patients 
with chronic insomnia disorder. We performed a post hoc analysis 
of two, 3-month, placebo-controlled, double- blind, randomized 
studies [29] to assess daridorexant’s effects on sleep architecture 
and continuity including sleep–wake transitions, changes to EEG 
spectral power content, and changes to sleep spindle features. 
Data from two independent phase 3 trials with identical study 
design and conduct were pooled to increase the sample size and 
provide a more robust analysis. The analysis also incorporated a 
novel machine learning-derived index of the similarity between a 
given period of the EEG and the EEG activity during wake, called 
wake EEG similarity index (WESI).

Materials and Methods
Dataset
We analyzed polysomnograms (PSGs) from two phase 3, 
placebo-controlled randomized studies that evaluated the safety 
and efficacy of daridorexant (10, 25, and 50 mg) in adult and 
elderly patients with chronic insomnia disorder (ClinicalTrials.
gov identifier NCT03545191 and NCT03575104). Sample size cal-
culations of the original studies were based on a two-sample Z 
test based on phase 2 dose-finding studies [30, 31], ensuring the 
study was sufficiently powered and type 1 error rate controlled, 
which led to the inclusion of at least 900 participants [29]. For 
the current analysis, the cohorts randomized to placebo and dari-
dorexant 25 mg in both studies were pooled and compared to 

the cohort randomized to 50 mg in study NCT03545191. Patients 
receiving placebo and those with 25 mg were pooled between 
the two studies, as these were identical in design, patient popu-
lation (participants with insomnia disorder according to DSM-5), 
inclusion and exclusion criteria, as well as treatment protocols. 
Furthermore, measured outcomes showed consistency in effi-
cacy and safety between the two phase 3 clinical trials [29]. The 
group randomized to daridorexant 10 mg was not included in the 
analysis as this dose did not improve the primary and secondary 
endpoints on either PSG-derived or subjective sleep measures in 
the phase 3 study: NCT03575104 when compared to placebo [29].

Study design
Full details of the study design, as well as the primary study 
results, have been reported elsewhere [29]. In brief, these two 
phase 3, double-blind, placebo-controlled, parallel-group clinical 
trials randomized patients (1:1:1) to receive daridorexant 50 mg, 
daridorexant 25 mg or placebo or daridorexant 25 mg, daridorex-
ant 10 mg or placebo taken every evening, orally, approximately 
30 minutes before going to bed, for 12 weeks. The double-blind 
treatment period was preceded by a single-blind placebo run-in 
period (13–24 days) and followed by a 7-day single-blind, placebo 
run-out period. Randomization was stratified by age (<65 and 
≥65 years) and treatment allocation was done using an interac-
tive response technology system. The studies were conducted 
between May 2018 and May 2020 in 156 sites in 18 countries, in 
accordance with principles of the Declaration of Helsinki, the 
International Conference on Harmonization Guideline for Good 
Clinical Practice, and local regulations. The studies were success-
fully completed after the required number of participants was 
recruited and all participants reached the end of the study visit. 
No major changes were performed to the methods in the orig-
inal protocol including the data collection and trial outcomes, 
and there was no planned interim analysis. The protocol was 
approved by institutional review boards or independent ethics 
committees, and all patients provided written informed consent. 
The full study protocol can be obtained in the supplement of the 
original publication [29].

Study participants
All study patients randomized in the two studies to darido-
rexant 25 mg, 50 mg, or placebo were included in the analyses 
reported here. In brief, all participants were diagnosed with 
insomnia disorder per the Diagnostic and Statistical Manual of 
Mental Disorders, fifth edition (DSM-5) criteria [3], and reported 
moderate to severe insomnia symptoms at baseline based on 
Insomnia Severity Index scores ≥ 15 [32], and showed difficulty 
falling asleep (latency to persistent sleep [LPS] ≥ 20 minutes) and 
maintaining sleep (wake after sleep onset [WASO] ≥ 30 minutes), 
as well as reduced total sleep time (TST < 420 minutes) on PSG 
nights. Patients were excluded if they presented with: moderate 
to severe sleep apnea (apnea–hypopnea index ≥ 15/hour and/
or oxygen saturation < 80%), alcohol or drug misuse, or any 
other acute or unstable psychiatric condition (including but not 
restricted to anxiety disorder, major depression, bipolar disorder, 
schizophrenia, and obsessive-compulsive disorder) diagnosed by 
the Mini International Neuropsychiatric Interview [33] or that 
required pharmacological treatment.

