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Abstract
Study Objectives: To assess potential effects of lemborexant on next-morning driving performance in adult and elderly healthy volunteers.

Methods: Randomized, double-blind, double-dummy, placebo and active-controlled, four period incomplete crossover study in 48 healthy volunteers (22 females), 

23–78 years old. Participants were treated at bedtime for eight consecutive nights with two of three dose levels of lemborexant (2.5, 5, or 10 mg), zopiclone 7.5 mg 

(on the first and last night with placebo on intervening nights), or placebo. Driving performance was assessed in the morning on days 2 and 9 using a standardized 

highway driving test in normal traffic, measuring standard deviation of lateral position (SDLP). Drug–placebo differences in SDLP >2.4 cm were considered to reflect 

clinically meaningful driving impairment.

Results: Mean drug–placebo differences in SDLP following lemborexant 2.5, 5, and 10 mg on days 2 and 9 were 0.74 cm or less. The upper bound of the 95% 

confidence intervals (CIs) for lemborexant treatment groups were all below 2.4 cm and the 95% CIs included zero, indicating that the effects were neither clinically 

meaningful nor statistically significant. Symmetry analysis further supported the lack of clinically meaningful impairment with lemborexant.

Conclusions: When assessed starting ~9 h after lemborexant administration at bedtime the previous night, there was no statistically significant or clinically 

meaningful effect on driving performance in healthy adults and elderly, as assessed by either mean differences in SDLP relative to placebo or symmetry analysis. In 

this study, lemborexant at doses up to 10 mg was well-tolerated.

Clinical Trial Registration: clinicaltrials.gov, NCT02583451. https://clinicaltrials.gov/ct2/show/NCT02583451.
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Statement of Significance

Lemborexant is an investigational compound for the treatment of insomnia and other sleep disorders. Lemborexant is thought to promote sleep 
by blocking receptors for the wake-promoting orexins in the brain. Results of the present study are the first to indicate that lemborexant in doses 
up to 10 mg taken at bedtime has no measurable effects on actual automobile driving performance the next morning in healthy adults and elderly.
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Introduction

Lemborexant (E2006) is a novel competitive antagonist at 
orexin-1 and orexin-2 receptors, that is, a dual orexin receptor 
antagonist (DORA) that is being developed for the treatment of 
insomnia disorder and irregular sleep wake rhythm disorder 
[1–3]. The hypothalamic neuropeptides orexin-A and orexin-B 
have been implicated in the regulation of sleep/wake behavior, 
feeding, energy homeostasis, and reward seeking [4]. In sleep/
wake control, orexin stabilizes wakefulness via direct projections 
to most wake-promoting centers, affecting neurotransmitters, 
such as acetylcholine, histamine, norepinephrine, and serotonin, 
and indirect inhibition of the sleep-promoting system in the 
ventrolateral preoptic nucleus [5, 6]. Phasic activity of orexin 
neurons during sleep increases the probability of awakening. 
Animal and clinical studies have shown that blockade of orexin 
receptors promotes sleep [7, 8]. Orexin levels have been found to 
peak at the end of the active phase, and fall to about half their 
maximum levels during sleep. Recent evidence has found that 
plasma orexin-A levels are significantly higher in patients with 
insomnia disorder compared with good sleepers [9]. Data such 
as these support the hypothesis that insomnia can be due to an 
inability of the brain to switch off wake-promoting systems such 
as the orexin system, as well as an inability to switch on sleep 
promoting circuits [10].

In clinical trials, lemborexant has been studied at doses of 
between 1 and 25 mg for insomnia disorder and irregular sleep 
wake rhythm disorder. Following oral administration, it is well 
absorbed, with an average tmax occurring between 1 and 2 h after 
evening dosing, an effective half-life of 17–24  h [11]. Plasma 
concentrations reach steady state after approximately eight 
nights of dosing.

A concern associated with use of sleep-promoting drugs 
is their potential to impair driving ability the morning after 
bedtime use, due to residual sedative effects [12–14]. Results 
from initial screening of lemborexant’s potential to impair 
next-day performance using subjective assessments of 
sleepiness and neurocognitive tests (e.g. simple and choice 
reaction time tests, digit symbol substitution tests) suggested 
that residual effects of lemborexant are minimal after bedtime 
doses up to 25 mg [15]. However, to support safety for driving 
of the lemborexant doses studied in phase 3 clinical trials, 
a dedicated study was needed; hence the present study 
was conducted. The protocol followed the Food and Drug 
Administration (FDA) guidance for industry [12] to include a 
positive control and placebo groups, elderly subjects, initial 
and steady state exposures for drugs with long half-lives, and 
a within-subjects crossover design.

