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The melanopsin-mediated pupil
response is reduced in idiopathic
hypersomnia with long sleep time

Héloise Rach?, Ulker Kilic-Huck'2, Eve Reynaud?, Laurence Hugueny?, Emilie Peiffer?,
Virginie Roy de Belleplaine?, Fanny Fuchs, Patrice Bourgin>¢* & Pierre A. Geoffroy**:6

Idiopathic hypersomnia (IH), characterized by an excessive day-time sleepiness, a prolonged total
sleep time on 24 h and/or a reduced sleep latency, affects 1 in 2000 individuals from the general
population. However, IH remains underdiagnosed and inaccurately treated despite colossal social,
professional and personal impacts. The pathogenesis of IH is poorly known, but recent works have
suggested possible alterations of phototransduction. In this context, to identify biomarkers of IH, we
studied the Post-lllumination Pupil Response (PIPR) using a specific pupillometry protocol reflecting
the melanopsin-mediated pupil response in IH patients with prolonged total sleep time (TST > 660 min)
and in healthy subjects. Twenty-eight patients with IH (women 86%, 25.4 year-old + 4.9) and 29
controls (women 52%, 27.1 year-old + 3.9) were included. After correction on baseline pupil diameter,
the PIPR was compared between groups and correlated to sociodemographic and sleep parameters.
We found that patients with IH had a lower relative PIPR compared to controls (32.6 +9.9% vs
38.5+10.2%, p=0.037) suggesting a reduced melanopsin response. In addition, the PIPR was not
correlated to age, chronotype, TST, nor depressive symptoms. The melanopsin-specific PIPR may be
an innovative trait marker of IH and the pupillometry might be a promising tool to better characterize
hypersomnia.

Hypersomnolence, characterized by an excessive daytime sleepiness (EDS), sleep inertia and/or impaired
vigilance'?, is a public health problem affecting about 8.4% of the general population®*. It is the core symptom
of central nervous system hypersomnia which includes Idiopathic Hypersomnia (IH), Narcolepsy and Klein-
Lewin syndrome. In the latest ICSD-3 definition’, TH is characterized by an excessive day-time sleepiness, either
a prolonged total sleep time (TST) on 24 h and/or a reduced sleep latency. The prevalence of IH is of 1 in 2000
in general population* and is more common in females>®. IH is underdiagnosed® and often inaccurately treated
despite colossal social, professional and personal impacts’. This sleep disorder is indeed associated with a decrease
in global functioning and an increase in accidents, absenteeism, cardiovascular diseases and mortality’. Nev-
ertheless, its pathophysiology remains poorly known. In addition, recent work suggested that abnormalities of
the circadian system may contribute to the pathogenesis of IH®. IH symptoms are often associated with mood
or attention deficit disorders, with hypersomnolence being a core feature of the diagnostic criteria for these
disorders"*?11. These complex interactions explain the difficulties met by clinicians to distinguish IH from
other disorders with, in one hand the shared comorbidity between them and on the other hand the absence of
specific biomarkers.

Light is known to exert strong effects on physiology and behavior!?. These non-visual effects are primarily
conveyed by melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGCs), which also
receive synaptic input from rod-cone networks!*!4, and provide innervation to various brain areas'>!®. Light
affects sleep and alertness in two ways: (1) indirectly through clock entrainment and phase shifting of circa-
dian rhythms', (2) directly in a circadian independent fashion'®. It has been recently shown in mice that the
non-circadian direct photic regulation of sleep may be mediated by a neural pathway from ipRGCs to the brain
preoptic area'®*. IpRGCs are also directly involved in the pupillary light reflex*!, through projections to the
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olivary pretectal nucleus, and are particularly sensitive to short wavelengths, with a maximal peak at 480 nm
corresponding to blue light?2. These cells have a sustained response after removal of the blue light source which
results in continuing constriction of the pupil after light off*>-**. Interestingly, the amplitude of this prolonged
constriction after exposure to blue light, called the Post-Illumination Pupil Response (PIPR), reflects the sen-
sitivity of the melanopsin pathway?**. The PIPR is being increasingly used as a marker of phototransduction
in non-visual research on sleep*?’, and also for research on alertness and mood?:. Indeed, it has been recently
shown that phototransduction and response to light may be altered in Major Depressive Disorder (MDD)?*3!
and in Delayed Sleep-Wake Phase Disorder (DSWPD)*"2. More specifically, an alteration of the melanopsin
response has been suggested in both disorders.

