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Abstract
Objective

To evaluate the associations between CSF orexin-A (ORX) levels and markers of nocturnal
sleep stability, assessed by polysomnography.

Methods

Nocturnal polysomnography data and ORX levels of 300 drug-free participants (55% men,
29.9+15.5 years, ORX level 155.1+153.7 pg/mL) with hypersomnolence were collected.
Several markers of nocturnal sleep stability were analyzed: sleep and wake bouts and sleep/
wake transitions. Groups were categorized according to ORX levels, in 2 categories (deficient
<110; >110), in tertiles (<26, 26-254, >254), and compared using logistic regression models.
Results were adjusted for age, sex, and body mass index.

Results

We found higher number of wake bouts (43 vs 25, p < 0.0001), sleep bouts (43 vs 25.5, p <
0.0001), and index of sleep bouts/hour of sleep time, but lower index of wake bouts/hour of wake
time (41.4 vs 50.6, p < 0.0001), in patients with ORX deficiency. The percentage of wake bouts
<30 seconds was lower (51.3% vs 60.8%, p < 0.001) and of wake bouts >1 minutes 30 seconds
higher (7.7% vs 6.7%, p = 0.02) when ORX deficient. The percentage of sleep bouts <14 minutes
was higher (2-5 minutes: 23.7% vs 16.1%, p < 0.0001), and of long sleep bouts lower (>32
minutes 30 seconds: 7.3% vs 18.3%, p < 0.0001), when ORX deficient. These findings were
confirmed when groups were categorized according to ORX tertiles, with a dose—response effect
of ORX levels in post hoc comparisons, and in adjusted models.

Interpretation

This study shows an association between ORX levels and nocturnal sleep stabilization in
patients with hypersomnolence. Sleep and wake bouts are reliable markers of nighttime sleep
stability that correlate with CSF ORX levels in a dose-dependent manner.

From the Sleep-Wake Disorders Unit, Department of Neurology (L.B., R.L., S.C,, A--L.R., S.S., Y.D.), Gui-de-Chauliac Hospital, CHU Montpellier, University of Montpellier; National
Reference Network for Narcolepsy (L.B., R.L.,, S.C., A--L.R., S.S., Y.D.), CHU Montpellier; Inserm, Neuropsychiatry: Epidemiological and Clinical Research (L.B., R.L., I.J., Y.D.), University
of Montpellier; Department of Biochemistry (M.L., J.-P.C.), Montpellier University Hospital; and PhyMedExp (M.L., J.-P.C.), University of Montpellier, INSERM U1046, CNRS UMR 9214,
France.



Glossary

AHI = apnea-hypopnea index; BMI = body mass index; EDS = excessive daytime sleepiness; ICSD-3 = International

Classification of Sleep Disorders, 3rd ed; IH = idiopathic hypersomnia; MSLT = multiple sleep latency test; NREM = non-
REM; NT1 = narcolepsy type 1; NT2 = narcolepsy type 2; ORX = orexin; PLMS = periodic leg movements during sleep; PSG =

polysomnography.

The orexin (ORX) /hypocretin system contributes to sleep-wake
regulation by sustaining long periods of wakefulness in humans
and animals. Although ORX neurons are a restricted group of
cells localized exclusively in the lateral hypothalamus, their pro-
jections are widely distributed through the brain. The densest
projections are in the locus ceruleus, the raphe, and the tuber-
omammillary nuclei.' In the flip-flop model of reciprocal inter-
actions between sleep- and wake-promoting brain regions,™
aminergic regions promote wakefulness through direct excitatory
effects on the cortex and inhibition of sleep-promoting neurons of
the ventrolateral preoptic nucleus. ORX neurons increase the
activity of aminergic neurons, thus supporting the inhibition of
sleep-promoting and REM sleep-promoting neurons.

A defect of the orexinergic tone leads to wake and sleep in-
stability, as observed in narcolepsy type 1 (NT1).* In NT1,
the irreversible loss of ORX neurons, probably due to an
autoimmune process, results in irresistible transitions to sleep
(especially REM sleep) during the day, difficulties in main-
taining long wakefulness periods, fragmented nighttime sleep
with frequent shifts between sleep stages, and arousals.® Al-
though cataplexy (sudden loss of muscle tone while awake) is
the pathognomonic symptom of this rare sleep disease, the
main symptom is excessive daytime sleepiness (EDS). Other
typical symptoms are hypnagogic or hypnopompic halluci-
nations and sleep paralysis,”” and many patients with NT1
also complain of disturbed and fragmented nocturnal sleep.”
The neurobiology of other central hypersomnolence disor-
ders (such as idiopathic hypersomnia [IH] and narcolepsy
type 2 [NT2]) is unknown; however, ORX levels are normal
in these disorders.*”

As disrupted ORX signaling leads to a narcoleptic phenotype in
different species, animal data may be translated to humans. In-
deed, behavioral state instability caused by ORX deficiency has
been well studied in rodents. Compared with wild-type mice,
ORX knock-out mice have normal amounts of sleep and wake,
but wake and non-REM (NREM) sleep bouts are very brief,
with many more transitions between behavioral states.” "' Sur-
vival analysis of wake bouts showed that ORX is necessary for
the maintenance of long wake bouts, and that ORX deficiency
has little impact on wake bouts <1 minute.'” In narcoleptic mice,
sleep and wakefulness are less distinct and less stable."® In hu-
mans, several studies have reported an increased number of
transitions between wake, NREM, and REM sleep stages during
nighttime polysomnography (PSG) in patients with NT1
compared with other conditions."*"” Few studies assessed the
nocturnal fluctuation between sleep and wake in function of

ORX-A levels.'®"” They showed that low ORX-A levels are
associated with higher instability of wakefulness and REM-
NREM sleep.'® To our knowledge, no study has analyzed sleep
bouts and wake bouts in patients with hypersomnolence to
evaluate the nocturnal sleep stability as a function of ORX levels.

