Nature and Science of Sleep ELer‘i’Sée

ORIGINAL RESEARCH

Circadian Modulation of Sleep-VWake Behavior in
Patients with Narcolepsy Type | and Idiopathic
Hypersomnia

Franziska Ryser "*, Ann-Sophie Windirsch 2’3’*, Christian R Baumann 3’4, Olivier Lambercy ',

Roger Gassert ', Esther Werth®3*

'Rehabilitation Engineering Laboratory, Department of Health Sciences and Technology, ETH Zurich, Zurich, Switzerland; 2Faculty of Medicine,
University of Zurich, Zurich, Switzerland; 3Department of Neurology, University Hospital Zurich, Zurich, Switzerland; 4Sleep and Health Zurich
(SHZ), University of Zurich, Zurich, Switzerland

*These authors contributed equally to this work

Correspondence: Franziska Ryser, Rehabilitation Engineering Laboratory, ETH Zurich, Gloriastrasse 37/ 39, Ziirich, 8092, Switzerland,
Email relab.publications@hest.ethz.ch

Study Objectives: Approximately 4.7 million subjects worldwide suffer from narcolepsy (type 1 and 2) and idiopathic hypersomnia
and are impaired in their sleep and wakefulness behavior. However, the role of the circadian rhythm in their sleep-wake behavior
remains largely unknown. With this study, we investigated the influence of the internal clock on vigilance and sleep in central disorders
of hypersomnolence.

Methods: We implemented a nap protocol with 10 cycles of 80 minutes sleep and 160 minutes wake time and compared various sleep
and wake parameters (vigilance, subjective sleepiness, sleep efficiency, stages of sleep, slow wave activity) of patients with idiopathic
hypersomnia (N=12, &25.8 + 4.1 years, 10 females) and narcolepsy type 1 (N=12, &25.0 + 4.4 years, 8 females) with a healthy
control group (N=12, &26.8 + 4.7 years, 6 females) using a linear mixed-model analysis.

Results: Our protocol successfully disentangled the circadian rhythm from homeostatic sleep pressure and revealed an intact circadian
melatonin pattern as assessed by dim light melatonin onset and offset in both patient groups. Patients with narcolepsy showed high
sleep efficiencies of J94.3 + 5.3% over all naps (group effect p < 0.001) and responded positively to the short sleep episodes with an
increase in vigilance in the late afternoon (PVT speed @wake seven 2.5 + 1.0 vs @wake ten 3.9 + 0.6, p < 0.001). Patients with
idiopathic hypersomnia showed an increased subjective sleepiness (group effect p < 0.001), yet practically no statistically significant
differences in sleep parameters compared to healthy controls. Surprisingly, we observed a high number of SOREMPs in the healthy
control group under low sleep pressure - a finding not previously reported in literature.

Conclusion: These findings argue against circadian disruption as a primary mechanism in idiopathic hypersomnia and point toward
other underlying causes, such as altered sleep homeostasis or neurochemical dysregulation.

Plain Language Summary: This study is the first to test a nap schedule in people with narcolepsy type 1 and idiopathic
hypersomnia that filters out the influence of the internal clock. Both conditions lack the brain’s ability to regulate sleep and
wakefulness effectively. Surprisingly, we found that both groups had a normal daily rhythm, which contradicts some earlier studies.
This suggests that idiopathic hypersomnia may not be caused by a problem with the internal clock. We examined various sleep-related
measures and how they change over the day. Our findings help us better understand these conditions and show how well-timed naps
can support treatment. For patients, the results offer practical advice on how to use their rhythm to stay more alert during the day.
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Introduction
Central disorders of hypersomnolence (CDH) denotes different neurological disorders (narcolepsy type 1, narcolepsy
type 2, idiopathic hypersomnia, insufficient sleep syndrome and Kleine-Levin syndrome) and affect approximately
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Graphical Abstract

Circadian Modulation of Sleep-Wake Behavior in Patients with
Narcolepsy Type 1 and Idiopathic Hypersomnia

Franziska Ryser, Ann-Sophie Windirsch, Christian R. Baumann, Olivier Lambercy, Roger Gassert, Esther Werth

Sleep )

Subjects Main results

12 Narcolepsy type 1 (NT1) - successful implementation of a nap protocol in patients with central disorders of

12 Idiopathic Hypersomnia (IH) hypersomnia to disentangle circadian influence and sleep

12 Healthy controls (HC) - intact circadian rhythm in narcolepsy type 1 and idiopathic hypersomnia
- high sleep efficiency during naps in NT1 without a “forbidden zone of sleep” effect

Study design - high subjective sleepiness in IH without significant differences in sleep parameters

- nap protocol: 10 cycles of 80/160 minutes compared to HC

sleep/wake

- continuous EEG, EOG, EMG Conclusion

- melatonin samples The intact circadian rhythm of patients with idiopathic hypersomnia contributes to the

- psychomotor vigilance tasks (PVT) ongoing debate about possible causes of this disorder.

- subjective sleepiness The nap protocol could play a role in future studies to isolate the circadian rhythm and lead
to a better understanding of the pathophysiology of central hypersomnolence disorders.

705 million people worldwide,' ¢ whereas the majority of cases are accounted for by the insufficient sleep syndrome.*>
In our study, we focused on the conditions of narcolepsy and idiopathic hypersomnia, which together affect approxi-
mately 4.7 million people worldwide.” CDH are characterized by excessive daytime sleepiness (EDS), manifesting in
episodes of falling asleep with or without prodromal symptoms, sleep attacks, the need of recurrent naps during the day,
a prolonged yet unrefreshing main sleep episode, persistent difficulty and confusion after waking up, sleep inertia, or, in
a more severe state, sleep drunkenness. EDS severely affect the quality of life of those affected, leading to a substantial
medical and economic burden.” ">

From chronobiologic research with healthy subjects, we know that the propensity effect and sleep composition are
affected by the circadian rhythm and thus depend on the time of day. The sleep regulation model explains this
observation by two interlinked processes, sleep homeostasis (process S) and the circadian rhythm (process C).'¢"’
A non-linear interaction of the two processes was proven using the forced desynchrony paradigm.'”**2' It has been
shown that processes S and C contribute approximately equally to most sleep-wake variables, with the exception of slow
wave activity (SWA). REM sleep has been shown to be regulated by the circadian system and a sleep-dependent
disinhibition. By analyzing sleep, vigilance and circadian marker simultaneously, it was shown that in healthy indivi-
duals, the phase relation between the circadian pacemaker and the sleep-wake cycle is uniquely timed to maintain stable
low sleepiness and high-performance levels during a typical 16-hour wake episode and to allow restorative sleep during
the night. This results in a 2- to 3-hour phase before the onset of melatonin secretion in the evening, during which the
circadian system maximizes wakefulness and performance. This period, in which napping is barely possible, is known as
the “forbidden zone of sleep” (or wake maintenance zone).'”?>* To disentangle the circadian rhythm from sleep
homeostasis in an acceptable timeframe, Cajochen et al tested a nap protocol with a sleep-wake cycle of 75/150 minutes
in elderly and subjects with depression.”> 2’ To date, no study has employed a nap protocol in patients with CDH, and the