The aim of the present study was to evaluate potential next-
morning residual effects of lemborexant 2.5, 5, and 10  mg on 
driving, after single and repeated bedtime use in healthy adults 
(21–64 years) and elderly (≥65 years). The doses of lemborexant 
were selected to include the doses (5 and 10  mg) that are 
being studied in the clinical development program. Driving 
performance was assessed by the standard deviation of lateral 
position (SDLP in cm) in a standardized on-the-road driving test 
[16–18]. The effects of lemborexant were to be compared with 
those of placebo by analysis of mean drug–placebo changes, 
upper bounds of the 95% confidence intervals (CIs) around 
the mean drug–placebo changes, and by symmetry analysis of 
individual drug–placebo changes in SDLP. Based on results from 

previous studies with alcohol [19, 20], a mean drug–placebo 
difference in SDLP with an upper bound of the 95% CI <2.4 cm 
would not be considered clinically meaningful.

Symmetry analysis was used to evaluate driving 
performance at the individual subject level to gauge whether 
there was a statistically significant imbalance between the 
number of subjects with drug–placebo differences larger than 
the criterion of 2.4  cm (driving relatively impaired vs. after 
receiving placebo), compared with the number of subjects with 
drug–placebo differences less than −2.4  cm (driving relatively 
better vs. after receiving placebo). Although a cutoff point for 
individual performance changes in SDLP has not formally been 
validated, it is reasonable to set a threshold at the same criterion 
used for the mean difference in SDLP, that is, increases versus 
placebo exceeding 2.4  cm. It may be concluded that the drug 
has no clinically meaningful effect on driving if large changes 
in SDLP following drug treatment are balanced, in that the 
number of participants showing an increase in SDLP above 
2.4 cm and below −2.4 cm are not different. If significantly more 
participants show an increase in SDLP larger than 2.4 cm than a 
decrease of the same size, the assertion may be made that the 
drug increases the risk of impairment [21–24].

In addition, the associations between morning plasma 
concentrations of lemborexant and SDLP were evaluated. 
Finally, “lapses” in driving performance [25] were analyzed as a 
secondary measure of driving impairment. Zopiclone 7.5 mg was 
selected as an active control, to demonstrate assay sensitivity 
versus placebo, as has been the case in other studies [22–24, 26].

Methods

Participants

Participants were recruited via advertisements placed in local 
newspapers. Adult (21 to <65 years old) and elderly (≥65 years 
old) healthy volunteers were eligible to enroll if they possessed 
a valid driver’s license, had driving experience of ≥3,000 km/
year on average within the last 3  years, body mass index 
(BMI) between 18 and 30  kg/m2 (inclusive), and normal vision 
(corrected or uncorrected). Participants were required to be in 
good health, as confirmed by their medical history, physical 
examination, vital sign measurement, electrocardiogram, and 
laboratory safety tests (blood chemistry and hematology).

Participants who met any of the following criteria were 
excluded from the study: history or present evidence of any 
clinically significant physical, neurological, psychiatric, or sleep 
disorders, alcoholism or drug abuse; use of medication known to 
affect driving performance or hepatic drug metabolism; systolic 
blood pressure (BP) >140 mmHg (adults) or >150 mmHg (elderly) 
or diastolic BP >90 mmHg (all ages); resting heart rate <50 or ≥100 
beats per minute; major surgery, blood donation or participation 
in any other clinical trial within 4 weeks before screening; 
smoking >6 cigarettes per week; alcohol consumption >14 
(females) or >21 (males) drinks per week; caffeine consumption 
>3 cups per day. All participants were tested for drug use 
(amphetamines, benzodiazepines, barbiturates, cannabis, 
cocaine, methadone, tricyclic antidepressant, and opiates), at 
prestudy screening and at the start of each test session. Eligible 
volunteers had to have a regular sleep pattern, defined as time 
spent in bed between 7.0 and 8.5 h, with bedtime between 22:00 
and 1:00 h, and wake time between 5:00 and 9:00 h, as confirmed 
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by a 1-week sleep diary [27] before randomization. A  total of 
85 volunteers were screened for this study, of which 37 were 
excluded as screen failures, most (n  = 33) because their blood 
pressure exceeded the criteria.

During the study, participants were required to abstain from 
prescription and over-the-counter medication. They also had to 
refrain from smoking and/or consuming caffeine and alcohol 
from the time of arrival at the site on treatment days until the 
completion of all tests the next day. In addition, alcoholic drinks 
and caffeine were not permitted from 12 and 5 h before arrival, 
respectively. Furthermore, participants were required not to 
drive their own vehicles from intake of the first dose until 24 h 
after the last dose of each treatment period.

Ethical approval was obtained from the Medical Ethics 
Committee of Maastricht University, and all volunteers provided 
written informed consent prior to enrollment. The study was 
carried out in compliance with the current revision of the 
Declaration of Helsinki, and the International Conference on 
Harmonization guidelines for Good Clinical Practice.