We assessed the associations between CSF ORX-A levels and
markers of nocturnal sleep stability assessed by PSG (sleep
and wake bouts, sleep/wake transitions) in a large sample of
drug-free participants referred for suspected central hyper-
somnolence disorders.

Methods

Standard protocol approvals, registrations,
and patient consents

This study was approved by local ethics committees (Comité
de Protection des Personnes, France: Constitution of a cohort
and of a clinical, neurophysiologic and biological bank of rare
hypersomnolence disorders-NARCOBANK PHRC AOMO7-
138). Consent was provided by all participants prior to par-
ticipation, written consent by adults, and by both parents for
minors.

Participants

Data on 300 consecutive individuals referred for evaluation of a
hypersomnolence complaint at the French National Reference
Center for Narcolepsy and Rare Hypersomnia were collected
for this study. All participants underwent a standardized clinical
evaluation, video-PSG recording in the sleep laboratory, fol-
lowed by a multiple sleep latency test (MSLT) and lumbar
puncture on the second day. No participant was taking medi-
cations at evaluation time. Patients with relevant psychiatric
and medical (especially significant neurologic, metabolic-
endocrine, or immunologic) conditions or comorbidities that
could explain hypersomnolence were not selected for the study.

Age, sex, body mass index (BMI), age at symptom onset, EDS
assessed with the Epworth Sleepiness Scale,'® and disturbed
nocturnal sleep (assessed with a single item of the validated self-
questionnaire Narcolepsy Severity Scale'”) were collected for
all participants. On the MSLT, mean sleep latency and number
of sleep-onset REM periods were recorded. According to
ICSD-3 criteria,”® 167 patients had a diagnosis of NT1, 51 of
NT2, 35 of IH, and 47 participants had EDS without central
disorder of hypersomnolence (no objective sleepiness on the
MSLT or during prolonged PSG monitoring).



Polysomnography analysis

All participants underwent a video-PSG recording from 11:00
pM (light-off) to 7:00 am (light-on). Sleep was scored by ex-
perienced sleep experts, in 30-second epochs, based on the
standard method,”" and then analyzed with the Natus Co-
herence software. The following usual nocturnal sleep data
were collected: time spent in bed (i.e, total time between light-
off and light-on), sleep latency, total sleep time, sleep efficiency,
apnea-hypopnea index (AHI), periodic leg movements during
sleep (PLMS) and microarousal indexes per hour of sleep, and
proportions of each sleep stage. Total wake time after sleep
onset was defined as the total duration of wake after the be-
ginning of sleep onset, including the wake epochs at the end of
the recording, if any, before light-on.

CSF analysis

All participants were hospitalized in the sleep laboratory for
48 hours and benefited from the same standardized evaluation
procedure. The lumbar puncture was performed following the
last nap (the Sth) of the MSLT, between 5:00 pm and 7:00 PMm.
After centrifugation, CSF samples were collected and aliquots
frozen and stored immediately at —80°C. CSF ORX-A level
was determined in duplicate using the I'*® radioimmunoassay
kit from Phoenix Pharmaceuticals, Inc. (Belmont, CA),
according to the manufacturer’s recommendations. All values
were back-referenced to the Stanford reference samples
(Stanford University Center for Narcolepsy, Palo Alto, CA).
CSF ORX-A levels below 110 pg/mL (i.e., the established

threshold of ORX deficiency) were considered low.”***??

Markers of nocturnal sleep fragmentation:
wake bouts, sleep bouts, transitions

Wake bouts

A wake bout was defined as a continuous sequence of wake
epochs, occurring after the beginning of sleep onset until the
end of the night. The shortest duration of a wake bout is 30
seconds and other durations are multiples of 30 seconds. The
total number and median duration of all wake bouts were first
calculated per participant. Then the wake bout length was
categorized according to distribution in the sample as wake
bout of 30 seconds, 1 minute, 1 minute 30 seconds, 2 minutes,
or >2 minutes (S0th, 60th, 80th, and 90th percentile in the
entire wake bout set).

Sleep bouts

A sleep bout was defined as any sleep epoch, or any contin-
uous sequence of sleep epochs (any sleep stage). Like for
wake bout, the shortest sleep bout duration is 30 seconds, and
other durations are multiples of 30 seconds. The total number
and median duration of all sleep bouts were calculated for
each participant. Three different sleep bout subtypes were
described: (1) sleep bout with NREM sleep only, (2) sleep
bout with REM sleep only, and (3) sleep bout with REM and
NREM sleep. Sleep bout length was categorized as 30 sec-
onds, 1 minute—1 minute 30 seconds, 2 minutes—5 minutes, 5
minutes 30 seconds—14 minutes, 14 minutes 30 seconds—32

minutes 30 seconds, and >32 minutes 30 seconds (10th, 25th,
50th, 75th and 90th percentile of the entire sleep bout set).

Sleep-wake transitions

For each participant, the number of transitions was described
(1) from sleep to wake: REM sleep to wake and NREM sleep
(NREM1, NREM2, NREM3) to wake and (2) from wake to
sleep: wake to REM sleep and wake to NREM sleep (NREM1,
NREM2, NREM3). The instability of a sleep stage was defined
as the number of transitions to wake during that stage reported
to the time spent in that stage (i.e., a high index indicates high
instability for that stage).

Statistical analysis

Categorical variables were presented as percentages, quan-
titative variables as medians with ranges. Participants were
categorized according to their CSF ORX-A levels in 2 cat-
egories (<110, >110 pg/mL) and in tertiles (<26, [26-254],
>254 pg/mL). The subgroup of participants with in-
termediate ORX-A levels (between 110 and 200 pg/mL)
was too small to be individualized. The participants’ char-
acteristics in the 2 ORX-A categories (ORX deficiency vs
ORX nondeficiency) were compared using logistic re-
gression models (univariate analysis). Then, the associations
between ORX-A levels, wake bouts, sleep bouts, and tran-
sition parameters were adjusted for the characteristics found
to be significant in the univariate analysis (p < 0.10). The
same methodology was used to detect associations between
ORX-A levels divided in tertiles, wake and sleep bouts, and
transition parameters using multinomial regression models.
When comparisons were signiﬁcant in the 3 ORX-A groups,
2-by-2 comparisons were carried out, by using the Bonfer-
roni method to correct for multiple comparisons. The
Pearson correlation coefficient was used to determine as-
sociations between continuous variables. Significance was
set at p < 0.05. Analyses were performed with SAS statistical
software (version 9.4; SAS, Cary, NC).