. . . . 2
influence of the circadian system remains largely unknown.”
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A deficiency or lack of the neurotransmitter orexin (= hypocretin) leads to narcolepsy type 1, which is characterized
by excessive sleepiness, disrupted night sleep and a disordered regulation of rapid eye-movement (REM) sleep. REM
sleep—like states in patients with narcolepsy type 1 can occur at any time of day, leading to a sudden loss of muscle tone
and/or falling asleep, mostly triggered by strong emotions, known as cataplexy.”? > In these patients, melatonin as
a marker of process C was investigated, suggesting that the circadian drive remains intact.>*>® However, if, and to what
extent, the disease-specific pathophysiology, such as a reduced level of orexin affecting the flip-flop-like stabilization of

sleep and wake states,>”*®

interact or override the circadian influence on the propensity and benefit of daytime naps, has
not been investigated.

The pathophysiology of idiopathic hypersomnia, on the other hand, remains largely unknown.** Although orexin
levels have not been found to be altered,” recent genetic data reported by Zou et al*® may offer novel insights into
impaired orexin signaling as a contributing factor to the pathophysiology of idiopathic hypersomnia. The presence of
endogenous gamma-aminobutyric acid (GABA)-like substances that modulates GABA-mediated inhibitory effects on
arousal has been detected in the cerebral spinal fluid (CSF) of individuals with idiopathic hypersomnia.*'** However,
these findings could not be replicated by other groups.** An altered circadian mechanism, such as a prolonged circadian
period or a prolonged biological night, is under debate as a cause of the elongated night sleep and the perceived sleep

44-48

inertia in the morning. If, and to what extent, the circadian rhythm influences the pronounced excessive daytime

sleepiness in idiopathic hypersomnia, and if scheduled naps can provide temporal mitigation of the symptoms, has not yet
been investigated.”*®

In this study, we designed and conducted a nap protocol to assess the circadian rhythm and its influence on sleep and
wake parameters in patients with narcolepsy type 1 and idiopathic hypersomnia. Over a total of 40 h, multiple naps were
carried out under a modified constant routine protocol, with sleep and wakefulness occurring at different circadian times.
Sleep quality and the effect of naps were observed using sleep EEG, vigilance tests, continuous assessments of subjective
sleepiness and measurements of melatonin secretion during wakefulness.

We hypothesize that a nap protocol would be able to decouple the circadian rhythm from the homeostatic sleep
pressure in CDH patients. We expect that patients with narcolepsy type 1 have difficulties falling asleep during times of
increased circadian wake drive. We further hypothesize an increased performance in vigilance tasks and a reduction in
the perceived sleepiness due to the benefit of regular napping throughout the course of the protocol. We further expect
patients with idiopathic hypersomnia to have an altered circadian rhythm, and therefore being less prone to the influence
of the circadian wake drive in the late afternoon and early evening hours.

Insights into the circadian modulation in CDH patients and its impact on sleep characteristics and performance could
not only contribute to a better understanding of the underlying mechanisms of these disorders but might also lead to well-
founded therapy recommendations regarding daytime naps to counteract EDS and thus improve therapy approaches.

Methods

To unmask the influence of the circadian rhythm on sleep-wake behavior, we introduced and tested an adapted constant-
routine protocol in CDH that disentangles the sleep-dependent homeostatic sleep pressure from the circadian drive.
Therefore, an 80/160 minutes sleep/wake rhythm was applied, where ten regular sleep opportunities (“naps”) were
provided throughout the protocol. The homeostatic sleep pressure built up in between two naps was then reduced
instantaneously. Thereby, sleep pressure was kept at a constant level (for more explanations see Ryser F).*’ Full ethics
approval was received from the Swiss cantonal ethics committee (ClinicalTrials.gov Identifier: NCT03356938), and in
compliance with the Declaration of Helsinki, all participants gave written informed consent to partake in the study.

Participants

Two different patient populations, narcolepsy type 1 (NT1) and idiopathic hypersomnia with long-sleep phenotype (IH),
were compared to healthy control subjects (HC). Both patient groups were diagnosed at the University Hospital of Zurich
or another, similarly qualified clinic according to the guidelines of the International Classification of Sleep Disorders, 3rd
ed, text revision (ICSD-3-TR).
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Clinically significant concomitant disease states or any other sleep disorders or disorders of the nervous system than
IH or NT1 were excluded, as well as any medication intake affecting sleep or sleepiness, an excessive daily intake of
caffeine or nicotine, regular shift work or a jetlag experienced within a month before the study intervention. Seven out of
12 in idiopathic hypersomnia and 10 out of 12 in narcolepsy patients have been medicated in everyday life prior to the
study. During the protocol, their medication was withdrawn for at least five half-lives to minimize the effect on sleep
parameters, as more than 95% of the drug is eliminated after this period, rendering any residual pharmacological effect
negligible.

For optimal comparability, all subject groups contained individuals in the age range of 18-35 years without present
concomitant (sleep/neurological) disorders. In order to compare circadian rhythms, only participants without extreme
morning or evening chronotypes were included, as verified through patient documentation, telephone interviews, and
questionnaires such as the Morningness-Eveningness Questionnaire (MEQ).>

After the initial recruiting process with a detailed phone interview and sleep questionnaires, all healthy control
subjects underwent a screening night in the sleep laboratory, which included polysomnography, actigraphy and psycho-
motor vigilance task (PVT) to verify healthy sleep patterns and to rule out the first night effect. From a total of 52
subjects, 9 dropped out and 7 have been excluded: five healthy subjects due to extreme chronotype (1), elevated
hypopnea score (1), low sleep efficiency (1), increased subjective sleepiness (2); one patient with narcolepsy due to an
unclear diagnosis; one patient with idiopathic hypersomnia due to intake of antidepressant medication.

After the recruiting process, 36 subjects started the protocol (N=12 each for NT1, IH and HC), with one drop-out after
nap seven in the NT1 group, whose data recorded up to that point were included in the analysis.