Design

The study was conducted from October 2015 to January 2017, 
according to a single center, randomized, double-blind, double-
dummy, placebo- and active drug-controlled, four-period, 
incomplete crossover design. Each treatment period lasted for 
8 days, and residual effects were assessed in the mornings of 
days 2 and 9. Treatments were bedtime doses of lemborexant 
(2.5, 5, or 10 mg), and placebo for eight consecutive days, and 
zopiclone 7.5  mg as an active control on days 1 and 8 only, 
with placebo given for the 6 days in between (days 2–7). While 
all participants were to receive zopiclone 7.5 mg and placebo, 
each participate was assigned to receive only two of the three 
dose levels of lemborexant. Randomization to 1 of 12 treatment 
sequences was stratified by age (adult vs. elderly) in a 1:1 ratio, 
and was balanced for sex such that there were no fewer than 10 
males or 10 females per age group. Washout intervals between 
treatment periods were at least 14 days. The study was registered 
at clinicaltrials.gov (NCT02583451).

Assessments

Highway driving test
Residual effects were assessed using a standardized on-the-
road driving test, which assesses SDLP as a measure of driver 
vehicle control (Figure 1) [16–18].

In this test, participants operate a specially instrumented 
vehicle for about 1 h over a 100-km (61-mile) primary highway 
circuit (road E25) between the Dutch cities of Maastricht and 
Kelpen-Oler, accompanied by a licensed driving instructor 
having access to dual controls (brakes and accelerator). The 
participants’ task is to drive with a steady lateral position 
between the delineated boundaries of the slower (right) traffic 
lane, while maintaining a constant speed of 95 km/h (58 mph). 
Participants may deviate from those instructions only to pass 
a slower vehicle, and to leave and re-enter the highway at the 
turnaround point. During the drive, the vehicle’s speed and 
lateral distance to the left lane-line are continuously recorded 
via a camera mounted on the top of the vehicle. These signals 
are captured at a rate of 4 Hz and stored on an onboard computer 

disk file for later preprocessing and analysis. Preprocessing 
consists of off-line visual inspection of all data by trained 
processors to mark data segments that reveal signal loss or 
disturbances, such as passing maneuvers and the turn-around 
point. The preprocessed dataset is then used to calculate means 
and variances of lateral position and speed of clean (unmarked) 
data. The primary outcome variable is standard deviation of 
lateral position (SDLP in cm), which is a measure of “weaving” or 
road tracking error. In addition, the number of lapses of attention 
were analyzed, as defined [25], that is, moving laterally from the 
chosen position in the lane by at least 100 cm for a minimum 
of 8  s. A  computer algorithm was developed for automated 
detection and scoring of lapses of attention according to the 
criterion given above. Performance as measured by mean SDLP 
in this test has repeatedly been found sensitive to residual 
effects of zopiclone 7.5 mg [22–24, 26, 28].

Pharmacokinetics
Blood samples (4  mL) for lemborexant and zopiclone 
determinations were obtained predose on the first day of each 
treatment period, starting with the second treatment period, 
to measure any residual concentrations of previous treatment, 
and following each driving test, at approximately 10.5  h post 
bedtime dosing. Plasma samples were stored frozen at −20°C 
and later analyzed. The determination of lemborexant and 
S-zopiclone were based on a validated liquid chromatography 
with tandem mass spectrometry (LC-MS/MS) assay methods. 
Lower limit of quantification (LLOQ) for lemborexant and 
metabolites was 0.0500 ng/mL, and for S-zopiclone (the active 
isomer of zopiclone) was 0.500 ng/mL. Samples were assayed by 
Medpace Bioanalytical Laboratories (Cincinnati, OH).

Procedures

Within 2 weeks before the first treatment period, participants 
slept one night in the same facilities as during treatment 
conditions, to overcome possible sleep disturbances associated 
with sleeping in an unfamiliar environment. In the morning 
following their habituation night, participants were individually 
trained to perform the driving test.

On days 1 and 8 of each treatment period participants 
arrived at the test facility at approximately 21:00, upon which 
their eligibility and compliance with study restrictions was 
verified by questioning, urine screens for drugs of abuse and 
pregnancy, and breath testing for alcohol. A maximum of four 
participants were treated on the same night and tested the 
following day, with 3-min difference between their activities. At 
23:30, the first subject was administered drug or placebo with 
240  mL water in the presence of an investigator, and retired 
to bed. At 07:30 the first participant was awakened. Following 
toilet and dress, participants were provided a standardized light 
breakfast without caffeine and transported to the highway. The 
driving test of the first participant started at approximately 
08:30, that is, 9 h after bedtime dosing. After completion of the 
driving test, participants were transported to the test facility. 
Upon arrival, a blood sample was taken at approximately 10.5 h 
after dosing. Hereafter, participants were transported home by 
study personnel.