Polysomnography
Baseline comprised both PSG nights of the placebo run-in period. 
During the double-blind treatment phase, patients underwent 

http://clinicaltrials.gov/show/NCT03545191
http://clinicaltrials.gov/show/NCT03575104
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two consecutive PSG nights at the end of months 1 and 3. Data 
from all four of these acquisition times were used as separate 
data points. EEG recordings were high-pass filtered at 0.5 Hz in 
order to normalize across different acquisition and prefiltering 
settings that were present at different recording sites. For brevity 
and simplicity, we report this analysis for central electrodes (C3 
and C4) only, as analysis of the other four standard PSG channels 
(F3, F4, O1, and O2) yielded very similar results. PSGs were scored 
according to the American Academy of Sleep Medicine Guidelines 
[34]. A total of 81 patients with insomnia were not included from 
the original dataset due to failure to extract valid EEG features 
(e.g. due to interrupted recordings).

Outcomes
Sleep–wake stage transitions.
To analyze the dynamics of sleep stages during the period 
between lights off and lights on, the likelihood of transitioning 
between the 5 stages, including wake, was evaluated. Specifically, 
we counted the number of transitions from one sleep stage in a 
30-second epoch to another (possibly the same) sleep stage in the 
next 30-second epoch, producing a 5-by-5 matrix of counts for 
each recording. This was modeled as a first-order Markov process 
as used previously [35].

Spectral analysis.
We estimated band powers using multi-taper spectral density 
estimation [36]. Spectral features were derived for four frequency 
bands (delta: 0.5–4 Hz, theta: 4–8 Hz, alpha: 8–12 Hz, and beta: 
12–30 Hz) [37], computing an average power for each band across 
all epochs of a given sleep stage. First, we rejected EEG epochs 
with sweating or movement artifacts. We then calculated the 
root-mean-squared amplitude for each 3-second segment of 
the recording, and segments with root-mean-squared error ≤ 1 
or ≥ 250 μV were considered artifacts and excluded from down-
stream analyses. These thresholds were selected to be relatively 
conservative as they fall well outside the physiologic range (phys-
iological amplitudes fall roughly between 10 and 100 μV [38]). 
Tapering used 2-second windows with 1-second overlap. By lever-
aging multiple, orthogonal measurements (multi-taper windows) 
for each spectral bin, the method aims to reduce bias and vari-
ance in spectral-power estimates.

The four band powers in the 2-second windows were aver-
aged to 30-second windows. Given the high variance of absolute 
power found across recording sites, analyses were focused on the 
relative power in four bands; for each power band (delta, theta, 
alpha, and beta), the relative power was computed by dividing 
the absolute power in each band by the total power of these four 
bands within the same 30-second window. The 30-second win-
dows were then aggregated to the sleep stage by taking the mean 
across all epochs of each stage (i.e. N1, N2, N3, REM, and wake) 
and each channel (C3 and C4). These spectral features were then 
log-transformed to reduce skew.

Spindle analysis.
Spindle features were calculated using the open-source Luna 
package (version 0.23; https://zzz.bwh.harvard.edu/luna/ref/) 
following the methods from Purcell et al. [39] To maintain con-
sistency with the use of the Luna spindle analysis package, arti-
fact rejection for EEG signals followed the conventions described 
in the Luna package. Briefly, we resampled signals to 128 Hz, 
low-pass filtered them at 35 Hz, and removed artifacts by com-
puting power within the delta band, rejecting epochs that had 

more than 2.5 the average delta power in a 15-epoch sliding 
window.