Nap Protocol

The nap protocol consisted of ten repetitive sleep-wake cycles (see Figure 1). In Phase I, participants maintained regular
bedtimes at home for 7 consecutive days. Healthy controls were instructed to sleep 8 £ 1 hours without daytime naps to
generate a sleep saturated state. In the patient groups, longer sleep episodes and daytime naps were allowed if also
performed in regular life. Phase II-IV were conducted in the sleep laboratory facilities of the University Hospital of
Zurich. The first night in the laboratory (phase II) served as a baseline night of 7 hours. Then, the nap protocol followed
(phase III), including 10 cycles of 80 minutes sleep and 160 minutes wake. We defined naps one and five-seven as
nighttime and naps two-four and eight-ten as daytime. The protocol ended with a recovery night of 7 hours (phase V)
(an example of a study protocol is attached to the supplemental material, see Figure S1).

We designed a constant routine protocol to reduce the influence of exogenous factors. The room climate was
controlled to 18°C according to the standards for clinical sleep laboratories. Ambient light was dimmed in all study
areas to maximally 10 lux during wake episodes and turned off during naps. To reduce the influence of activity, the
subjects stayed in sedentary position in the bed during all wake episodes. They only got up to visit the bathroom facility.
The subjects were allowed to use electronic devices such as a smartphone, laptop, or television, if the brightness of the
devices was reduced to one-third of the maximum brightness, and the subjects wore special glasses to filter out the blue
light. Caloric requirements throughout the protocol (during phases II, III, and IV) were approximately adjusted to the
subjects’ body weight. Food was served at room temperature, and no hot meals or cold beverages were served. For

SIEEE Wake *

AT HOME ‘IN THE CLINIC
PHASE I: (7 days) éPHASE Il: (7 hours) PHASE II: (40 hours) PHASE IV: (7 hours)
Regular sleep protocol i Baseline Repetitive 80/160 sleep/wake cycles Recovery

24.00 6.00 524.00 6.00 24.00 6.00 24.00 6.00 24.00 6.00 24.00 6.00

Figure | The nap protocol was structured into four phases: Phase | sets the subject into sleep saturated condition by following an eight-hour sleep protocol adjusted to
their regular bedtimes, controlled via sleep diary and actigraphy. Phase Il is a baseline night in the clinic, followed by the nap protocol with a short wake episode of
50 minutes and ten repetitive sleep/wake cycles of 80/160 minutes each. Phase IV is a recovery night lasting seven hours in the clinic.
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Figure 2 Overview of measurements taken during the nap protocol. Wake episodes are indicated in light blue, naps in dark blue. During each wake episode, we took four
saliva samples to assess the melatonin level, performed a psychomotor vigilance task (PVT) and queried the Karolinska Sleepiness Scale (KSS) five times. Furthermore, we
continuously recorded video and electrophysiological signals (EEG, EOG, ECG).

female participants, the protocol was tailored to the follicular phase of their menstrual cycle to reduce its effects. An
overview of the measurements taken during each wake phase of the nap protocol is present in Figure 2.

Electrophysiology

In phases II-IV subjects underwent continuous electrophysiological measurements which included an electroencephalo-
gram (EEG, 200 Hz) with 19 channels (Fpl, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, 02,
M1, M2) according to the international 10-20 system, electrooculogram (EOG, 200 Hz) with two electrodes per eye,
electromyogram (EMG, 200 Hz) on the chin and two electrocardiogram (ECG, 200 Hz) leads (Embla N7000, RemLogic
v3.2). The EEG quality was checked multiple times during each wake phase by trained study personnel, especially
directly before the beginning of a nap, and the EEG electrodes were adjusted as necessary. Sleep stages were analyzed by
an experienced sleep scorer according to the standard criteria of the American Association of Sleep Medicine®' using the
standard software of the recording system. EEG segments containing excessive artifacts were excluded from the scoring
process. Further processing of the sleep architecture and the extraction of sleep parameters were performed with
MATLAB2018b (MathWorks, Massachusetts, USA). Per baseline, recovery sleep and nap, we calculated various sleep
parameters such as Total Sleep Time (TST) (the total sum of epochs scored as rapid eye movement sleep (REM) and non-
rapid eye movement sleep (NREM)), Wake After Sleep Onset (WASO) (number of wake epochs after falling asleep the
first time), Sleep Latency (SL) (the duration between lights off and the first epoch scored asleep) and Sleep Efficiency (SE)
(percentage of time staying asleep).

Maintaining wakefulness between naps was of high priority. Therefore, we measured a maximum of two participants
simultaneously, with at least one subject belonging to the group of healthy controls. Further, we employed continuous
measurements of EEG/EOG/EMG combined with video documentation throughout the entire protocol (nap and wake
phase). In average, (micro)sleep episodes during wake episodes were kept below 1.1% for HC and IH, except of wake six
for IH (with 4.8%). NT stayed below 10% of the time and below 5% during daytime (wake one to wake five and wake
eight to wake ten).

We conducted a spectral analysis of slow wave activity (SWA) to measure sleep pressure during the protocol based on
exported raw EEG data (in EDF file format). To do this, preprocessing of the EEG signal included referencing the EEG to
linked mastoid reference (for reducing electrocardiogram and other artifacts), filtering (0.5 Hz high-pass and 40 Hz low-
pass filter), and artifact identification on the basis of a 5-s semiautomatic procedure based on power in the 0.75-4.5 Hz
and 2040 Hz bands and visual inspection. Artifact-free 5-s EEG spectra were collapsed and matched with the
corresponding sleep stage scores when at least four of six 5-s epochs were artifact-free, otherwise, the whole 30-s
epoch was rejected for further spectral analysis. The EEG power during NREM sleep from 0.5 to 4.5 Hz was defined as
slow-wave activity (SWA). In a first step, absolute-all-night SWA power during baseline sleep was computed for NREM
sleep (N1, N2, N3 for the three frontal derivations F3, Fz, F4) which was taken as reference to normalize SWA values per
individual in further analysis. We calculated the relative SWA for the first 80 minutes of baseline and recovery sleep, as
well as the relative SWA of the naps, each lasting 80 minutes, to ensure comparability of time points throughout the
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protocol. Additionally, Khatami et al demonstrate that sleep consolidation occurs during the first sleep cycle in
narcolepsy type 1, facilitating further comparability between naps and baseline/recovery sleep.*

Melatonin

The hormone melatonin is used as a marker for the circadian drive, as it is modulated by the circadian rhythm, increasing
in the evening hours and lowering during early morning.>*>> To assess the circadian rhythm over the protocol, four
saliva samples were collected throughout each wake episode plus two samples in a short wake episode following baseline
night (46 samples in total). Melatonin levels were extracted by means of a direct saliva melatonin ELISA kit (Bithlmann
Laboratories, Schonenbuch, Switzerland, standard range 0.6-25pg/mL, LoQ 1.6pg/mL, LoD 0.5pg/mL). We applied
a hockey-stick method, as described in Danilenko et al,*® to calculate the individual Dim-Light Melatonin onset (DLM
on) and offset (DLM off) points, representing the beginning and ending of the biological night.