Data availability
Anonymized data not provided in the article because of space
limitations will be shared by request from any qualified

investigator.

Results

Characteristics of the population

Among the 300 participants, 5% were men, and 23.67% (n =
71) were children (<18 years old). Their mean age was
29.89+15.55 years. All participants were drug-free, and 180
(60%) were drug-naive (never exposed to medication against
hypersomnolence) while the others discontinued treatments
with an effect on sleep at least 2 weeks before the PSG re-
cording. The mean CSF ORX-A level was 155.12 + 153.75
pg/mL. It was below 110 pg/mL in 164 patients, among whom
68 had undetectable levels (<10 pg/mL). ORX levels were
intermediate (between 110 and 200 pg/mL) only in 13



patients, with 3 of them having typical cataplexy. Compared
with patients with normal and intermediate ORX-A levels (n =
136), patients with low ORX-A levels were younger (p = 0.02),
more frequently men (p = 0.04), with higher BMI (p = 0.03),
shorter total sleep time (p = 0.02), and longer total wake time
after sleep onset (p < 0.0001). The clinical and electrophysi-
ologic characteristics of the study population categorized
according to the ORX-A level tertiles are described in table 1.

Association between wake bouts and

CSF ORX-A levels

The total wake bout number was higher and their duration
longer in participants with ORX deficiency than in the others
(table 2). The shortest wake bouts (30 seconds) were the most
numerous in all groups, but their percentage (relative to all
wake bouts) was lower in the ORX deficiency group. Con-
versely, the percentage of wake bouts >1 minute 30 seconds

Table 1 Characteristics of the study population, categorized according to tertiles of CSF orexin-A (ORX-A) levels, pg/mL

ORX-A <26 group ORX-A (26-254) ORX-A >254 Post hoc,
Variables 1,n =100 group 2, n =100 group 3, n =100 p Value groups
Clinical characteristics
Sex, men? 63 (63.00) 56 (56.00) 46 (46.00) 0.05 —
Age, y? 22.00 (5.00-76.00) 26.50 (5.00-77.00) 27.50 (6.00-78.00) 0.19 —
Age, y°
<20 45 (45.00) 26 (26.00) 23 (23.00) 0.006 1>2>3
20-35 27 (27.00) 41 (41.00) 37 (37.00)
235 31(31.00) 33(33.00) 40 (40.00)
BMI, kg/m?? 25.73 (16.80-43.42) 23.51 (15.61-35.92) 22.70 (13.67-40.80) 0.004 1>2>3
BMI, overweight/obese® 58 (59.79) 42 (42.00) 25 (28.09) <0.0001 1>2,3
Disturbed nocturnal sleep®
No 14 (23.33) 16 (33.33) 16 (61.54) 0.002 1<3
Slightly 14 (23.33) 18 (37.50) 6 (23.08)
Moderate/severe 32(53.33) 14 (29.17) 4 (15.38)
Duration of sleepiness, y* 4.00 (0.00-58.00) 5.00 (0.00-65.00) 6.00 (0.00-61.00) 0.10 —
ESS score® 18.50 (6.00-24.00) 18.50 (5.00-24.00) 16.00 (6.00-23.00) 0.001 1,2<3
Polysomnography and MSLT
Total sleep time, h:min?® 7:21 (1:54-10:05) 7:32 (4:37-8:43) 7:29 (4:36-9:21) 0.02 1<2
Sleep efficiency, %° 85.26 (24.39-96.50) 90.14 (51.88-98.23) 91.74 (57.14-98.96) <0.0001 1<2<3
T-WASO, min:s? 75:15 (16:30-309:00) 47:00 (6:30-252:00) 29:00 (6:00-185:00) <0.0001 1>2>3
T-WASO, min®
<34 7 (7.00) 34 (34.00) 57 (57.00) <0.0001 1>2>3
34-71 37 (37.00) 36 (36.00) 28 (28.00)
>71 56 (56.00) 30 (30.00) 15 (15.00)
AHI/h? 2.03 (0.00-62.20) 2.16 (0.00-46.80) 1.71 (0.00-52.37) 0.38 —
Index PLMS/h? 3.24 (0.00-60.49) 1.10 (0.00-42.98) 0.00 (0.00-49.40) 0.002 1>2>3
Microarousal index/h of sleep? 14.25 (0.00-68.57) 12.70 (2.30-34.10) 10.74 (0.00-55.66) 0.0006 1>2>3
MSLT mean sleep latency, min? 2.80 (0.00-14.67) 5.80 (0.60-18.20) 8.40 (0.80-20.00) <0.0001 1<2<3
Number of SOREMPs (nocturnal and MSLT)? 5.00 (1.00-6.00) 3.50 (0.00-6.00) 2.00 (0.00-5.00) <0.0001 1>2>3

Abbreviations: AHI = apnea-hypopnea index; BMI = body mass index; ESS = Epworth Sleepiness Scale; MSLT = multiple sleep latency test; NREM = non-REM;
PLMS = periodic leg movements during sleep; SOREMP = sleep-onset REM period; T-WASO = total wake time after sleep onset.
2Values are n (%) or median (minimal value-maximal value) (continuous variables).

b Tertiles of the whole sample (n = 300).
¢ Assessed with item 15 of the Narcolepsy Severity Scale.