After artifact removal, spindles were detected within all N2 
stages by first convolving a Morelet wavelet (13.5 Hz) over the 
signal and then smoothing the convolution’s magnitude using a 
sliding window of 0.1 seconds. Spindles were detected from this 
convolution by thresholding: at least 0.3 seconds had to be over 
4.5 times the mean of all N2 epochs, and in a 0.5-second window 
around this region, power had to be at least twice this N2 epoch 
mean. These putative spindles were merged if they fell within 0.5 
seconds of one another, and any that lasted longer than 3 sec-
onds were rejected. This basic approach to spindle validation, 
via Morlet wavelets, has been validated against manual spindle 
annotation [40].

Since sleep spindles are known to couple with slow oscillations 
during N2 sleep, we detected slow oscillations by: (1) low-pass fil-
tering the entire signal at 4.5 Hz (note that the signal was already 
high-pass filtered at 0.5 Hz to reduce site-to-site variability) and 
(2) within the N2 stage, marking all consecutive zero-crossings 
that fall between 0.8 and 2 seconds in length as a slow oscillation.

Having detected both spindles and slow waves, we computed 
the following four features (spindle density, spindle dispersion, 
slow oscillation phase at spindle peak for fast and slow spindles) 
per channel (C3 and C4) for a total of eight unique features. Note 
that, because the underlying data are discrete events and can be 
spatially sparse, not all of these features can be sensibly aver-
aged across channels. Two of the features were computed for all 
spindles (total range of 11–15 Hz): density (spindle count per min-
ute) and dispersion. We calculated spindle dispersion (how vari-
able spindle counts are across 30-second epochs) by dividing the 
variance of the spindle counts across epochs of N2 sleep by the 
average number of spindles across epochs of N2 sleep. Slow oscil-
lation phase at the spindle peak was calculated separately for 
fast (≥13–15 Hz) and slow (11–<13 Hz) spindles for each channel. 
For spindles that occurred during a slow oscillation, we compared 
the peak of the spindle to the start and end of the related slow 
oscillation, reporting when the peak occurred relative to these 
two positions as an angle between 0°C and 360°C. The start of the 
SO was defined as the preceding zero-crossing from positive to 
negative (relative to the spindle start), and the end was the sub-
sequent such zero-crossing.

Wake EEG similarity index.
Informed by the odds-ratio product introduced by Younes et 
al. [41], we developed the WESI. The objective of this machine 
learning approach was to place EEG patterns during segments of 
sleep on a continuum from more to less wake-like. After train-
ing, WESI produces a value ranging from 0 (most sleep-like) to 1 
(most wake-like) for every 3-second segment of EEG. While the 
output of WESI is continuous, WESI was trained by labeling all 
segments that occurred during a sleep stage (i.e. N1, N2, N3, or 
REM) as 0 and all segments that occurred during a Wake period 
during the night as 1. The spectral power in the delta, theta, alpha 
and beta frequency bands was computed for every 3-second win-
dow and transformed into model features in the following steps: 
(1) divided by the sum of powers delta + theta + alpha + beta to 
obtain the relative power in each band, (2) logit-transformed the 
relative powers: log(x/(1 – x)), and (3) computed the z-score for 
each WESI feature as estimated by the training set data.

The set of 3-second segments was randomly split into train-
ing and testing sets (80% training data/ 20% test data). The same 
model as reported in our companion paper (submitted) was used, 

https://zzz.bwh.harvard.edu/luna/ref/
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this included participants from Beacon Clinico-PSG Database (a 
private database from the Massachusetts General Hospital), the 
Sleep Heart Health Study, and randomized participant recordings 
from the first visit of the present study’s data. During our statisti-
cal analysis, WESI values were first logit-transformed. We report 
model coefficients and confidence intervals along a linear scale. 
To compute linear-scale means and the confidence intervals, we 
used a finite difference approximation (validated by a bootstrap 
of 10 000 samples for the CI of the most extreme mean to differ 
by less than 0.001).