Subjective Sleepiness

Subjective sleepiness was determined using the Karolinska Sleepiness Scale (KSS), a questionnaire in which the test
subjects rate their current, individually perceived sleepiness on a visual analogue scale from 1 (very alert) to 9 (very
sleepy).”” The sleepiness was assessed regularly during scheduled wakefulness (after waking up, 30 minutes later to
capture possible sleep inertia, halfway through the wake episode, right before and after the performance tasks). For the
analysis, an overall sleepiness value was calculated per wake episode by averaging over the second, third and fifth KSS
values per wake episode (excluding the effects of sleep inertia as measured with the first KSS), as well as with the
workload of the vigilance test battery measured in the fourth KSS (see Figure 2). Besides the Karolinska Sleepiness Scale
(KSS), we employed multiple objective measurement parameters, such as the addition tasks for sleep inertia assessments

and the psychomotor vigilance tasks.'®>%

Vigilance

To assess the subject’s vigilance at different times of day, a /0-minute Psychomotor Vigilance Task (10-min-PVT) was
performed at the end of each wake episode. The PVT tests the subject’s reaction times to visual stimuli, by pressing
a response pushbutton immediately after a counter on a small LED display has started. The PVT measures sustained
attention.®® It has been validated as a sensitive method to assess sleepiness under different conditions, including
CDH. #6162 During post-processing, the number of false starts (when the button was pressed too early) or lapses
(when the buttons was not pressed for half a second after the stimulus was presented) were counted. Lapses lasting longer

average speed (speed =

than 15 seconds were considered as sleep attacks and ¢xcluded from the analysis. Over the remaining responses, an
1ot
d(ﬁ Y Reaction time of runn , Ny = total of responses) was calculated for each ten-

minutes-trial and compare betivéen groups and times of day.

Statistics

If not stated otherwise, statistical analysis was performed in R (RStudio, Inc.) using a linear mixed-model analysis of
variance for repeated measures, with group (NT1, IH, HC) and naps as covariables. We called the resulting effects
group effect and time of day effect. The model was adjusted for sex, the duration since the last time the subject
effectively slept (to control for increased homeostatic sleep pressure) (rnapping), sleepiness with a dichotomous
sleepiness value by thresholding the averaged KSS with 5 (KSS5_dich), the influence of the biological time (either
“day” or “night”) (BiolTime) and within-subject variability (VP) (see Eq. 1). Analysis was conducted using the
R-package “lme4”.

DV + Nap + Group : Nap + BiolTime : Group + Napping + KSS5_dich + Sex + (1|VP) (1)

For all models, normal Q—Q plots were applied, demonstrating normality of the residuals. Moreover, the assumptions of
homoscedasticity and linearity were verified using a Tukey-Anscombe plot and autocorrelation among residuals was
excluded. P-values of post-hoc tests (R-package “emmeans”) were corrected for multiple comparisons using
BenjaminiHochberg correction of false discovery rate.® If not stated otherwise, data is written as mean + standard
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deviation (SD). Statistical differences in sleep onset REM episodes (SOREMPs) were analyzed with a chi-square test and
significance level of p < 0.05.

Results
Study Population

Clear characteristics of the individual disorders, namely narcolepsy and idiopathic hypersomnia, were observed. The
three subject groups did not differ in terms of age and BMI; however, differences were noted in the distribution of
gender. In the patient groups, a higher proportion of women were recruited.

Concomitant diseases were detected and excluded with a test battery of validated clinical questionnaires including
a collection of sleep-wake questionnaires used as standard at the University Hospital of Zurich, the Pittsburgh sleep
quality index®* (PSQI, threshold >5), Beck depression inventory®® (BDI, threshold >30), Beck anxiety inventory®® (BAI,
threshold >25), and Morningness-eveningness questionnaire®” (MEQ), threshold <31 (evening type) and >79 (morning
type)). We conducted the Epworth sleepiness scale (ESS, threshold >10) and the Fatigue severity scale (FSS, threshold
>4) in a screening questionnaire.

The clinical assessments KSS, PSQI, BDI, BAI, MEQ, ESS, and FSS were used in this study on behalf of the
University of Zurich and the University Hospital Zurich exclusively for scientific purposes. The study was conducted in
2018, and the assessments were provided by the University Hospital Zurich. A licence was obtained for ESS for this
study. A detailed overview of the demographic data is found in Table 1.

Table | Clinical Features of Patients with Narcolepsy (NTI), Idiopathic
Hypersomnia (IH) and Healthy Controls (HC)

NTI IH HC Statistics
Number 12 12 12
Women (%) 66.7 (8/12) | 83.0 (10/12) | 50.0 (6/12)
Age (years) 250 + 44 258 + 4.1 268 47 | ns.(p=06)
BMI (kg/m2) 246 £ 4.2 226 £ 45 227 +29 | ns. (p=0.3)
Age at onset (years) 16.8 + 6.0 152 + 69 ns. (p = 0.6)
Age at diagnosis (years) 20.3 £ 4.0 226 £ 43 ns. (p =0.2)
Diagnostic delay (years) 35+45 4.6 £ 42 ns. (p = 04)
Long sleep time (%)* 8.3 (1/12) 100 (12/12)
Sleep drunkenness (%)** 16.7 (2/12) 83.3 (10/12)
Naps (%) 100 (12/12) | 75.0 (9/12)
Cataplexy (%) 100 (12/12) | 0 (0/12)
Hypnagogic hallucinations (%) | 66.7 (8/12) 8.3 (1/12)
Sleep paralysis (%) 75.0 (9/12) 8.3 (1/12)
Sleep disturbances (%)*** 83.3 (10/12) | 83 (1/12)

(Continued)
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Table | (Continued).