During days 2 to 7 of all treatment periods, trial medication 
was taken by the participants at their homes. On day 5 of each 
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treatment period, participants were contacted by telephone to 
check treatment compliance and possible adverse events.

Approximately 14  days after the last treatment period, 
participants’ health and well-being were confirmed by 
questioning them about adverse events, and by physical 
examination, including electrocardiograms and laboratory tests 
(blood chemistry and hematology).

Statistical analyses

The primary endpoint was mean SDLP. Secondary endpoints 
were symmetry analysis of individual changes from placebo in 
SDLP (see below) and mean number of lapses. Sample size was 
determined based on power calculations to rule out a clinically 
relevant mean difference in SDLP between lemborexant and 
placebo. In this study, the criteria for a clinically relevant mean 
difference in SDLP was met when the upper bound of a two-
sided 95% CI for the mean difference fell above the threshold for 
impairment, that is, 2.4 cm, and the lower bound of the 95% CI 
fell above zero. A mean increase in SDLP of 2.4 cm as compared 
with placebo, corresponds to the effects previously found for 
alcohol while participants drove with average blood alcohol 

concentrations of 0.5 g/L [19, 20]. A sample size of 48 participants 
provided a power of at least 80% to detect a >1.0 cm difference 
in mean SDLP between lemborexant and placebo, assuming 
a within-subject variance in SDLP of 3.55  cm [2, 29] and each 
treatment comparison of lemborexant versus placebo occurring 
in 32 of 48 participants [30].

SDLP was analyzed using repeated-measures analyses of 
variance, for the second and ninth day of each treatment 
period. The model included fixed effects for age group, 
sequence, period, time, treatment and the interaction of 
treatment and time, and a repeated effect for time, with 
subject within period. In addition, age by treatment and 
sex by treatment interactions terms were included in the 
model post hoc. As a secondary analysis, SDLP was also 
analyzed using symmetry analysis of individual changes 
from placebo in SDLP. To perform this symmetry analysis, 
the McNemar test used for each treatment condition and 
treatment day separately to test whether the number of 
participants with an increase in SDLP >2.4 cm (reflecting 
impairment) differed significantly (p < 0.05) from the 
number of participants with a decrease in SDLP < −2.4 cm 
(reflecting improvement).

Figure 1. Highway driving test. (A) Subjects drive a specially instrumented vehicle for about 1 h over a 100 km primary highway circuit, accompanied by a licensed 

driving instructor having access to dual controls. The subjects’ task is to drive with a steady lateral position between the delineated boundaries of the slower (right) 

traffic lane, while maintaining a constant speed of 95 km/h. (B) A camera on top of the car continuously registers the lateral position of the car on the road with respect 

to the left lane delineation. (C) The standard deviation of lateral position (SDLP in cm) is an index of road tracking error or “weaving.” SDLP scores increase compared 

with placebo after the use of many sedating drugs including low doses of alcohol. SDLP, standard deviation of lateral position.
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All statistical analyses were done by using the SAS 
statistical program version 9.3 (SAS Institute, Inc., Cary, NC). No 
adjustments were made for multiple comparisons.

The relationship between observed plasma concentrations of 
lemborexant following the driving tests and SDLP were initially 
analyzed graphically, and emergent relationships were followed 
by PK/PD modelling using NONMEM 7.3. Exposure–response 
relationships were described using direct linear Emax models. The 
exposure parameter was the observed postdriving lemborexant 
concentration after each driving test.

Results

Demographic data

Forty-eight volunteers (26 male, 22 females) were randomized; 
all completed the study. Their mean (±SD) age was 58.5 (±13.3) 
years, and their mean height, weight, and BMI were 174 (±10.7) 
cm, 76.7 (±13.4) kg, and 25.2 (±2.6) kg/m2, respectively. Median 
age of the adults (12 males, 12 females) was 49  years (range 
23–64  years), and median age of the elderly (14 males, 10 
females) was 67  years (range 65–78  years). Twenty-one of the 
adult participants were Caucasian, one was African American; 
one was Japanese, and one was Asian. All elderly participants 
were Caucasian. Scores from the 1-week sleep diaries before 
randomization confirmed that all volunteers were good sleepers, 
with participants self-reporting an estimated mean (SD) sleep 
onset latency of 10.0 (±5.5) min, mean total sleep time of 432 
(±49) min, and a mean sleep efficiency score of 90.6% (±7.9%).

Prematurely terminated tests

Three driving tests were terminated before scheduled 
completion, all after use of zopiclone (3 of total 96 post-
zopiclone drives [3.125%]). No tests were stopped after use of 
lemborexant or placebo. One adult female reported sleepiness 
and requested to stop both driving tests in the zopiclone 
condition (after 70% and 87% completion, respectively). One test 
of an elderly male was terminated by the driving instructor on 
day 9 in the zopiclone condition (after 62% completion), because 
the instructor judged the participant too drowsy to continue 
safely. The SDLP scores for these tests were calculated from the 
data collected until termination of driving.