Statistical analysis
We assessed statistical significance using linear mixed-effects 
regression models for spectral, spindle, and WESI feature types.

For sleep stage transition counts, many recordings lacked 
some of the transitions. When necessary, we used a Hurdle model 
(see below for further discussion of this model design) when at 
least 1.5% of recordings contained the transition (transitions that 
occurred in fewer than 1.5% of recordings were not modeled at 
all) and no more than 98.5% of the recordings contained the tran-
sition; otherwise, we used a Generalized Mixed Effects model.

All models used the same covariates: study ID to indicate 
which phase 3 trial, treatment to indicate placebo (0), 25 mg (25), 
50 mg (50), Month to indicate baseline/run-in (0), first month of 
treatment (1) or third month of treatment (3), age (centered at 50 
years old), sex (female coded + 1 and male coded as −1), and night 
to indicate first night or second night. All models had random 
intercept effects for participants and sites. A null and main effect 
model were used, with the following formulas: null model:

feature = 1+ age ∗ sex ∗month ∗ night ∗ study_id

+ (1|study_subject_id) + (1|site)

main effect model:

feature = 1+ age ∗ sex ∗month ∗ night ∗ study_id

+ ([month ∗ night ] ∗ treatment)

+ (1|study_subject_id) + (1|site)

The statistical significance of effects of treatment vs. placebo and 
effect of month versus baseline was determined using the main 
effect model. For treatment to have a significant effect on a given 
feature, the likelihood ratio test between the main effect and the 
null models for that feature had to be significant after false dis-
covery rate correction for multiple comparisons across features 
within each feature type (spectral, spindle, WESI, and sleep stage 
transition counts), and in addition, the model coefficient (or lin-
ear combinations thereof) representing the difference in question 
(e.g. 50 mg—placebo at month 3) had to be significantly different 
from zero with a p-value < .05.

Sleep stage transitions were modeled with main effect and null 
models. In the case of sleep-stage transitions observed in more 
than 1.5% and fewer than 98.5% of recordings, we employed a 
hurdle model. In each hurdle model, there were two stages: an 
initial model predicting the probability that a given transition 
is observed zero times in a recording (the zero-count model), 
and a second model, conditioned on a non-zero value, predict-
ing the non-zero values (the non-zero-count model). For transi-
tions occurring in fewer than about 98.5% of recordings, it was 
found that regular generalized mixed-effects models could not 
adequately fit the number of zero and non-zero counts simulta-
neously, whereas the Hurdle models could. Both stages of Hurdle 
models employed a generalized mixed-effect linear regression 
model with a logistic link function: the zero-count modeled a 

single observation (zero vs. non-zero) and the second modeled 
all counts for the non-zero observations. The regression models 
in both stages of the hurdle model employed the same covariate 
structure as used above for the other features.

Results
Patient baseline characteristics prior to treatment
We analyzed PSG data from patients randomized to either pla-
cebo, 25 mg, or 50 mg daridorexant, for 3 months. Prior to treat-
ment (or placebo), groups were balanced for age (see Mignot et al. 
[29] details), with 67% of patients being female, having a mean 
WASO ranging from 95 to 106 minutes, a mean LPS ranging from 
64 to 70 minutes, and an objective TST between 311 and 324 
minutes. Finally, there were no major differences across groups 
in the proportion of and duration of time spent in each sleep 
stage for N1, N2, N3, and REM sleep (Table 1). All safety events 
were reported in the primary publication by Mignot et al. Overall 
incidence of adverse events was comparable between treatment 
groups.