NTI IH HC Statistics

ESS 145+56 | 133+30 |63£3.1 |a(p<000l)
ES =23
b (p < 0.001)
ES = 2.6

FSs 52+ 12 55+ 08 24+08 | a(p<000l)
ES = 3.9
b (p < 0.001)
ES =35

PSQI-Score 83+22 49+ 1.8 32+2.1 b (p < 0.001)
ES =24
c (p =0.00l)
ES=1.9

BDI 158+ 102 | 113£95 |30%41 |a(p=004)
ES = 2.0
b (p = 0.001)
ES = 3.1

BAI 12063 | 116120 | 38%33 | b (p=0.0086)
ES =25

MEQ 527+ 108 | 50.7 + 8.6 498+ 6.0 | ns. (p=07)

Notes: Clinical features derived from medical record, medical interview and questionnaires expressed as
mean * SD or percentage (number of individuals per group) reporting the clinical feature. Questionnaire was
conducted in a medicated setting. * long sleep time = sleep duration minimum of 10 hours on work-free days;
** sleep drunkenness = feeling of drowsiness after waking up, evaluated in the collection of sleep-wake
questionnaires developed at the university of Zurich; *** sleep disturbances = reports of nocturnal awaken-
ings or sleep interruptions. Statistics was performed using R with T-Test/ ANOVA when parametric and
Mann-Whitney-U/ Kruskal-Wallis when non-parametric. We used the Bonferroni-Correction. N.s: non
significant, a: significant comparison HC & IH, b: significant comparison HC & NT 1, c: significant comparison
NTI & IH, significant p < 0.05, ES: effect size by Cohen et al.®

Abbreviations: BMI = Body Mass Index, ESS: Epworth Sleepiness Score, FSS: Fatigue Severity Score; PSQ
Pittsburgh Sleep Quality Index, BDI:*® Beck Depression Inventory, BAI:*® Beck Anxiety Inventory, MEQ:*®
Morningness-Eveningness Questionnaire.

|:64

Reduction of Homeostatic Sleep Pressure

Slow Wave Activity

To ensure that the protocol provided enough sleep to keep the homeostatic sleep pressure sufficiently low, we analyzed the
slow wave activity for the first sleep cycles of the baseline and recovery nights and for all naps. Results are shown in
Figure 3. A clear decrease in SWA was observed for all groups over the baseline night, from over 150% to 29.9% and 32%
for IH and HC, respectively, and 64% for the NT1 group. Starting from this considerably lower level of SWA, an increase in
SWA over the first three naps was observed. A saturation plateau converges in NT1 after three naps (limiting rate of 121.8%
as modeled with a Michaelis—Menten regression). In HC and IH, a plateau is observed after four naps, on a level of 161.6%
and 118.2%, respectively. Differences between the first day of the protocol (naps one-five) and the second day (naps six-ten)
were statistically significant over all groups (frontal relative SWA in NT1 first day = 96%, second day = 114%, p = 0.03;
frontal relative SWA in IH first day = 69%, second day = 86%, p < 0.001; frontal relative SWA in HC first day = 74%, second
day = 119%, p < 0.001), yet stayed below the initial levels of the pre-baseline night.

Sleep Quality in the Recovery Night
We analyzed the sleep of all participants during baseline and recovery nights to notice protocol-induced differences of
sleep quality and to exclude any sleep deficiencies (see Table S1 of the Supplemental Material for detailed data separated
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Figure 3 The figure shows the frontal relative slow wave activity (SWA) of NT| compared to HC (A), and IH compared to HC (B), respectively, for the first sleep cycles of
baseline and recovery nights and for all naps. The group average per time point is indicated together with its standard deviation. A decrease of SWA over the baseline night is
visible, followed by a slight increase converging to a saturation plateau. This suggests that over the protocol, homeostatic sleep pressure can be kept low.
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Figure 4 Melatonin values from saliva samples collected throughout the protocol and averaged per group. Results are shown for patients with narcolepsy (blue), idiopathic

hypersomnia (green) and healthy controls (gray). In all groups, melatonin levels increase in the evening hours and decrease at Dawn, indicating an intact circadian rhythm in all
groups.

for each subject group). Compared to the baseline condition, we observed a reduced total sleep time in the recovery night
over all groups (baseline TST = 390.0 £ 28.0min, recovery TST = 378.4 £ 23.2min, p < 0.001), less NREM sleep
(baseline NREM-duration = 311.6 £ 25.4min, recovery NREM-duration = 291.4 £+ 24.4min, p < 0.001), comparable
levels of REM sleep (baseline REM-duration = 78.4 + 27.3min, recovery REM-duration = 87.0 £ 24.7min, p = 0.06) and
a decrease in sleep efficiency (baseline SE = 93.1 £ 6.2%, recovery SE = 90.0 £ 5.6%, p < 0.001), each without
significant group effects (TST group effect p = 0.9, NREM duration group effect p = 0.8, REM duration group effect p =
0.7, SE group effect 0.8). All groups showed longer sleep latencies during recovery sleep compared to baseline (baseline
SL = 6.2 £ 7.3min, recovery SL = 16.8 £ 15.8min, p < 0.001), including NT1. As expected from pathophysiology,
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Table 2 Melatonin Measurements of Patients with Narcolepsy (NT), Idiopathic
Hypersomnia (IH) and Healthy Controls (HC)

NTI IH HC Statistics

DLM On [time + h] '® 22:21 + 1:35 | 21:54 = 1:08 | 21:55 + 1:00 | ns.

DLM Off 7:38 £ 1:35 7:15+ 1:08 | 7:54 = 1:13 n.s.
Accumulated [pg/mL/h] 55+34 62 %26 49 + 1.7 ns.
Melatonin duration [min] | 557 + 98 562 + 63 600 + 89 ns.

Notes: Significance level for statistical analysis: p < 0.05.
Abbreviations: DLM, Dim-light melatonin; n.s, statistically non-significant result.

a comparison between groups showed a significantly lower sleep latency in patients with narcolepsy compared to IH and
HC in both baseline and recovery nights (group effect p < 0.001).

Circadian Modulation of Sleep Parameters

Circadian Rhythm

Our nap protocol allowed the collection of melatonin samples throughout day and night to reproduce its modulation as
a marker for process C (see Figure 4). We compared the latest dim light melatonin onset (DLM On) and dim light
melatonin offset (DLM Off) for each group (see Table 2). Compared to healthy controls (DLM On 21:55 o’clock +
1:00 hours, DLM Off 7:54 o’clock + 1:13 hours), no statistically significant delay of the circadian rhythm was observed
in either patient group (NT1 DLM On 22:21 o’clock + 1:35 hours, NT1 DLM Off 7:38 o’clock + 1:35 hours; IH DLM
On 21:54 o’clock + 1:08 hours, IH DLM Off 7:15 o’clock + 1:08 hours, p > 0.05). Further, none of the patient groups
showed a significant increase in accumulated melatonin during the night nor an elongated phase of melatonin production.
Thus, an unaltered circadian rhythm was found in all groups.