Table 2 Associations between wake bouts (WBs) during polysomnography and CSF orexin-A (ORX-A) levels, pg/mL

ORX-A <110, n =164

ORX-A>110, n =136

ORX-A <26 group 1, n = 100

ORX-A (26-254) group 2, n =100

ORX-A >254 group 3, n =100

WwWB ement dian (min-max) median (min-max) I'S median (min-max) median (min-max) median (min-max) p? ;:oslt‘::c,
Total WBs, n 43.00 (16.00-99.00) 25.00 (8.00-79.00) <0.0001>¢ 45,00 (16.00-99.00) 33.00 (9.00-75.00) 25.00 (8.00-79.00) <0.0001°¢  1>2>3
Index of WBs/hours of 41.44 (3.11-107.14) 50.56 (9.81-114.55) <0.0001° 39.59 (3.11-94.55) 47.03 (8.33-107.14) 51.47 (9.81-114.55) <0.0001° 1<2,3
T-WASO

WB duration, s 30.00(30.00-165.00)  30.00 (30.00-90.00) <0.0007° 37.50 (30.00-165.00) 30.00 (30.00-90.00) 30.00 (30.00-90.00) 0.001° 1>3
Number of WBs 0f 30 s 21.00 (4.00-53.00) 15.50 (3.00-55.00) <0.0001¢  22.00 (4.00-53.00) 19.00 (3.00-41.00) 16.00 (3.00-55.00) <0.0001°¢  1>2>3
% Among all WBs 51.29 (16.67-88.00) 60.81 (16.00-95.24) <0.0001° 50.29 (16.67-76.67) 55.36 (23.08-88.00) 60.30 (16.00-95.24) <0.0001° 1<2,3
Nl.lmber of WBs of 1 9.00 (0.00-21.00) 5.00 (0.00-17.00) <0.0001>¢ 9,00 (2.00-21.00) 6.00 (0.00-17.00) 5.00 (0.00-14.00) <0.0001%¢  1>2>3
min

% Among all WBs 20.13 (0.00-42.11) 18.52 (0.00-58.82) 0.52 20.13 (5.56-42.11) 20.00 (0.00-50.00) 18.49 (0.00-58.82) 0.91 —
Number of WBs of 3.00 (0.00-15.00) 2.00 (0.00-6.00) <0.0001°¢  4.00 (0.00-15.00) 2.00 (0.00-15.00) 1.50 (0.00-6.00) <0.0001°¢  1>2>3
1min30s

% Among all WBs 7.69 (0.00-20.97) 6.67 (0.00-20.00) 0.02° 8.33(0.00-20.97) 7.06 (0.00-20.00) 6.50 (0.00-20.00) 0.004° 1>2,3
Nt.lmber of WBs of 2 2.00 (0.00-9.00) 0.00 (0.00-4.00) <0.0001%¢  2.00 (0.00-8.00) 1.00 (0.00-9.00) 0.50 (0.00-4.00) <0.0001%¢  1>2>3
min

% Among all WBs 4.49 (0.00-21.21) 0.00 (0.00-20.00) <0.0002°¢  5.03 (0.00-13.89) 3.39(0.00-21.21) 0.63 (0.00-13.79) 0.0003°¢  1,2>3
Number of WBs >2min  6.00 (0.00-25.00) 2.00 (0.00-21.00) <0.0001>¢  6.00 (0.00-25.00) 4.00 (0.00-16.00) 2.00 (0.00-21.00) <0.0001%¢  1>2>3
% Among all WBs 13.18 (0.00-50.00) 9.20 (0.00-36.84) <0.0001° 13.42 (0.00-50.00) 10.39 (0.00-42.31) 9.60 (0.00-36.84) <0.0001° 1>2,3

Abbreviation: T-WASO = total wake time after sleep onset.

2 Adjustment for age, sex, and body mass index.

b still significant after adjustment for all the covariates in model 0 plus total sleep time.
< Still significant after adjustment for all the covariates in model 0 plus T-WASO, when applicable.




Figure 1 Percentages of wake bouts of different durations categorized according to tertiles of CSF orexin-A (ORX-A) levels
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was higher in this group (table 2). These results were un-
changed after adjustment for age, sex, and BMI. To investigate
a potential dose-response effect, the wake bout parameters
were then compared in participants categorized in tertiles of
CSF ORX-A. Participants in the lowest tertile had more wake
bouts, and of longer duration, than participants classified in
the other 2 tertiles, with a significant dose-response effect in
post hoc comparisons (table 2). Similarly, the percentage of
wake bouts >1 minute increased progressively with the re-
duction of CSF ORX-A concentration (table 2). Compared
with the other 2 tertiles, the percentage of very short wake
bouts (30 seconds) was lower and that of wake bouts >1
minute 30 seconds was higher in the lowest tertile (figure 1).
All results remained significant after adjustment for age, sex,
and BML The results remained almost unchanged when an-
alyzing the index of wake bouts per hour of total wake time
after sleep onset, and after adjusting the wake bout parameters
for total sleep time or wake time after sleep onset (table 2).
Wake bout results were comparable in patients in the lowest
tertile and in those with undetectable CSF ORX-A levels.
Results were unchanged also after excluding alternatively
adults, children, patients with PLMS index >5/h and AHI >5/
h, and nontreatment naive patients. A negative correlation
was found between wake bout number and CSF ORX-A levels
(r=-0.51, p < 0.0001), and was significant only in the ORX
deficiency group. We also compared the wake bout parame-
ters according to the diagnostic groups (NT1, NT2, IH, and
EDS without central disorder of hypersomnolence) and
found differences between the groups for sex, BMI, total sleep
time, sleep efficiency, and wake time after sleep onset (table
e-1, doi.org/10.5061/ dryad.bg79cnp85). After adjustment
for sex and BMI, or sex, BMI, and total sleep time, between-
group differences were found for the number and duration of
wake bouts, with patients with NT1 having increased number
of wake bouts compared to other groups (table e-1, doi.org/
10.5061/dryad.bg79cnp85S). No wake bout differences were
found between other groups.