In this context, we hypothesized that the study of melanopsin reactivity to light may help to identify trait-
markers of IH. We tested this hypothesis comparing individuals suffering from IH with long sleep time and
controls using a pupillometry method that we previously set up, which is highly specific of melanopsin-based
phototransduction (PIPR)%.

Methods

Participants. Participants were men and women aged 18 years or more. Non-inclusion criteria were sleep
disorders other than IH (sleep apnea syndrome, circadian rhythm sleep-wake disorders, etc.), day-time sleepi-
ness due to insufficient sleep, other medical conditions known to affect the phototransduction (neurodegenera-
tive disorders like Parkinson disease, Type I and II Diabetes, acquired hereditary retinal disorders), current use
of psychostimulant, hypnotic, psychotropic or light therapy, drug or substance abuse, travel across time-zones
during the last two months prior to participation, current or past shiftwork, suicidal ideations and pregnancy/
breastfeeding. A psychiatric interview (MINI 2.0°®) was carried out by a trained medical physician to check for
current and past mood disorders and substance use.

The control group was recruited through advertisement (online announcement, displays in University and
shops). Supplementary inclusion criteria for the control group were no history of sleep disorder (assessed by
several questionnaires described in the subjective assessments section) or mood disorders (assessed by the MINI
2.0%) and a normal Body Mass Index (BMI) ([18-30]kg/m?). Controls also received a thorough eye examination
to exclude ocular pathology and a clinical exam.

Patients with confirmed IH were recruited at the Sleep Disorders Center of the University of Strasbourg. The
diagnosis protocol includes 3 consecutive days of hospitalization with a continuous video-polysomnography
(PSG) recording (detailed below). The first night of PSG assesses the absence of another sleep disorder. On the
following day, patients undergo five standard multiple sleep latency tests (MSLT) at 09:00, 11:00, 13:00, 15:00
and 17:00 in order to measure the objective sleepiness (mean sleep latency) and the number of sleep onset rapid
eye movement (SOREM) according to validated procedure®*?. The continuous recording day starts at the end
of MSLT and measures subject’s TST in ad libitum sleep condition.

Diagnostic criteria of IH, in accordance with the International Classification of Sleep Disorders, 3rd edition'
are (1) a TST 2660 min (11/24 h) and/or a mean sleep latency during the MSLT <8 min with no more than one
SOREM period, and (2) a subjective EDS >3 months long evaluated with the Epworth Sleepiness Scale (ESS,
detailed below). Only patients with a TST >660 min were included in this study to correspond to the diagnostic
criteria of IH with long sleep time.

The authors assert that all procedures contributing to this work comply with the ethical standards of the
relevant national and institutional committees on human experimentation and with the Helsinki Declaration
of 1975, as revised in 2008. All participants gave their written informed consent prior to their enrollment in the
study (APIL, 2016 HUS n° 6791) and all procedures have been approved by a French Institutional Review Board on
19 November 2019 (Comité de Protection des Personnes Sud-Ouest and Outre-Mer, number 1-19-070 SI 5025).