Objective Sleep Parameters
Sleep parameters, such as TST, SL and SE, varied throughout the protocol following a circadian modulation, especially
in IH and HC. The effect of the time of day was statistically significant (p < 0.001) in all parameters (see Figure 5). In IH
and HC, the TST was reduced during the day, from average 62.3 £ 18.9min to 39.4 + 18.9min in IH and 56.4 £+ 25.5min
to 33.4 £ 30.4min in HC in the late afternoon (see nap four), indicating the presence of a typical sleep maintenance zone
or “forbidden zone of sleep” in the late afternoon hours. Patients with NT1 overall showed a significantly higher TST
(TST: NT1 =761.1 = 14.3min, IH = 622.9 + 92.1min, HC = 558.9 £ 100.0min, group effect p < 0.001) without alteration
during the “forbidden zone of sleep” (TST mean NT1 = 75.9 = 4.5min, TST @nap four NT1 = 74.8 + 5.2min, p = 0.9).
The model showed significant interaction effects of group (mainly NT) and time of day (during naps three, four, five and
ten). The NREM duration followed the same pattern from average 50.7 £ 16.4min in IH and 42.5 £ 20.2min in HC to
35.4 = 20.4min in IH and 28.3 + 25.8min in HC in the later afternoon (See Table S2 for further details on sleep stages).
Compared to the other groups, patients with NT1 showed the highest SE (SE: NT1 = 94.3 + 5.3%, IH = 70.1 + 31.7%,
HC = 77.5 £ 23.5%, group effect p < 0.001) and the least amount of WASO (WASO: NT1 =2.7 + 34%, I[H="7.7 £
12.6%, HC = 4.9 + 10.2%), yet without significant difference to healthy controls (except in nap seven during early
morning hours).

Patients with idiopathic hypersomnia showed no significant differences in TST (group effect p = 0.25), REM (group
effect p = 0.82) and NREM duration (group effect p = 0.87), SE (group effect p = 0.96) and SL (group effect p = 0.43)
compared to healthy controls.

Sleep Onset REM Episodes (SOREMPs)
SOREMP is known as a pathophysiological marker for NT1. Accordingly, patients with narcolepsy presented more
SOREMPs than the other groups. During baseline and recovery sleep, in nine and ten out of twelve subjects, a SOREMP
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Figure 5 Sleep parameters during nap protocol for patients with narcolepsy (blue), idiopathic hypersomnia (green) and healthy controls (gray). Blue and white shaded areas
indicate nighttime and daytime, respectively. The group means and standard deviations are indicated per time of day, revealing circadian modulations for Total Sleep Time (A),
NREM duration (B), REM duration (C), Sleep latency (D), Sleep Efficiency (E). The linear mixed model effects with their significance levels are indicated per parameter on
the right. A post-hoc comparison per time-point was performed to observe differences between patient groups and HC. The results are indicated at the bottom of each
plot, with the following statistical significance levels applied: * p < 0.05; ** p < 0.01; *** p > 0.001.

was observed, respectively. In IH, however, no SOREMP was observed at all, and in healthy controls only one SOREMP
was measured during baseline and recovery sleep.

During the protocol, a total of 118 SOREMPs were observed in NT1, most during naps two to four and eight (see
Figure 6). However, patients with idiopathic hypersomnia also showed a total of 17 SOREMPs and HC even 45
SOREMPs (group effect p < 0.001), distributed with a modulation over the time of day. Most SOREMPs were measured
in the early morning hours (nap seven: NT1 vs HC p = 1.0, IH vs HC p = 0.2, NT1 vs IH p = 0.07), where an increased
REM pressure is typically expected. In HC, the number of SOREMPs increased by more than 60% from the first to
the second day at the same circadian time yet stayed under the level of SOREMPs in NT1.
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Figure 6 Distribution of SOREMPs (sleep onset REM episodes) over the nap protocol for NTI, IH and HC. In NT1, a minimum of nine SOREMPs were observed in each
nap. The distribution follows a circadian modulation with ceiling effects in four naps, where the maximum of twelve subjects showed a SOREMP. Also in HC, a strong

modulation was observed, peaking in nap seven with nearly as many SOREMPs than in NT . Patients with IH showed only few SOREMPs, distributed with a slight modulation
over all naps.

Subjective Sleepiness

During the wake episodes, the subjects’ sleepiness levels were regularly queried with the Karolinska Sleepiness scale (see
Figure 7). At the beginning of the protocol, high levels of pre-baseline sleepiness levels were only found in patients with
IH and NT1 (KSS baseline: IH =7.33 + 1.0, NT1 = 8.08 £ 0.7). During the protocol, we observed a circadian modulation
in all groups (nap-effect p = < 0.001), with highest subjective sleepiness levels during the night (KSS: NT1 =5.5 + 1.8,
[H=7.1+0.9, HC=5.1 + 1.4) and lowest levels in the late afternoon (KSS @nap ten: NT1 =3.7+ 1.0, I[H=5.6 £ 0.9,
HC =3.8 £ 1.3).

Patients with idiopathic hypersomnia showed the highest subjective sleepiness overall (KSS: NT1 =4.5 + 1.6, IH =
6.3+ 1.1, HC =4.3 + 1.4, p < 0.001), while patients with NT1 indicated only slightly increased subjective sleepiness
levels compared to HC during the first day and comparable levels to healthy controls during the second day (group effect
NT1 and HC p = 0.4).

To evaluate the effect of the nap protocol on subjective sleepiness, we compared KSS levels before baseline sleep
with KSS levels 24 hours later (“first day”), and 48 hours later (“second day”). We found a significant decrease in
subjective sleepiness over the course of the protocol in patients with NT1 (KSS baseline NT1 = 8.1 = 0.7, KSS first day
NTI =5.2+ 1.8, p <0.001; KSS second day NT1 =4.2 + 1.8, p < 0.001). The same effect, although to a lesser extent,
was observed in IH (KSS baseline IH = 7.33 + 1.0, KSS first day IH = 6.1 £ 1.4, p = 0.01; KSS second day [H = 6.4 +
1.2, p = 0.03).

Vigilance

An objective measure of the participant’s vigilance was assessed during each wake episode with a 10-min-PVT (see
Figure 7). Healthy controls showed the highest and patients with NT1 the overall lowest performance (speed average:
NT1=32+1.0,I[H=3.6+0.7, HC=4.0 £ 0.5, p=0.02). A modulation of vigilance was observed over time of day in
all groups (time of day effect p < 0.001). Fastest reaction times with least number of lapses were assessed in the late
afternoon and early morning hours, including the “forbidden zone of sleep”, before nap five (speed @wake four: NT1 =
3.7£0.9,IH=3.7+ 0.7, HC = 4.0 +£ 0.5) and nap eleven (speed @wake ten: NT1 =3.9+0.6,[H=3.7+0.7, HC=4.1 +
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Figure 7 Subjective sleep and vigilance (PVT) during nap protocol for patients with narcolepsy (blue), idiopathic hypersomnia (green) and healthy controls (gray). Blue and
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subjectively rated sleepiness can be observed (A) with IH showing highest values. All groups presented a smaller (IH, HC) or larger (NT) modulation in their vigilance (B).
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0.01; ** p > 0.001.