Effects of daridorexant on sleep–wake transition 
probabilities
Placebo-controlled changes from baseline to month 3 in transi-
tion probability from wake-to-wake decreased by 6.9% and 4.4% 
with daridorexant 50 mg and 25 mg doses respectively (p < .05; 
Figure 1). Placebo-controlled changes from baseline to month 3 
in the transition probability from wake-to-N1, wake-to-N2, and 
wake-to-REM, increased (p < .05) by 4.5% and 2.8%, 1.1% and 0.7%, 
and 0.8% and 0.5% for daridorexant 50 and 25 mg, respectively. 
In addition, placebo-controlled probabilities to transition from 
N1-to-wake and N1-to-N1, decreased (p < .05) by 0.8% and 0.5%, 
and 1.4% and 1.5% with daridorexant 50 and 25 mg doses, respec-
tively, while probabilities to transition from N1-to-N2 increased 
(p < .05) by 2.0% and 1.8% with daridorexant 50 and 25 mg doses 
at month 3. Furthermore, no significant changes in the probabil-
ity of transitioning to N3 from any sleep/wake stage in either the 
25 or 50 mg dose groups were observed. Results at month 1 were 
similar to those observed at month 3 (Figure 1). Of note, abso-
lute numbers in sleep/wake stage probability transitions followed 
similar trends (Supplementary Material S1).

Effects of daridorexant treatment on EEG spectral 
and spindle features
For comparison to placebo, we report placebo-corrected change 
from baseline, which is the change from baseline of the treat-
ment group minus the change from baseline of the placebo group. 
Through analysis of the EEG, we found that both at months 1 
and 3 evaluations, patients treated with 50 and 25 mg of dari-
dorexant had higher relative delta power during wake as com-
pared to placebo (50 mg: month 1: 4.04%, 95% CI: 2.53%, 5.57%; 
p < .001, month 3: 4.33% 95% CI: 2.82%, 5.86%; p < .001; 25 mg: 
month 1: 2.56%, 95% CI: 1.05%, 4.08%; p < .001, month 3: 3.03%, 
95% CI: 1.53%, 4.53%; p < .001; Figure 2). In addition, daridorex-
ant reduced relative alpha power during wake compared to pla-
cebo at both follow-up evaluations (50 mg: month 1: −1.73% 95% 
CI:−2.38%, −1.07%; p < .001, month 3: −2.08%, 95% CI: −2.76%, 
−1.39%; p < .001; 25 mg: month 1: −1.51%, 95% CI: −2.18%, −0.84%; 
p < .001, month 3: −1.57%, 95% CI: −2.27%, −0.87%; p < .001). No 
significant changes in relative delta or alpha power were observed 
for the daridorexant 25 and 50 mg dose groups when compared 
to baseline.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsae098#supplementary-data
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Table 1.  Average Values (SD Standard Deviation) Across the Two PSGs at Baseline 

Treatment group

Total* Placebo 25 mg 50 mg

Number of participants 1466 586 584 296

Age, years (SD) 55 (15) 56 (15) 56 (15) 55 (15)

Sex %, female 67 65 66 68

Sleep efficiency (SD) 66 (15) 65 (15) 66 (15) 68 (13)

TST, minutes (SD) 316 (74) 311 (76) 317 (74) 324 (73)

LPS, minutes (SD) 68 (50) 70 (53) 68 (50) 64 (45)

WASO, minutes (SD) 102 (52) 106 (55) 102 (52) 95 (47)

N1 sleep, minutes (SD) 36 (2) 36 (31) 36 (20) 35 (20)

N2 sleep, minutes (SD) 178 (53) 177 (54) 178 (53) 182 (52)

N3 sleep, minutes (SD) 40 (32) 38 (31) 41 (32) 43 (34)

REM sleep, minutes (SD) 62 (26) 61 (26) 62 (26) 64 (25)

Awake, minutes (SD) 162 (72) 168 (74) 162 (72) 151 (65)

% N1 sleep (SD) 7.5 (4.1) 7.5 (4.3) 7.4 (4.0) 7.5 (4.1)