SDLP

Table 1 shows least squares (LS) mean estimates of SDLP and 
treatment effects versus placebo with 95% CI, at both test days 
in each treatment condition, overall and split by subgroups for 
age and sex.

Repeated measures analysis of variance showed that there 
was a significant main effect of treatment condition (F4,172 = 3.13, 
p  =  0.0162). Overall, LS-mean changes from placebo in SDLP 
scores after lemborexant 2.5, 5, and 10  mg were very small 
(<0.75 cm) on both test days. The 95% CIs of these changes all 
included zero, and their upper limits were all below the threshold 
of 2.4 cm (Table 1), indicating that none of these changes was 
statistically significant, or clinically meaningful.

Assay sensitivity was clearly demonstrated, as shown by the 
significant impairing effects of zopiclone. Following zopiclone, 

mean SDLP was increased compared to placebo by 2.04 (95% CI: 
0.77–3.32) cm on day 2, and by 1.88 (95% CI: 0.64–3.12) cm on day 
9.  These results show that the effects of zopiclone 7.5  mg on 
driving were statistically significant and clinically relevant on 
days 2 and 9.

There was a significant main effect of age group on SDLP 
(F1,172  =  10.74, p  =  0.0013). As shown in Table 1, LS-mean SDLP 
for elderly subjects was higher than that for adult subjects, 
regardless of treatment. However, the interaction of age group 
by treatment was not significant (F4,163 = 0.36, p = 0.8377) and no 
significant sex by treatment interaction (F5,163 = 0.30, p = 0.9128), 
indicating that the SDLP treatment difference from placebo was 
not significantly different between age groups or between sexes. 
Mean SDLP, and the SDLP treatment difference from placebo, 
were similar in males and females (Table 1, all p-values > 0.05). 
There were no significant main effects of day/time (F1,187 = 0.30, 
p  =  0.5873), period (F3,172  =  0.16. p  =  0.9237) and sequence 
(F11,172 = 1.25, p = 0.2605) based on the primary model.

Individual subject differences from placebo in SDLP are 
shown in Figure 2. Symmetry analysis showed that following 
zopiclone, significantly more participants showed an increase 
in SDLP >2.4 cm than a decrease of the same magnitude on both 
days 2 and 9 (p-values < 0.0001). The symmetry analyses were 
not significant for any lemborexant dose on either days 2 or 9 
(Table 2).

Lapses of attention

Lapses of attention, defined as a deviation of at least 100 cm for 
at least 8 s [25], were not detected during any of the on-the-road 
tests.

Pharmacokinetic analysis

A total of 180 lemborexant plasma concentrations collected 
after driving (median 10.4  h) postdose were available (n  =  91 
on day 2, and n  =  89 on day 9). Lemborexant concentrations 
measured after driving were similar to those observed at the 
corresponding time postdose in a previous study [15]. On day 2, 
mean (range) plasma concentrations of lemborexant were 1.66 
(0.8–2.9), 2.94 (1.4–5.2), and 5.88 (03.22–30) ng/mL for 2.5, 5, and 
10 mg doses, respectively. On day 9, mean (range) concentrations 
of lemborexant were 4.40 (2.0–9.1), 7.63 (3.81–12.3), and 15.28 
(6.7–37.4) ng/mL, for 2.5, 5, and 10 mg doses, respectively. Mean 
concentrations of lemborexant were approximately 40% higher 
in elderly, as compared with adults. No differences between 
males and females were observed. There were no residual 
concentrations of lemborexant that were greater than 5% of Cmax 
predose on day 1 of periods 2, 3, and 4.  Mean (range) plasma 
concentrations of S-zopiclone (the active isomer of zopiclone) 
were 12.97 (0.0–27.6) ng/mL on day 2, and 12.79 (7.2–22.2) ng/mL 
on day 9.

The relationship between placebo-corrected SDLP on days 
2 and 9 and lemborexant concentration measured after the 
completion of the driving assessments (median 10.4 h postdose) 
is best described by a linear model without intercept.

PK/PD analyses showed no relationship between lemborexant 
concentrations and placebo-corrected SDLP following single 
dosing on day 2. Following multiple dosing of lemborexant 2.5, 
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5, and 10 mg for 8 days, a shallow, statistically significant linear 
relationship was detected. This relationship appeared to be 
similar in adult and elderly subjects, and in males and females, 
based on graphical evaluation of the large overlap of responses 
when split by age group and by sex. At median levels of exposure 
at approximately 10.4  h postdose, the PK/PD model predicted 
small increases in placebo-corrected SDLP of 0.19, 0.32, and 
0.64 cm following lemborexant 2.5, 5, and 10 mg, respectively. 
Based on the large interindividual variability (60%–70%) in 
response (SDLP), and noting that the predicted increases in 
SDLP at the highest lemborexant concentrations are below the 
clinically meaningful threshold of 2.4 cm, the effect of observed 
lemborexant concentrations on SDLP is considered not clinically 
relevant.