0.4). Slowest PVT results were measured during the night and the early morning hours before nap seven (speed @wake
six: NT1 =24+ 1.0, IH=3.1+ 1.0, HC = 3.7 + 0.5) and nap eight (speed @wake seven: NT1 =25+ 1.0, [H=34 =
0.6, HC = 3.8 = 0.4). Patients with narcolepsy improved their performance significantly over daytime, with higher values
on the second day and with highest PVT-speed in the evening hours (speed @wake seven 2.5 &+ 1.0 vs speed @wake ten
3.9 £ 0.6, p < 0.001). Neither in IH nor in HC did we see a statistically significant difference between morning and

evening hours.

Discussion

In this study, we investigated the circadian rhythm in patients with NT1 and IH in comparison to healthy controls and
assessed its influence on sleep and vigilance. We therefore designed and implemented a nap protocol to unmask the
circadian drive from homeostatic sleep pressure. We hypothesized that patients with NT1 have an intact circadian rhythm
that modulates their sleep and vigilance performance during the day, whereas patients with IH have a circadian rhythm
with a lengthened phase.

We devised and implemented a nap protocol for the first time in patients with CDH. The analysis of the sleep
characteristics and the slow wave activity indicate that the protocol, indeed, was able to decouple the circadian rhythm
from the homeostatic sleep pressure. Slow wave activity was decreased after the baseline night and, due to the regular
sleeping opportunities, stayed low during the nap protocol. This is in line with the work of Cajochen et al, who
implemented a comparable nap protocol with a sleep-wake cycle of 75/150 minutes in elderly and subjects with
depression.”> 27 Our analysis further suggests that the protocol did not impose any sleep restriction: the sleep architecture
during the recovery night did not differ from the baseline night, the participants even presented lower sleep efficiencies
and higher sleep latencies. While the original ultra-short sleep/wake protocols of only 90 minutes are suspected of
restricting sleep, this does not appear to be the case with our longer naps.®®”° No signs of insufficient sleep, such as an
increased NREM during recovery, was observed. A statement about the optimal length of a nap, however, is difficult to
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make. One may argue that longer naps would even more effectively reduce the homeostatic sleep pressure, especially as
SWA increased from the first day to the second day. On the other hand, longer naps prolong the protocol and thus the
subjects’ exposure and could also prevent vigilance measures from being carried out at certain times of the day. For
further insights, a protocol comparing systematically different nap lengths would be needed. Concluding, this shows that
this type of protocol, although complex in planning and execution, could be further used to better understand the
circadian influence in neurological sleep disorders.

Based on saliva melatonin samples, we found an intact circadian rhythm in all three groups. This result matches
previous observations in patients with narcolepsy.**>° Surprisingly, we also observed a regular circadian rhythm in
patients with idiopathic hypersomnia, in contrast to the hypothesis of a prolonged circadian rhythm discussed in some
literature.***® The analysis of the various sleep parameters also shows a circadian modulation over 24 hours in all
groups: be it sleep duration, sleep efficiency, modulation of sleep stages, especially REM, and a decrease in (subjective
and objective) vigilance, which peaked in the early evening hours. It is noteworthy that IH did not differ significantly
from the control group in any of the measured variables, except for nap five. At this time of the early night, a statistically
significant deviation was recorded, with a slightly longer sleep duration, shorter latency, but increased efficiency and
more NREM. Our results could be interpreted that the circadian wake drive is intact but slightly dampened in this
circadian-sensitive time window (“forbidden zone of sleep”) compared to the healthy controls. It should be noted that we
excluded extreme chronotypes according to the MEQ during the recruiting process. Nevertheless, an extended circadian
period in IH would also have been observed with a phase shift. It could be argued that the measurement points (melatonin
samples), which were taken every 70 to 90 minutes, were sampled at a very low frequency to capture changes in the
amplitude. However, the sampling frequency was increased during time windows in which an increase or decrease in
melatonin was expected. One reason could be that the subjects’ inner clocks were already entrained to a typical 24-hour
day and thus did not show their unmasked circadian rhythms. Hence, it would be interesting to repeat the study with
subjects being placed beforehand for several days in a time free environment.

For the IH group, the clearly increased subjective sleepiness is striking. This is significantly higher than the HC and
NTI1 groups — and effectively the only parameter in which the IH group differed from the healthy controls. The increased
sleepiness corresponds to the picture of this disease. However, no fundamentally increased sleep pressure was measured.
Although the IH showed a lower number of SOREMPs and less N3 sleep in the recovery night, there were no signs of
altered sleep during the naps (SL, TST, SE) nor a significantly increased SWA throughout the protocol. A possible
explanation would be that the typically increased sleep inertia persisted after the short naps and led to the consistently
increased sleepiness. This hypothesis is contradicted by the fact that we measured sleepiness five times per waking phase
and found no decrease after 30 or even 60 minutes — the typical length of sleep inertia.”’

Our results suggest that the cause of daytime sleepiness in our sample of IH does not lie in the circadian system or in
a physiologically increased sleep pressure — at least not one that would prevail over the circadian wake drive. However,
further studies with a larger number of test subjects and DLMO measurements are needed to gain more insights and rule
out any shifts in the circadian rhythm in IH.

Patients with NT1 showed higher TST and lower SL. What stands out is the high SE throughout the day. Only
a minimal reduction in TST and SE in the late afternoon is evident. There was no NT1 patient who completely skipped
a sleeping opportunity (which occurred one and twelve times in the IH and HC groups, respectively). The time window
of the “forbidden zone of sleep” does not seem to exist in the NT1 group — even though they have a functioning circadian
system. This is consistent with previous research, as described by Zeitzer in his review, according to which patients with
NT1 showed a normal increase in sleep propensity during late biological night, but no decrease in sleep propensity during
late biological day.******>”? One possible explanation therefore is that the instable state boundary control between sleep
and wake is stronger than the influence of the circadian wake drive, so that patients with NT1 can fall asleep very quickly
even at unfavorable sleep times. Surprising at the first glance, the consistently high sleep efficiency is also found in the
first sleep cycle of the night sleep (eg, baseline and recovery night). In literature, patients with NT1 differ from healthy
controls presenting longer total sleep times, lower sleep latencies and an increase in WASO due to sleep
fragmentation.>>’® Only in the second and third cycles do the typical fragmentation and many waking phases become
apparent. This effect was described as a possible explanation that NT1 patients reduce their NREM sleep pressure so
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rapidly within a cycle that it is subsequently no longer sufficient to ensure consolidated sleep. Our results would support
this explanation: the short duration of the naps seem short enough to enable continuous sleep regardless of the time
of day.