Objective assessments. Polysomnography (PSG).  As part of the routine diagnosis protocol, a video-PSG
was performed for 3 consecutive days for patients with a suspicion of hypersomnia in chronobiological rooms
with controlled conditions: soundproof, temperature of 22 °C+0.5 °C, 200 Ix white polychromatic light during
wake time and darkness during rest time. The monitoring (Siesta, Compumedics) included electroencephalog-
raphy (C4/M1, C3/M2, F4/M1, F3/M2, 02/M1, O1/M2; 512 Hz, high pass filter=0.3 Hz; low pass filter = 35 Hz),
electrooculography (512 Hz), submental electromyography (250 Hz) and electrocardiography (500 Hz). Scor-
ing was performed in 30 s-epochs with Profusion Software and with a double reading. Tibial electromyograms,
thoracic and abdominal belts, nasal cannula, thermistor pulse oxymeter and electrocardiogram were installed to
monitor apnea-hypopnea index (AHI), arousal and periodic limb movements during both nights. Patients un-
derwent five standard MSLTs to measure the objective sleepiness and the number of SOREM. Then, the TST was
determined during the 24 h monitoring protocol following the first night of PSG habituation and the percent-
ages of non-rapid eye movements (NREM) and rapid-eye movements (REM) sleeps were calculated during both
nights. Thus, only the parameters of the 24 h monitoring protocol and MSLT parameters were used for the study.
Sleep stages, respiratory events, arousals and periodic legs movements were determined according to standard
criteria of the American Academy of the Sleep Medicine (AASM) Version 2.4.

Pupillometry. Pupillometry was conducted to assess the melanopsin-mediated pupil response with a protocol
published by van der Meijden et al., demonstrating high test-retest reliability?. Participants seated in front of the
pupilometer (Dioptron®, TOP CON RAM-A2000) with the right eye placed at 5 cm of a light box integrated in
the set-up in front of this eye (16 x 10 cm; light source = RGB-LED, Lamina®, NT-43F0-09424 LED, Atlas, RGB,
Farnell, Leeds, United Kingdom). Left eye fixed a central target also integrated in the set-up in front of them
(Dim green LED) and the pupil diameter variations of this eye was measured with an infrared camera (wave-
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Figure 1. Example of pupil diameter change during pupillometry protocol. The post-illumination pupil
response represents the difference of diameter between the first period of darkness and the post-blue darkness
(PIPR)?. For each block of 5-min, the pupil diameter was averaged on the three central minutes. The absolute
PIPR (1) and the relative PIPR (2) were calculated as follows: (1) Absolute PIPR (mm) = (averaged baseline
pupil diameter) — (averaged post-blue light exposure pupil diameter); (2) Relative PIPR (%) = 100*(PIPRmm)/
averaged baseline pupil diameter. The bottom bar indicates the light exposure sequence: black: darkness,

red: monochromatic red light (luminance: 375 cd/m? irradiance: 14.75 log photons/cm?/s) and blue:
monochromatic blue light (luminance: 375 cd/m? irradiance: 14.57 log photons/cm?/s).

length =880 nm) and recorded on a computer at a frequency of 25 Hz. An examiner (HR) was present in the
room to adjust the focus and the contrast of the pupil image obtained during the exam but was not allowed to
communicate with the patient. Data were retrieved using R software (R version 4.0.5, 2021-03-31, R Foundation
for Statistical Computing, Vienna, Austria).

The pupillometry protocol was conducted between 9:30 and 16:30 to avoid pupil circadian variations as
reported by Zele et al.*® and after an adaptation of 30 min to room white polychromatic light of 200 Ix. This
exam was conducted during the first day of hospitalization for patients with a hypersomnia suspicion or on
another day for patients with previously confirmed hypersomnia and for controls. The 25 min standardized
protocol® included: 5 min of baseline darkness, 5 min of monochromatic red light (wavelength =630 nm), 5 min
of post-red darkness, 5 min of monochromatic blue light (wavelength =470 nm) and 5 min of post-blue dark-
ness (Fig. 1). Luminance was the same for all light exposures (375 cd/m?), and the corneal irradiance was equal
to 14.57 log photons/cm?/s for the blue light and 14.75 log photons/cm?/s for the red light. The monochromatic
red light allowed to maximize the effect of the subsequent blue light in order to obtain a maximum activation
of the ipRGCs in the post-blue darkness*>*. Five minutes of blue light exposure were used in order to obtain a
complete light adaptation of ipRGCs™.