Safety

Table 3 presents a summary of treatment-emergent adverse 
events (AEs) reported by ≥5% of the participants after any 
treatment.

After lemborexant, the most common AEs were somnolence, 
headache, and dry mouth. After zopiclone, somnolence, 

dysgeusia, and dizziness were the most common AEs. Overall, 
females reported AEs more frequently than males (37 vs. 28), 
and adults reported AEs more frequently than elderly (36 vs. 29). 
All AEs were of mild to moderate severity. There were no events 
of cataplexy or cataplexy-like events. There were no relevant 
treatment-related changes in laboratory, vital signs, or ECG 
safety parameters.

Discussion
The primary objective of the study was to assess the residual 
effects of lemborexant on automobile driving in a group of 
adults and elderly, after single and repeated bedtime dosing. 
Results showed that when lemborexant was taken in doses 
of 2.5, 5, and 10  mg 9  h before driving, mean drug–placebo 
changes were small (<0.74 cm), and the 95% CIs were well below 
the 2.4  cm threshold for impairment, and included zero. This 
indicates that, overall, there were no statistically significant or 
clinically relevant effects of lemborexant on SDLP, the primary 
measure of driving performance. In line with this, there were 
no statistically significant differences in proportions of drivers 

Table 1. LS-mean (SE) of standard deviation of lateral position (SDLP in cm), and mean drug–placebo changes ΔSDLP [95% CI] at both test days 
in each treatment condition, for all participants, and for each age group and sex separately

Group and 
treatment 
condition N

LS mean (SE)
SDLP
Day 2

LS mean (SE)
SDLP
Day 9

ΔSDLP
Day 2 95% CI

P for main
effect of
treatment

ΔSDLP
Day 9 95% CI

P for main
effect of
treatment

All
PBO 48 17.84 (0.46) 17.82 (0.44) — — — — — —
LEM2.5 32 17.85 (0.58) 18.30 (0.57) 0.02 [−1.44 to 1.48] 0.983 0.48 [−0.94 to 1.90] 0.506
LEM5 32 18.06 (0.58) 18.18 (0.57) 0.23 [−1.23 to 1.69] 0.760 0.36 [−1.06 to 1.78] 0.652
LEM10 32 18.57 (0.58) 18.56 (0.57) 0.73 [−0.73 to 2.19] 0.324 0.74 [−0.68 to 2.16] 0.306
ZOP 48 19.88 (0.46) 19.70 (0.44) 2.04 [0.77 to 3.32]† 0.002* 1.88 [0.64 to 3.12]† 0.003*
Adults
PBO 24 17.20 (0.53) 17.27 (0.51) — — — — — —
LEM2.5 16 17.04 (0.68) 17.35 (0.66) −0.16 [−1.88 to 1.55] 0.849 0.08 [−1.58 to 1.75] 0.921
LEM5 16 17.74 (0.68) 17.35 (0.66) 0.54 [−1.18 to 2.26] 0.534 0.08 [−1.58 to 1.74] 0.924
LEM10 16 17.85 (0.68) 18.10 (0.66) 0.65 [−1.07 to 2.36] 0.456 0.83 [−0.83 to 2.49]† 0.321
ZOP 24 18.72 (0.53) 19.05 (0.51) 1.51 [0.01 to 3.01]† 0.048* 1.79 [0.34 to 3.24]† 0.016*
Elderly
PBO 24 18.47 (0.60) 18.37 (0.59) — — — — — —
LEM2.5 16 18.67 (0.76) 19.25 (0.75) 0.20 [−1.73 to 2.13] 0.837 0.88 [−1.02 to 2.78]† 0.359
LEM5 16 18.38 (0.76) 19.01 (0.75) −0.09 [−2.02 to 1.84] 0.926 0.64 [−1.26 to 2.54]† 0.505
LEM10 16 19.29 (0.76) 19.02 (0.75) 0.82 [−1.11 to 2.75]† 0.399 0.65 [−1.25 to 2.55]† 0.496
ZOP 24 21.04 (0.60) 20.35 (0.59) 2.57 [0.89 to 4.25]† 0.003* 1.98 [0.33 to 3.63]† 0.020*
Males
PBO 26 17.11 (0.55) 17.13 (0.49) — — — — — —
LEM2.5 18 17.21 (0.68) 17.33 (0.60) 0.09 [−1.62 to 1.80] 0.913 0.19 [−1.32 to 1.71] 0.801
LEM5 17 17.41 (0.69) 18.01 (0.62) 0.30 [−1.44 to 2.03] 0.735 0.87 [−0.66 to 2.41]† 0.261
LEM10 17 17.82 (0.70) 17.79 (0.62) 0.71 [−1.04 to 2.46]† 0.422 0.65 [−0.90 to 2.20] 0.406
ZOP 26 19.21 (0.55) 19.09 (0.49) 2.10 [0.59 to 3.61]† 0.007* 1.96 [0.62 to 3.29]† 0.005*
Females
PBO 22 17.83 (0.58) 17.77 (0.63) — — — — — —
LEM2.5 14 17.78 (0.74) 18.65 (0.80) −0.05 [−1.91 to 1.81] 0.958 0.88 [−1.15 to 2.91]† 0.390
LEM5 15 17.84 (0.72) 17.41 (0.78) 0.01 [−1.79 to 1.80] 0.993 −0.36 [−2.32 to 1.61] 0.718
LEM10 15 18.45 (0.72) 18.48 (0.78) 0.62 [−1.20 to 2.44]† 0.498 0.71 [−1.28 to 2.69]† 0.481
ZOP 22 19.86 (0.58) 19.63 (0.63) 2.04 [0.45 to 3.62]† 0.013* 1.86 [0.12 to 3.60]† 0.036*