Association between sleep bouts and

CSF ORX-A levels

The total sleep bout number was higher and their duration
shorter in participants with ORX deficiency. All sleep bout
subtypes (ie, NREM, REM, and NREM-REM sleep bout)
were more frequent in the ORX-A <110 pg/mL category,
particularly NREM sleep bouts (table 3). The percentage of
sleep bout <14 minutes was higher in patients with ORX de-
ficiency, with opposite results found for longer sleep bout (table
3). These results remained unchanged after adjustment for age,
sex, and BMI. Sleep bout parameters were then compared in
groups categorized in tertiles of ORX-A levels. The total sleep
bout number was higher and their duration shorter in the lowest
tertile, with a dose-response effect in post hoc analyses (table
3). This dose-response effect was also observed when sleep
bouts were divided according to their duration (table 3). The
percentage of sleep bouts <14 minutes was higher and that of
sleep bouts >14 minutes was lower in the lowest ORX tertile
than in the other 2 (figure 2). All results remained significant
after adjustment for age, sex, and BMI The results remained
almost unchanged when analyzing the index of sleep bouts per
hour of total sleep time, and after adjusting the sleep bout
parameters for total sleep time or wake time after sleep onset
(table 3). Results were comparable in patients in the lowest
tertile and in those with undetectable ORX levels. They
remained unchanged in the sensibility analyses to assess the
different subpopulations, as previously described for wake
bouts. A negative correlation was found between sleep bout
number and CSF ORX-A levels (r = -0.51, p < 0.0001), but was
significant only in the ORX deficiency group. After adjustment
for sex and BMI, or sex, BMI, and total sleep time or wake time
after sleep onset, the number and duration of sleep bouts dif-
fered between groups, with patients with NT1 having increased
number and decreased duration of sleep bouts compared to
other groups (table e-1, doi.org/10.5061/dryad.bg79cnp8S).
No sleep bout differences were found between other groups.



Table 3 Associations between sleep bouts (SBs) of different durations and types and CSF orexin-A (ORX-A) levels, pg/mL

ORX-A <110, n = 164

ORX-A>110, n = 136

ORX-A 526 group 1, n =100

ORX-A (26-254) group 2, n = 100

ORX-A >254 group 3, n =100

SB measurement median (min-max) median (min-max) I'S median (min-max) median (min-max) median (min-max) P Post hoc, groups
Total n 43.00 (16.00-100.0) 25.50 (9.00-80.00) <0.0001°¢ 45.50 (16.00-100.00) 34.00 (9.00-75.00) 26.00 (9.00-80.00) <0.0001°¢ 1>2>3
Index of SBs/hour of TST 5.98 (2.43-21.54) 3.45(1.07-12.75) <0.0001¢ 6.45 (2.45-21.54) 4.41(1.07-15.00) 3.46(1.18-12.75) <0.0001¢ 1>2>3
SB duration, min:s 5:30 (1:00-24:30) 10:00 (1:15-38:45) <0.0001°¢ 5:00 (1:00-21:00) 7:45 (1:30-38:45) 10:00 (1:15-36:30) <0.0001°¢ 1<2<3
Number of SBs of NREM sleep 29.00 (5.00-88.00) 16.00 (1.00-72.00) <0.0001°¢ 31.00 (5.00-88.00) 24.00 (4.00-69.00) 16.00 (1.00-72.00) <0.0001%¢ 1>2>3
Duration, min:s 3:30 (1:00-30:00) 5:48 (1:00-59:30) <0.0001°¢ 3:08 (1:00-30:00) 4:30 (1:00-59:30) 5:53 (0:30-34:00) 0.0004° 1<2,3
Number of SBs of REM sleep 3.00 (0.00-19.00) 0.00 (0.00-12.00) <0.0001°¢ 3.00(0.00-17.00) 1.00 (0.00-19.00) 1.00 (0.00-12.00) <0.0001°¢ 1>2,3
Duration, min:s 4:30 (1:00-29:30) 5:38 (1:00-28:45) 0.06 4:23 (0:30-28:00) 4:30 (0:30-29:30) 5:00 (0:30-28:45) 0.10 —
Number of SBs of NREM and REM 9.00 (2.00-30.00) 7.00 (2.00-38.00) 0.0002°¢ 9.00 (2.00-30.00) 8.00 (2.00-22.00) 7.00 (2.00-38.00) 0.002°¢ 1,2<3
Duration, min:s 12:30 (3:00-45:30) 24:23 (4:15-114:15) <0.0001°¢ 11:08 (3:00-45:30) 17:08 (4:15-114:00) 25:00 (4:10-75:45) <0.0001%¢ 1<2<3
Number of SBs of 30 s 5.00 (0.00-29.00) 2.00 (0.00-20.00) <0.0001° 5.00 (1.00-29.00) 4.00 (1.00-20.00) 3.00(1.00-20.00) <0.0001° 1>2,3
% Among all SBs 11.37 (2.38-39.44) 10.71 (2.94-34.48) 0.01¢ 11.32(2.56-39.44) 11.32(2.38-27.78) 10.81(3.28-34.48) 0.07 -
Number of SBs 1 min-1 min 30 5.00 (0.00-30.00) 2.00 (0.00-20.00) <0.0001° 6.00 (1.00-30.00) 4.00 (1.00-24.00) 3.00(1.00-18.00) <0.0001° 1>2>3
% Among all SBs 14.00 (2.27-32.00) 10.00 (3.03-32.26) 0.003° 15.07 (2.27-30.30) 13.24 (2.78-32.26) 9.65(3.03-31.03) 0.01° 1>3
Number of SBs 2 min-5 min 10.00 (0.00-43.00) 4.00 (0.00-27.00) <0.0001°¢ 12.00 (1.00-43.00) 7.00 (1.00-25.00) 4.00 (1.00-27.00) <0.0001%¢ 1>2>3
% Among all SBs 23.68 (3.45-47.95) 16.13 (4.55-42.11) <0.0001°¢ 24.59 (3.57-47.95) 18.92 (3.45-42.11) 16.67 (5.00-41.30) <0.0001°¢ 1>2,3
Number of SBs 5 min 30-14 min 11.00 (2.00-23.00) 6.00 (0.00-21.00) <0.0001°¢ 12.00 (3.00-23.00) 8.00 (1.00-20.00) 5.00(1.00-21.00) <0.0001°¢ 1>2>3
% Among all SBs 25.00 (4.88-50.00) 20.00 (5.26-39.53) <0.0001°¢ 25.65 (9.00-50.00) 24.00 (4.88-44.83) 20.00 (5.26-39.53) 0.0007°¢ 1>3
Number of SBs 14 min 30-32 min 30 6.00 (1.00-14.00) 6.00 (1.00-12.00) 0.19 6.00 (1.00-12.00) 6.00 (1.00-14.00) 5.50(1.00-12.00) 0.12 -