We observed an astonishing number of SOREMPs, especially in the REM-sensitive early morning hours between nap
seven and nap nine — but not only in patients with narcolepsy. This is noticeable, as in narcolepsy, REM sleep at the
beginning of a sleep episode is well described and even serves as a diagnostic marker (MSLT test).”* In our study setup,
the NT1 group indeed showed the most SOREMPs, ranging from 8 — at times of circadian nadir — to a maximum of 12
out of 12 subjects. However, also in the HC group, SOREMPs were observed, with a peak of 10 out of 12 in the early
morning (nap seven). It has been stated that 3.9% of a cohort of healthy subjects show more than two out of five
SOREMPs during an MSLT, yet such a large number of SOREMPs has, to the authors’ knowledge, not previously been
described in healthy individuals.”> Apparently, REM pressure is more pronounced in our subjects with very low N2
pressure and, thus, manifests itself more easily at the beginning of a sleep phase. This at the same time means that the
time of day has an influence on the measurement, especially when used as a diagnostic marker. It may be argued that
conducting diagnostic tests for narcolepsy type 1 during early morning hours — when REM pressure is highest in the
overall population — could impair differential diagnosis due to increased SOREMP likelihood in healthy individuals.

The IH patients also showed up to 4 out of 12 SOREMPs, but less pronounced than the healthy subjects. This in itself
is remarkable: it is the only parameter in which the NT1 and the IH group show a contrasting behavior compared to the
healthy controls. However, when interpreting these results, it should be borne in mind that SOREMPs as a criterion in the
MSLT for patients with IH and NT (but especially NT2, which we did not include) has already been criticized, as only
insufficient test—retest reliabilities were achieved.”®’® A repetition of the study setup with IH would therefore be all the
more valuable.

The subjective sleepiness and PVT results are of particular interest for the question of how the naps affected
vigilance. To minimize the effect of sleep inertia directly after waking up as shown in recent literature of patients

with central disorders of hypersomnia,®"”®

we conducted the PVT before going back to sleep. In all groups, we saw that
PVT speed follows a circadian modulation and improves throughout the day. The NT1 patients even performed at a speed
in the late afternoon (wake episodes three, four, nine, and ten) that is comparable to that of healthy controls (no
significant difference measurable). This is a new perspective, as previous research found the PVT to be sensitive to
differences of CDH compared to control subjects yet did not find strong variations according to time of day the test was
performed.'* Based on our results, a “zone of vigilance” seems to open up in the late afternoon — subjects with
narcolepsy could benefit from the circadian wake drive around this time. Patients with NT1 could try to schedule
concentration-intensive tasks such as an exam at school at this time (and take a nap beforehand to reduce homeostatic
sleep pressure). This is further emphasized by individual feedback. Some participants felt markedly refreshed after the
ten naps. The subjective sleepiness of the NT1 changed as expected: during the night, the subjects were very sleepy,
which was also reflected in the PVT performance. It is interesting to note that the NT1 group, although they had the worst
reaction time in the vigilance test, did not subjectively rate themselves as any sleepier than the healthy controls. One
possible explanation is that they had become so accustomed to this state that they did not consider themselves to be
unusually sleepy. However, this is contradicted by the fact that the IH group also suffers from chronic EDS and is well
aware of this. Furthermore, the unstable state boundary control could ensure that they are not immune to sleep attacks,
but, on the other hand, appear to have a high awareness for alertness. If subjective perception shows no sleepiness at all,
is EDS still a problem for them? The answer is probably yes, as the effects on daily performance are still there, which in
reality regularly leads to dropping out of school, occupational accidents, or job loss.

Based on our observations, a multi-phase sleep rhythm with several short naps instead of just one could be
a promising approach for patients with narcolepsy to cope with everyday life. Especially since their nap sleep is of
good quality at any time of the day, even during the forbidden zone of sleep, and they tend to benefit less from longer
sleep durations over more than one cycle.

Conversely, for IH, we observed a slight improvement in subjective sleepiness from the first to the second day. This
was in contrast to the oral feedback, which indicated a significant burden due to the protocol. The ability to sleep was
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dependent on the time of day, and they did not benefit from the circadian wake drive any more than healthy individuals
do towards the end of the day. In this group, naps do not appear to be a suitable therapeutic approach to EDS.

There were several limitations to the study. Due to the complexity of the nap protocol, the sample size in our study
was limited to 12 subjects in each group. Although we carefully selected participants to ensure homogeneity with respect
to key demographic and clinical variables, future studies will be important to confirm our results and further explore their
generalizability. Also, the influence of entrainment to a 24-h-rest-activity rhythm should be investigated more closely in
this context.

As described in our demographic data, the IH group included more female participants. Given that lower skull
thickness, which is more common in females, can affect EEG amplitude and thus absolute slow wave activity (SWA), we
focused on relative SWA to reduce this anatomical bias. While this approach helps control for inter-individual variability,
future studies with balanced sex distributions or direct measures of skull thickness would further improve comparability.
The limitation of the naps to 80 minutes was a design choice that allowed us to compare the results of the SWA activity
during baseline and recovery with the corresponding naps. However, no statements can be made about shorter or longer

naps.

Conclusion

We conducted a nap protocol to investigate, for the first time, the circadian influence on sleep in patients with central
disorders of hypersomnolence. We successfully reduced the homeostatic sleep pressure over 40 hours and compared
sleep and vigilance parameters, and its exposure to the circadian system, at different times of day. We found an intact
circadian rhythm in patients with NT1 and in IH. In both groups, REM and NREM sleep were modulated.

Sleep parameters of patients with narcolepsy varied significantly from those of healthy controls, eg with higher total
sleep time, higher amount of SOREMPs and lower sleep latency as suspected by their pathophysiology. Surprisingly,
patients with NT1 could profit from the nap protocol presenting with a low rate of sleep fragmentation, which was
expressed in a low WASO and a lower subjective sleepiness. The forbidden zone of sleep was clearly visible in vigilance
data using PVT with a higher alertness during evening hours, leading to a possible recommendation for therapeutic
napping. To establish clear suggestions for nap timing and length in patients with narcolepsy, further studies are needed.

Patients with IH did not show any differences in objective sleep parameters except a lower amount of SOREMP
compared to healthy controls. If this finding is also observed in a setting without low sleep pressure, it might be an
interesting starting point to further investigate the number of SOREMPs as potential differentiating criterion between [H
and other disorders of hypersomnolence. Subjective sleepiness varied in IH strongly compared to healthy controls, and it
is not accompanied by objective circadian alteration under low sleep pressure. Moreover, we did not find a significant
benefit in regular napping.
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