% N2 sleep (SD) 37.3 (10.8) 36.9 (11.1) 37.1 (10.8) 38.3 (10.1)

% N3 sleep (SD) 8.4 (6.6) 7.9 (6.4) 8.6 (6.6) 9.0 (7.0)

% REM sleep (SD) 13.0 (5.4) 12.6 (5.4) 13.0 (5.5) 13.5 (5.1)

% Awake (SD) 33.9 (14.8) 35.0 (15.3) 33.8 (14.9) 31.7 (13.3)

For PSG-derived values, baseline is the mean of two consecutive placebo run-in PSG nights. Results are shown for each treatment group whereas 25 and placebo 
have been pooled across studies. The “total” column shows the patients’ characteristics for all three treatment groups combined.
*81 patients were excluded from the analysis due to the inability to extract valid EEG information.

Figure 1.  Sleep–Wake transitions: each box shows the change-from-baseline value at months 1 and 3 (between 0 and 1). Statistical significance 
(p < .05) is denoted by the text color, where the gray text indicates no statistical significance. Cool colors denote a decrease, and warm colors denote 
an increase. Blank box indicates an absence of that sleep–wake transition in either group.
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At months 1 and 3, respectively, 50 mg daridorexant reduced 
relative beta power compared to baseline during wake (−1.16%, 
95% CI:−2.03 %, −0.28%; p = .010 and −1.08% 95% CI: −1.91%, 
−0.24%; p = .011) and N1 (−0.67%, 95% CI: −1.13%, −0.20%; p = .005 
and −0.68%, 95% CI: −1.05%, −0.32%; p < .001). When compared 
to placebo, relative beta power was also found to be significantly 
reduced in the 50 mg daridorexant group at both months 1 and 3 
during wake (−1.26%, 95% CI: −1.83%, −0.70; p < .001 and −1.34%, 
95% CI:−1.92%, −0.75%, p < .001) and N1 (−0.38% 95% CI: −0.72%, 
−0.03%, p = .034 and −0.47%, 95% CI:−0.83, −0.11%, p = .010). 25 mg 
of daridorexant did not significantly change relative beta power 
during Wake or N1 as compared to baseline and placebo, at either 
timepoint.

Of note, none of the analyzed spectral bands were statistically 
different from placebo or baseline in N2, N3, or REM sleep for 
both 50 and 25 mg groups.

Analysis of sleep spindles showed that treatment with darid-
orexant 25 and 50 mg did not significantly change either spindle 

density, dispersion, or phase-coupling (slow oscillation phase at 
spindle peak) characteristics, when compared to either baseline 
or the placebo group (Figure 3).

WESI score changes across treatment groups
To determine whether changes related to daridorexant treatment 
could indicate less wake-like EEG features across the recording 
period, we employed a WESI measure using the aforementioned 
spectral bands. Relative to the placebo group, both daridorexant 
50 and 25 mg decreased WESI scores during wake, at months 1 
and 3 (Figure 4-left). However, relative to baseline, only darido-
rexant 50 mg significantly decreased WESI scores during Wake at 
both evaluations (−0.023 scores, 95% CI: −0.042, −0.005, p = .014 
at month 1 and −0.025 scores 95% CI: −0.042, −0.008, p = .004 
at month 3). Finally, WESI was slightly reduced across all sleep 
stages but did not differ significantly (p > .05) during N1, N2, N3, 
and REM sleep after daridorexant 50 or 25 mg when compared to 
baseline or placebo (Figure 4-center and right).