% Among all SBs 13.33(1.01-37.93) 20.00 (3.08-50.00) <0.0001°¢ 11.34(1.01-35.71) 20.00 (2.50-37.93) 20.00 (3.08-50.00) <0.0001%¢ 1<2,3
Number of SBs >32 min 30 3.00 (0.00-7.00) 5.00 (1.00-8.00) <0.0001°¢ 3.00 (1.00-7.00) 3.00 (1.00-8.00) 5.00 (1.00-8.00) <0.0001°¢ 1<2<3
% Among all SBs 7.32(1.18-36.84) 18.35 (1.25-63.64) <0.0001°¢ 6.13(1.18-31.58) 9.88 (1.47-58.33) 18.52 (1.25-63.64) <0.0001°¢ 1<2<3

Abbreviations: NREM = non-REM; TST = total sleep time.

2 Adjustment for age, sex, and body mass index.

® still significant after adjustment for all the covariates in model 0 plus TST, when applicable.

<still significant after adjustment for all the covariates in model 0 plus total wake time after sleep onset.




Figure 2 Percentages of sleep bouts of different durations categorized according to tertiles of CSF orexin-A (ORX-A) levels
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Sleep-wake transitions and stability of
nighttime sleep

The number of sleep to wake and wake to sleep transitions
was higher in patients with CSF ORX-A levels <110 pg/mL
than >110 pg/mL in crude and adjusted models. The number
of transitions from all sleep stages (i.e., REM sleep, NREM
sleep, NREM 1, NREM 2, NREM 3) to wake was higher in
the ORX deficiency category (table 4), particularly for tran-
sitions from NREM 2 to wake. The sleep instability indexes
(any sleep stage) were higher in participants with ORX de-
ficiency (table 4). When the population was categorized
according to the tertiles of CSF ORX-A concentration, the
number of sleep—wake transitions and the instability indexes
(any sleep stage) were higher in participants in the low than in
the median and high tertiles, with a dose-response effect of
ORX-A levels in post hoc comparisons (table 4). All results
were significant after adjustment for age, sex, and BMI, and
almost unchanged after adjusting for total sleep time or wake
time after sleep onset. They were confirmed in the sensibility
analyses, as described for sleep and wake bouts. After ad-
justment for sex and BMI, or sex, BMIJ, and total sleep time or
wake time after sleep onset, the sleep-wake transitions dif-
fered between groups, with patients with NT1 having in-
creased sleep—wake transitions compared to other groups.

Discussion

Using reliable PSG markers, our study shows ORX-A stabiliz-
ing effect on nocturnal sleep in a large clinical sample of pa-
tients with hypersomnolence and different CSF ORX-A levels.
The following main findings were obtained: (1) the number
and frequency of wake bouts, sleep bouts, and sleep-wake

transitions were higher in participants with than without ORX
deficiency (i.e,, CSF ORX-A concentration <110 pg/mL); (2)
wake bout duration was longer and sleep bout shorter in the
group with ORX deficiency; (3) the percentage of very short
wake bouts (30 seconds) was lower, whereas the percentage of
wake bouts >1 minute 30 seconds was higher in the ORX
deficiency category; and (4) the percentage of sleep bouts <14
minutes was higher and that of longer sleep bouts was lower
among patients with than without ORX deficiency. The sub-
sequent analyses performed in the population categorized
according to the tertiles of CSF ORX-A concentration con-
firmed all these findings, with a dose-response eftfect of ORX-A
levels in post hoc comparisons.

Sleep is conventionally scored in humans using 30-second
epochs, and most methods for assessing sleep quality focus
on the time spent in sleep stages throughout the night, and on
other typical parameters of nocturnal sleep, such as total
sleep time, sleep efficiency, microarousal indexes, and wake
time after sleep onset.>' In this study, we propose an objec-
tive method to quantify the dynamic processes during sleep:
the analysis of the number, duration, and proportion of sleep
and wake bouts, and of transitions between sleep and wake.
These parameters allow an accurate evaluation of sleep
continuity, stability, and fragmentation. Sleep and wake bout
analysis has been used previously in animal studies, whereas
its use in humans remains limited. Few studies have described
methods for modeling bout distribution,>**® and some au-
thors used them to investigate the characteristics of disturbed
nighttime sleep in fibromyalgia and insomnia,***” and the
effect of aging on sleep continuity.”*** To our knowledge, no
study has used this method in patients with hypersomnolence
disorders.