CI, confidence interval; LS mean, least-squares mean; PBO, placebo; LEM2.5, lemborexant 2.5 mg; LEM5, lemborexant 5 mg; LEM10, lemborexant 10 mg; SDLP, standard 

deviation of lateral position; SE, standard error; ZOP, zopiclone 7.5 mg.

*Statistically significant (p < 0.05) drug–placebo difference.
†Upper limit of the 95% CI exceeding the threshold for impairment (>2.4 cm).
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showing increases or decreases in individual SDLP scores of a 
magnitude larger than the criterion for impairment.

Driving impairment observed after zopiclone 7.5  mg 
demonstrated assay sensitivity. It significantly increased mean 
SDLP as compared with placebo by 2.04 and 1.88  cm on days 
2 and 9, respectively, and impaired driving in almost 50% of 
participants, as defined by a change in SDLP of more than 2.4 cm. 
In addition, three driving tests were terminated prematurely 
after zopiclone 7.5 mg (3.1% of 96 tests), compared with zero after 
use of lemborexant or placebo. It should be noted however, that 
the number of driving tests stopped before completion is a poor 
predictor of a drug’s effect on driving performance, as shown 
by a review of 50 driving studies [31]. The impairing effects of 
zopiclone 7.5  mg on driving performance are consistent with 
previous studies that assessed the next day effects of zopiclone 
using the same standardized highway driving test [22–24].

Table 3. Summary of adverse events reported by at least 5% of the 
participants after any treatment, n = 48

Adverse 
event

PBO
(n = 48)
n (%)

LEM2.5
(n = 32)
n (%)

LEM5
(n = 32)
n (%)

LEM10
(n = 32)
n (%)

ZOP
(n = 48)
n (%)

Somnolence 3 (6.3) 3 (9.4) 3 (9.4) 10 (31.3) 8 (16.7)
Headache 8 (16.7) 4 (12.5) 3 (9.4) 2 (6.3) 1 (2.1)
Dizziness 1 (2.1) 2 (6.3) 0 (0.0) 0 3 (6.3)
Dysgeusia 1 (2.1) 0 (0.0) 0 (0.0) 0 7 (14.6)
Dry mouth 1 (2.1) 3 (9.4) 1 (3.1) 3 (9.4) 2 (4.2)
Nausea 0 0 0 2 (6.3) 0
Fatigue 1 (2.1) 0 2 (6.3) 2 (6.3) 0
Influenza 0 2 (6.3) 1 (3.1) 2 (6.3) 0
Back pain 1 (2.1) 0 0 2 (6.3) 0

PBO, placebo; LEM2.5, lemborexant 2.5 mg; LEM5, lemborexant 5 mg; LEM10, 

lemborexant 10 mg; ZOP, zopiclone 7.5 mg.

Figure 2. Individual standard deviation of lateral position (SDLP, in cm) differences from placebo, mean and 95% confidence interval by treatment and day, following 

bedtime administration of lemborexant 2.5, 5, and 10 mg single dose (day 2, n = 32) and repeated doses (day 9, n = 32), and single doses of zopiclone 7.5 mg (days 2 and 

9, n = 48). N = 28 on day 2, N = 27 on day 9. Horizontal dashed lines indicate thresholds for impairment (>2.4 cm) and improvement (<−2.4 cm). LEM2.5, lemborexant 

2.5 mg; LEM5, lemborexant 5 mg; LEM10, lemborexant 10 mg; SDLP, standard deviation of lateral position; ZOP, zopiclone 7.5 mg.