Figure 2.  Shown are the mean (points) and 95% CI (shaded region) at each time point (x-axis) and treatment arm (colors). The main effect model 
shows either a statistically significant effect (p < .05), indicating that the treatment impacts the feature of interest, or a lack of statistical significance, 
suggesting that the treatment does not have a measurable impact; both outcomes are adjusted for covariates such as age, sex, month, and night, and 
account for random effects across participants and sites.
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Discussion
Accumulating evidence from previous studies has pointed to 
hyperarousal likely being the main factor contributing to the poor 
sleep quality and reduced sleep duration experienced by patients 
with chronic insomnia disorder [4, 5, 42, 43]. In the current study, 
we found that by blocking the wake and arousal activity of the 
orexin/hypocretin system [44], the DORA daridorexant reduced 
multiple hyperarousal EEG signatures present during wake and 
N1 sleep stages in patients with chronic insomnia disorder.

In our study, daridorexant reduced relative beta and alpha 
EEG power, both markers of a higher aroused brain state [45], 
and was found to be elevated in patients with insomnia [5, 46]. 
In addition, we observed that daridorexant reduced wake-to-
wake transitions, while simultaneously increasing the transition 

probability from wake to either N1 or N2 sleep, further supporting 
its sleep-promoting effect [11, 29]. These results suggest that by 
dampening orexin/hypocretin signaling, daridorexant is able to 
reduce neurophysiological markers of hyperarousal and facilitate 
the transition back to sleep during the night.

Delta power during NREM sleep periods is believed to reflect 
homeostatic sleep pressure that increases as a function of time 
spent awake [47], which is believed to be imbalanced in patients 
with insomnia. Interestingly, we did not observe changes in delta 
power (0.5–4.0 Hz) in N2 and N3 sleep. Instead, we did observe a 
treatment-dependent effect, specifically the increase in relative 
delta power during wake, although evidence regarding the bio-
logical significance of delta during wake has been less robustly 
characterized. These findings may suggest that this delta power 

Figure 3.  Shown are the mean (points) and 95% CI (shaded region) at each time point (x-axis) and treatment arm (colors). The main effect model 
showed a lack of statistical significance (p > .05), indicating that the treatment does not exert a measurable impact on the feature of interest when 
accounting for covariates such as age, sex, month, and night, as well as random effects for participants and sites.

Figure 4.  Shown are the mean WESI model predictions (y-axis) and 95% CIs (shaded region) at each evaluation (x-axis) and treatment arm (colors). 
The main effect model shows either a statistically significant effect (p < .05), indicating that treatment enhances the feature of interest, or a lack of 
statistical significance, suggesting that treatment does not have a measurable impact.
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increase during wake indicates more drowsiness favoring tran-
sitions back to sleep. Importantly, these observations were not 
associated with excessive sedation in the morning [29].

This is further supported by the findings that, in patients 
treated with daridorexant a decrease in hyperarousal signatures 
is consistently observed when considering the reduction in both 
the relative alpha and beta power and the WESI scores during 
wake. These diminished wake-like EEG features during treatment 
may represent the neurophysiological improvement in sleep 
onset and sleep maintenance observed in these patients in a clin-
ical setting, specifically the reductions in LPS and WASO and sub-
sequent increases in TST [29].

In the current study, two doses of daridorexant (25 and 50 mg) 
and changes from baseline at two different timepoints (months 1 
and 3), were considered. Despite no formal comparison, we found 
that the effects were greater across all parameters assessed with 
the 50 mg dose, and it was the only group to show a significant 
decrease for specific sleep architecture features, such as relative 
beta power and WESI score, when compared to both placebo and 
baseline. These findings are in line with previous results from this 
chronic insomnia disorder patient cohort where 50 mg was the 
only dose to show significant improvements both in sleep param-
eters and daytime functioning. The significant benefit on the two 
primary PSG parameters (WASO and LPS), was observed after 1 
month and maintained until month 3 [29].