Table 4 Transitions from sleep to wake, wake to sleep, and instability of sleep stages as a function of CSF orexin-A (ORX-A) levels, pg/mL

ORX-A <110, n =164

ORX-A >110, n = 136

ORX-A <26 group 1, n =100

ORX-A (26-254) group 2, n = 100

ORX-A >254 group 3, n =100

Transitions Post hoc,
measurement median (min-max) median (min-max) I'S median (min-max) median (min-max) median (min-max) p? groups
Transitions sleep — 43.00 (16.00-99.00) 25.00 (8.00-79.00) <0.0001>¢  45.00 (16.00-99.00) 33.00 (9.00-75.00) 25.00 (8.00-79.00) <0.0001°¢  1>2>3
wake, n

Transitions REM sleep 8.00 (0.00-28.00) 5.00 (0.00-39.00) <0.00015¢  9.00 (1.00-28.00) 6.00 (0.00-26.00) 5.00 (1.00-39.00) <0.0001¢  1>2,3
— wake, n

REM sleep instability 1.96 (0.00-89.03) 0.90 (0.00-23.03) <0.0001° 2.01(0.19-89.03) 1.39 (0.00-8.89) 0.93(0.15-23.03) <0.0001° 1>2,3
index

Transitions NREM — 32.00 (9.00-88.00) 19.00 (2.00-72.00) <0.00015¢ 35,00 (11.00-88.00) 26.00 (6.00-71.00) 19.00 (2.00-72.00) <0.0001%¢  1>2>3
wake, number

NREM sleep instability ~ 5.75(1.61-23.01) 3.21(0.31-13.19) <0.0001°¢  6.43 (2.22-23.01) 4.56 (1.14-19.32) 3.28(0.31-13.19) <0.0001¢  1>2>3
index

Transitions NREM 1 —  10.00 (0.00-53.00) 3.00 (0.00-34.00) <0.0001>¢ 0.0 (1.00-53.00) 6.00 (0.00-34.00) 3.00 (0.00-34.00) <0.0001%¢  1>2>3
wake, n

NREM 1 instability 15.60 (0.00-48.00) 11.18 (0.00-38.18) <0.0001° 15.94 (2.40-48.00) 13.58 (0.00-45.52) 11.63 (0.00-38.18) 0.0003° 1,2>3
index

Transitions NREM 2 —  18.00 (4.00-63.00) 13.00 (0.00-63.00) <0.0001°¢  19.00 (4.00-63.00) 15.50 (4.00-42.00) 12.50 (0.00-63.00) 0.0002° 1>2,3
wake, n

NREM 2 instability 5.48 (1.31-21.14) 3.51(0.00-13.90) <0.00015¢  5.97 (1.56-21.14) 4.37 (1.29-19.43) 3.47 (0.00-13.90) <0.0001%¢  1>2>3
index

Transitions NREM 3 -  3.00 (0.00-12.00) 2.00 (0.00-7.00) 0.0004°¢ 3,00 (0.00-12.00) 2.50(0.00-11.00) 2.00 (0.00-7.00) 0.008°¢ 1>3
wake, n

NREM 3 instability 1.94 (0.00-8.00) 1.63 (0.00-6.76) 0.0005°¢  2.13 (0.00-8.00) 1.66 (0.00-6.84) 1.66 (0.00-6.76) 0.0005>¢  1>2,3
index

Transitions wake — 43.00 (16.00-100.0) 25.50 (9.00-80.00) <0.0001°¢  45.50 (16.00-100.00) 34.00 (9.00-75.00) 26.00 (9.00-80.00) <0.0001°¢  1>2>3
sleep, n

Transitions wake — 5.00 (0.00-22.00) 2.00(0.00-15.00) <0.0001°¢ 5.0 (0.00-21.00) 3.00 (0.00-22.00) 2.00 (0.00-15.00) <0.0001°¢  1>2>3
REM, n

Transitions wake — 36.00 (13.00-91.00) 23.00 (4.00-73.00) <0.00015¢  38.00 (13.00-91.00) 31.00 (8.00-72.00) 22.50 (4.00-73.00) <0.0001%¢  1>2>3

NREM, n

Abbreviation: NREM = non-REM.
Continuous variables are expressed as median (minimal value; maximal value). Instability index of a stage of sleep = number of transitions from this stage to wake/time spent in this stage.
2 Adjustment for age, sex, and body mass index.
b Still significant after adjustment for all the covariates in model 0 plus total sleep time.
<Still significant after adjustment for all the covariates in model 0 plus total wake time after sleep onset.




The ORX effect on sleep stability in humans has been rarely
studied, because ORX level is measured in CSF, which can be
obtained only by lumbar puncture, an invasive procedure. We
found a remarkably robust dose-response effect of ORX-A
levels on markers of nocturnal sleep fragmentation (i.e., sleep
and wake bouts and sleep/wake transitions). Nighttime sleep
was more fragmented and unstable in patients in the middle
and particularly low tertiles of ORX-A concentration. Our
results are in agreement with a previous study showing the
influence of ORX-A levels on the sleep—wake transitions.'®
On the basis of the current knowledge about the neurobio-
logical processes underlying sleep and wake regulation,® our
results suggest that ORX promotes wakefulness, but also
stabilizes wakefulness and NREM and REM sleep. Although
NT1 is often considered as a “pathology of dysregulation of
REM sleep,” this cannot explain the presence of sleepiness
during the day, the short latency of both NREM and REM
sleep during nocturnal and nap recordings, and the abnormal
distribution of slow-wave sleep observed during the nocturnal
recording.” We report that patients with low ORX-A levels
also presented less consolidated NREM sleep than controls,
with increased number of sleep bouts in both REM and
NREM sleep, which confirms previous results.”>'*'>

Low CSF ORX-A level is the gold standard (highly specific
and sensitive) for the diagnosis of NT1 ,” but the threshold of
110 pg/mL remains questionable in some situations. Al-
though all values need to be back-referenced to the Stanford
reference samples, the large fluctuating radioactivity between
radioimmunoassay batches prevents validation of the CSF
ORX-A threshold (i.e., 110 pg/mL) established for NT1 di-
agnosis with high accuracy. Therefore, in this study, we cat-
egorized patients according to this threshold and also
according to the tertiles of CSF ORX-A level. CSF ORX-A
concentrations lower than 1/3 of the mean value obtained in
normal participants with the same standardized assay is an-
other accepted diagnostic criterion of NT1 according to the
ICSD-3.%° Normal or intermediate ORX-A level is one of the
current diagnostic criteria for NT2; however, it has been
suggested that NT2 could be, in some cases, caused by partial
loss of ORX neurons.”® Moreover, some patients with nar-
colepsy and typical cataplexy may have normal or in-
termediate ORX-A levels (i.e., 3 patients in the present study),
and some without cataplexy may have low ORX-A levels.”
Thus, whether NT2 and NT1 are separate disease categories
or share a common pathophysiology remains unclear.” The
subgroup of patients with CSF ORX-A levels between 110
and 200 pg/mL was too small to be individualized for further
statistical analysis. We compared the sleep and wake bouts
and sleep—wake transitions according to the diagnostic groups
(NT1, NT2, IH, and EDS without central disorder of hy-
persomnolence) and found differences between NT1 and the
other groups. These differences were expected as NT1 was
associated with low CSF ORX-A levels. In contrast, we found
no difference between the other groups; however, our sample
of patients without NT1 is small, especially when subdivided
by patient and age groups. IH is an orphan disorder and little is