Table 2. Symmetry analysis of numbers of participants whose SDLP increased more than 2.4 cm (indicating impairment) and numbers 
of participants whose SDLP decreased more than −2.4 cm (indicating improvement), n = 48

Treatment condition Day
∆SDLP > 2.4  
n (proportion)

∆SDLP < −2.4  
n (proportion) McNemar test P-value Reject H0

LEM2.5 (n = 32) 2 4 (12.5) 2 (6.3) 0.688 No
 9 6 (18.8) 1 (3.1) 0.125 No
LEM5 (n = 32) 2 4 (12.5) 5 (15.6) 1.000 No
 9 7 (21.9) 1 (3.1) 0.070 No
LEM10 (n = 32) 2 6 (18.8) 3 (9.4) 0.508 No
 9 6 (18.8) 3 (9.4) 0.508 No
ZOP (n = 48) 2 20 (41.7) 1 (2.1) <0.0001 Yes
 9 24 (50.0) 3 (6.3) <0.0001 Yes

LEM2.5, lemborexant 2.5 mg; LEM5, lemborexant 5 mg; LEM10, lemborexant 10 mg; SDLP, standard deviation of lateral position; ZOP, zopiclone 7.5 mg.
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Plasma concentrations of lemborexant after driving 
(approximately 10.4  h postdose) were approximately dose-
proportional across the dose range from 2.5 to 10 mg, following 
both single and repeated administrations. The concentrations 
observed were in line with those predicted for 9 h post bedtime 
dose based on previous studies [11]. There was no relationship 
between plasma concentrations and drug–placebo changes 
in driving performance following a single dose. After repeated 
dosing, a weak but statistically significant relationship was 
observed, such that higher concentrations of lemborexant were 
associated with small increases in SDLP that were not clinically 
relevant. These results are in line with previous studies [23, 24, 
32] showing that individual differences in blood concentrations 
of hypnotic drugs and changes in SDLP correlate poorly.

On average, the effects of lemborexant did not differ between 
adults and elderly, or between males and females; estimated 
mean drug–placebo changes in SDLP were comparable in adults 
and elderly, and in males and females. Occasionally, however, 
the upper limit of the 95% CI of lemborexant-placebo changes 
within these subgroups exceeded the threshold for impairment. 
This can be explained by larger variability in smaller sample 
sizes. Moreover, none of these changes differed significantly 
from placebo. It could be argued that interindividual variability 
in responses to lemborexant indicates that residual effects on 
driving cannot be ruled out completely for all patients, and 
all doses.

Contrary to expectation, lapses of attention defined 
as moving laterally from the chosen position in the lane 
by at least 100  cm for a minimum of 8  s, were not detected 
during the study. The failure to find lapses is not in line with 
conclusions of Verster et al. [25]. These authors retrospectively 
examined driving data from two published studies to evaluate 
the utility of lapses as an alternative outcome measure of 
driving impairment. They report that 23 out of 60 healthy 
volunteers showed lapses following placebo, and that bedtime 
use of zopiclone 7.5 mg was associated with an average of 2.5 
lapses per driving test. One explanation for why lapses were 
not detected in the present study could be that the driving 
instructors would not have permitted participants to lapse this 
far (100 cm) for this duration (8 s) before taking control of the 
car. This is not likely, however, because when the instructor has 
to take control of the car, it is considered a reason to terminate 
the test. Alternatively, the discrepancy in detection of lapses 
may be due to methodological issues, including differences 
in vehicles, and roadways used, and differences in scoring 
routines of lapses. In the present study, lapses were detected 
using an automated computer algorithm, whereas lapses were 
previously identified by visual inspection of the data. Mean 
SDLP scores after placebo and zopiclone were comparable 
between studies, however.

In this study, lemborexant was well-tolerated. No subject 
discontinued from the study; all subjects completed all 
treatments.

As discussed for previous studies [22–24], the inclusion of 
healthy volunteers instead of patients could be considered a 
limitation of the study. However, healthy volunteers have been 
found to be more sensitive to residual effects of hypnotics than 
patients with insomnia [33]. Thus, studying drug effects on 
driving performance in healthy volunteers minimizes the risk 
of failing to detect clinically relevant impairment associated 
with the use of a drug. Future studies in patients may help to 

determine the interaction of these effects with the diagnosis 
of insomnia and other comorbid disorders, or concomitant 
medication. The present study aimed to determine the 
impairing potential of lemborexant per se, as compared with 
that of a drug with well-defined impairing properties, that is, 
zopiclone 7.5 mg.

In conclusion, results of the present study show no clinically 
meaningful residual effects of single and repeated doses 
of lemborexant 2.5, 5, and 10  mg on next-morning driving 
performance (9  h after bedtime dosing) in healthy adults and 
elderly.
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