Previously, in a study involving a different DORA medication, 
suvorexant, an increase in TST was observed to be driven pre-
dominantly by increases in N2 sleep [48]. Here we found increases 
in N1-to-N2 transition probabilities, which may reflect a similar 
phenomenon. Interestingly, in the current study, we identified 
that spindle properties were not significantly affected, under-
scoring that intrinsic N2 sleep properties remain unchanged 
after treatment. This is in contrast with reported findings on 
GABA-A receptor agonists, which have been shown to increase 
sleep spindle activity [49]. In fact, as sleep spindles originate in 
thalamic circuits mediated by GABAergic neurons within the tha-
lamic reticular nucleus, it is expected that medications acting on 
this receptor could alter sleep spindle morphology and tempo-
ral distribution [50]. However, rather than promoting inhibitory 
neurotransmission, daridorexant acts as an antagonist to orexins 
excitatory effects, unlike benzodiazepines [51], suggesting that 
treatment with a DORA preserves normal N2 sleep architecture. 
Furthermore, this is supported by the fact that spindle activ-
ity is not influenced by the orexinergic system, as confirmed in 
patients with narcolepsy where spindle activity is not altered [52].

Orexin 1 and 2 receptors, play a key role in promoting arousal, 
maintaining wake, and regulating REM sleep. Through antago-
nism of these two receptors, DORAs may induce sleep by reducing 
overactive wake signals in patients with chronic insomnia dis-
order, therefore impacting less the fundamental characteristics 
of the different stages of sleep [27, 29, 53]. Further evidence for 
the effect of DORAs in reducing excessive wakefulness was found 
in studies on both suvorexant [28] and daridorexant [11], which 
showed a reduction in the number and duration of longer wake 
bouts across the 8-hour night. This shortening of long wake bouts 
with DORAs may reflect their capacity to attenuate hyperarousal 
and thus reduce nighttime wakefulness via dual inhibition of 
orexin receptors. Previously, suvorexant was shown to modulate 
EEG power during NREM sleep by reducing fast frequency power 
and increasing lower frequency power, although these effects 
were only observed on the first night of treatment and not sus-
tained after 1 month of treatment [26]. However, it is important to 
note that the effects of suvorexant or lemborexant (an additional 

DORA medication) on spectral features during REM sleep and 
wake, have not been evaluated.

Our analysis indicates that treatment with daridorexant 
reduces markers of hyperarousal associated with excessive night-
time wakefulness. This conclusion is drawn from an extensive 
and comprehensive dataset from 2 global phase 3 clinical trials. 
However, there are limitations that should be addressed. First, 
insomnia is a complex and heterogeneous disorder, with certain 
patients experiencing a decrease in daytime function without 
reductions in objective TST [54]. In these patients, daridorexant 
might have different effects on the qualitative and quantitative 
aspects of sleep, whereas our dataset included only patients that 
had objective changes to their sleep (e.g. TST < 420 minutes) as 
assessed by PSG. Second, our current analyses used single-night 
aggregate values, pooling individually scored epochs of each 
sleep–wake stage to control for interindividual differences attrib-
uted to our large sample size. However, this approach does not 
capture dynamic changes that occur throughout the night, and 
thus limits its specificity. Particularly, it fails to assess the tim-
ing of EEG feature changes during wake after daridorexant treat-
ment, as such the current results do not allow for differentiation 
as to whether these EEG changes occur predominantly before 
sleep onset, in the middle of the night, or before lights-off. Lastly, 
this is an exploratory analysis and as such all results are con-
sidered hypothesis-generating only. Despite this limitation, we 
consistently observed significant differences between treatment 
groups across multiple measures.

Analysis of different EEG features as presented in this post hoc 
study demonstrates that markers associated with hyperarousal 
observed in chronic insomnia disorder can be reduced by dari-
dorexant, even after 3 months of treatment. Furthermore, these 
effects were more pronounced at the higher dose of 50 mg and 
were most apparent during wake periods of the night. Taken 
together, these results suggest that daridorexant improves sleep 
by reducing high arousal spectral characteristics of wake and by 
increasing transitions from wake into sleep, thus reducing the 
time spent in long wake bouts in patients with chronic insomnia 
disorder.

Supplementary material
Supplementary material is available at SLEEP online.
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