known about its pathophysiology. It might also partially overlap
with NT2.*' Whether sleep and wake bouts (markers of
nighttime sleep stability and fragmentation) may be used as
diagnostic tools to better characterize and differentiate central
disorders of hypersomnolence (NT2, NT2, IH, and others)
independently of ORX levels remain unknown. In a recent
study, an artificial intelligence algorithm could discriminate
patients with narcolepsy by analyzing their nocturnal sleep
features.*” Other studies showed the reliability of nocturnal
sleep dynamics for the differential diagnosis of central disorders
of hypersomnolence.'* We plan to further test the specificity
and sensitivity of the different features (number, duration,
proportion) of sleep and wake bouts and sleep-wake transi-
tions in a larger population affected by different hypersomno-
lence conditions, selecting enough patients by pathology and
age group. The main goals will be to better identify biomarkers
of NT2 and IH (with and without long sleep time) relative to
NT1 and nonspecified hypersomnolence disorders and to as-
sess their associations with complaints of disturbed nighttime
sleep, EDS, sleep inertia, and overall severity."

Currently, ORX peptides are receiving much attention as en-
dogenous, potent, arousal-promoting neurotransmitters. Some
ORX-receptor antagonists have recently become available to
treat insomnia,®> one of the most frequent sleep disorders,
which affects around 100 million people worldwide.>* Several
preclinical studies have explored the effect of these antagonists
on sleep.’> A recent study quantified wake bouts in patients
treated with suvorexant, one of these antagonists.*® The au-
thors showed that patients with insomnia taking suvorexant
returned to sleep from their longest awakening more than twice
faster than those on placebo. Moreover, the number and time
spent in long wake bout (>2 minutes) were reduced in the
treated group. The authors suggested that suvorexant reduces
wake time after sleep onset by decreasing long wake bouts. This
finding could be in accordance with our observation that wake
bouts >2 minutes were more numerous in participants in the
lowest tertile of ORX-A compared with participants in median
and higher tertile, with a dose-dependent effect. This suggests
that the markers of nocturnal sleep stability we studied here
could be used to test the effect of drugs in patients with NT1,
especially ORX-based therapies that are expected in the near
future.’” However, in a mouse model of narcolepsy, the pro-
portion of brief wake bouts (<1 minute) increased and the
proportion of long wake bouts decreased upon loss of ORX
neurons.>® Such discrepancy with our current results might be
explained by sleep structure differences between mice and
humans, and the exclusive analysis of nighttime and not day-
time sleep in our study.

We acknowledge some limitations in our study. As partici-
pants were recruited in the National Reference Center for
Narcolepsy and Rare Hypersomnias, they all presented with
an initial complaint of hypersomnolence. However, per-
forming lumbar puncture to measure ORX-A level in healthy
controls and patients with insomnia would have been very
difficult for ethical reasons. All lumbar punctures were



performed at the same time of the day, and ORX-A was
measured in a single laboratory using radioimmunoassay, cur-
rently the standard method for its quantification. However, this
technique presents some variability between batches, low accu-
racy due to fluctuating radioactivity even if the values were back-
referenced to the Stanford reference samples, and cross-
reactions with matrix constituents generating interference.®
These limitations justified the categorization of CSF ORX-A
levels according to the threshold of 110 pg/mL but also into
tertiles. However, the participants’ categorization as a function of
the ORX-A tertiles individualized patients with different hyper-
somnolence disorders, especially in the median tertile (ORX
levels ranging from 26 to 254 pg/mL), in contrast to the group
with values below 26 pg/mlL, which included by definition only
patients with NT1. However, sleep bout, wake bout, and sleep/
wake transition results were almost comparable when patients
were categorized in 4 groups (undetectable CSF ORX-A levels,
n = 68; low levels, n = 96; intermediate levels, n = 13; and
normal levels, n = 123). In addition, no differences were found
for sleep bout, wake bouts, and sleep/wake transition results
between patients in the lowest tertile (<26 pg/mL, n = 100) and
in those with undetectable CSF ORX-A (<10 pg/mL, n = 68).
Overall, with this global categorization, we found a dose-
response effect of ORX-A levels on sleep and wake bout fre-
quency and duration. Additional studies are needed to de-
termine whether these markers of nocturnal sleep fragmentation
can efliciently discriminate different hypersomnolence disorders
and their severity. The large variabilities of total sleep time and
wake time after sleep onset between participants, and the fact
that these variables are highly correlated with sleep and wake
bouts (multicollinearity of these parameters), make the adjust-
ment on these variables questionable. However, most of the
results remained unchanged before and after these adjustments.

We followed a strict methodology in which patients’ evaluation
was standardized, at a single site, with a comprehensive sys-
tematic examination by sleep experts, and PSG recording in
standardized sleep laboratory conditions. We recruited a large
population of 300 patients with hypersomnolence of various
etiologies, different CSF ORX-A levels, drug-free at the time of
PSG recording and lumbar puncture. The robustness of our
findings was confirmed by several statistical approaches.

This study shows an association between ORX levels and
nocturnal sleep stabilization in patients with hypersomno-
lence. Sleep and wake bouts are reliable markers of nocturnal
sleep stability that correlate with CSF ORX-A levels in a dose-
dependent way. These promising PSG biomarkers could be
used in clinical and research settings.
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