The main evaluation criterion of this study was the PIPR, defined as the difference between baseline pupil
diameter and the post-blue pupil diameter change of the baseline, which quantifies the functionality of the
ipRGCs?*?. Absolute PIPR in mm (1), relative PIPR from baseline (in percent) (2), and baseline pupil diameter
(3) were calculated?”***°. As previously published?, the first and last minutes of 5-min blocks were excluded
from analyses in order to reduce the potential interaction between image-forming vision and non-image forming
vision photoreceptors after light off and the potential re-dilatation of the pupil in the last minute of post-blue
light exposure!>?®, The parameters used for the subsequent analyses were:

1. Absolute PIPR (mm) = (baseline pupil diameter) — (post-blue pupil diameter)
2. Relative PIPR (%) =100 x (PIPRmm)/baseline pupil diameter
3. Baseline pupil diameter (mm) = mean of the 3 central minutes of basal darkness

Subjective assessments. We used the following scales to assess chronotype, sleep/sleepiness and depres-
sion self-assessments.

Chronotype. The chronotype was assessed with the Morningness Eveningness Questionnaire (MEQ)*"*2. The
total score (TS) was obtained with the sum of the 19 items (TS 270: definitely morning type; 59 < TS <70: mod-
erately morning type; 42 <TS < 59: neutral chronotype; 31 < TS <42: moderately evening type; TS <31: definitely
evening type).
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IH patients Controls

N (%) or mean+SD | N (%) or mean+SD | p-value
N 28 29
Sex (women) 24 (85.71%) 15 (51.72%) 0.008**
Age (years) 25.42+4.92 27.09+£3.92 0.163
BMI 22.47+3.85 21.60£2.59 0.33
Chronotype (MEQ) 46.57+11.14 54.72+10.36 0.009**
Epworth sleepiness (ESS) 13.07 +£3.69 6.59+3.50 <0.0001***
Pichot fatigue score 15.61+7.13 3.52+2.99 <0.0001***
Sleep quality (PSQI) 5.35+2.54 2.34+1.56 <0.0001***
Severity of depressive symptoms score (SIGH-SAD-SA) 12.25+7.76 5.14+4.53 <0.0001%%*
Subjective light sensitivity (VAS) 58.68+25.86 53.69+25.92 0.463

Table 1. Clinical and sociodemographic characteristics of 28 IH patients with Long Sleep Time and 29
Controls. IH hypersomniacs patients with long sleep time, Controls healthy subjects, BMI body mass index,
MEQ Morningness Eveningness Questionnaire, ESS Epworth Sleepiness Scale, PSQI Pittsburgh Sleep Quality
Index, SIGH-SAD-SA Structured Interview Guide for the Hamilton depression scale-Seasonal Affective
Disorder version-Self Assessment, VAS Visual Analogue Scale, N size, SD Standard Deviation. p-values are
from logistic regression tests. **p-value <0.01; ***p-value <0.001.

Sleepiness, sleep quality and fatigue. 'The daytime sleepiness was assessed with the Epworth Sleepiness Scale
(ESS, TS>10 on the 8 items: daytime sleepiness)*>** and the sleep quality was estimated with the Pittsburgh
Sleep Quality Index (PSQI)***¢. The PSQI questionnaire includes 19 items generating 7 component scores: dura-
tion of sleep, sleep disturbance, sleep latency, daytime dysfunction due to sleepiness, sleep efficiency, subjective
sleep quality, use of sleeping medication (TS > 5: poor sleep quality). The fatigue was evaluated with the Pichot
questionnaire (TS >22 on the 8 items: excessive fatigue)?’.

Depression. Depressive symptoms severity was determined with the Structured Interview Guide for the Hamil-
ton Depression scale—Seasonal Affective Disorder version—Self Assessment (SIGH-SAD-SA). The SIGH-SAD-
SA comprises 17 Hamilton Rating Scale items for typical depression (part A) and an additional set of 8 atypical
symptoms items (part B). The TS was calculated by adding scores of parts A and B and interpreted as mild
(5<score<11), moderate (11 <score < 20) or significant (score > 20) level of depressive symptoms severity*:.

Light sensitivity. Subjective light sensitivity was determined with a 10 cm visual analogue scale (VAS) and
scored from 0 (no light sensitivity) to 100 (maximal light discomfort).

Statistical analysis. We first investigated the association between melanopsin-mediated pupil response,
sociodemographic and sleep characteristics. We thus computed linear regressions between the relative PIPR
(%) (dependent variable) and separately age, sex, chronotype, depressive symptoms, time of the year of testing,
TST/24 h, mean sleep latency (MSLT) and subjective sleepiness (ESS) in the whole population and in each group
(IH group and controls group). Then, group was included as an interaction factor to assess if the association
between pupillometry measures and clinical parameters differed according to diagnosis. We then compared IH
patients and controls regarding pupillometry, clinical and sociodemographic parameters using a binomial logis-
tic regression (with group as dependent factor). Pupillometry analysis were adjusted on age, as previous studies
have reported an age difference on melanopsin-mediated pupil response®. Linear regression was also performed
to assess the association between subjective sleepiness (ESS score) and subjective light sensitivity (VAS score) in
both groups. Statistical analysis were conducted using the R software (R version 4.0.5, 2021-03-31, R Foundation
for Statistical Computing, Vienna, Austria). Statistical significance was set at p <0.05 for all tests.

Results

Clinical and sociodemographic characteristics. Table 1 presents the clinical and sociodemographic
characteristics of the participants. Analysis compared 29 controls (mean age 27.1+3.9 years, 52% (N=15) of
women) and 28 patients with TH (mean age 25.4 +4.9 years, 86% (N =24) of women. Groups did not differ in age
distribution (p=0.16) but the prevalence of women was higher in the IH group (p=0.013), which is in line with
the sex-ratio reported in this sleep disorder™. The BMI did not differ between groups (p=0.33).

As expected, patients with IH had higher subjective sleepiness scores (ESS), higher fatigue scores (Pichot
questionnaire) and lower sleep quality (higher score obtained at the PSQI) than controls (p <0.001, Table 1).
No differences in subjective light sensitivity were observed. Using the SIGH-SAD-SA rating scale, IH patients
showed higher self-rated depression symptoms, with a moderate level of depression (p <0.001). Although both
groups presented neutral chronotype at the MEQ, participants in the IH group had lower scores indicating a
later chronotype (p=0.009).

Polysomnographic characteristics of patients with IH. IH patients had a prolonged TST on 24 h
(746.8 £65.02 min) and a mean sleep latency on the MSLT of 12.13 min (+£4.32). Periodic limb movement’s
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All population Controls IH patients

B (SE) p-value | (SE) p-value | B (SE) p-value
Sociodemographic characteristics
N 57 29 28
Age 0.074 (0.31) 0.812 -0.113 (0.49) | 0.821 —-0.014 (0.39) |0.972
Sex 3.145 (2.97) 0.294 1.387 (3.83) 0.72 —-0.038 (5.49) |0.994
Chronotype score 0.149 (0.12) 0.223 0.091 (0.18) 0.635 0.038 (0.17) 0.827
Depression score -0.272(0.19) |0.16 -0.161(0.43) |0.71 -0.061 (0.25) | 0.809
Time of test —-0.576 (0.86) | 0.503 —-1.809 (1.17) |0.134 -0.606 (1.26) | 0.635
Subjective light sensitivity (VAS) | —0.013 (0.05) | 0.808 [ 0.031(0.07) |0.683 | -0.036(0.07) |0.634
Sleep characteristics
Epworth score —-0.561 (0.28) |0.051 0.385 (0.55) 0.493 -0.862 (0.50) | 0.098
TST/24 h - - - - ~0.026 (0.03) | 0.385
Mean sleep latency (MSLT) - - - - -0.008 (0.51) |0.987

Table 2. Linear regressions between relative PIPR and sociodemographic/sleep characteristics for all

volunteers, and for each diagnostic group (29 Controls and 28 IH with Long Sleep Time). Linear regressions
were realized in the whole population (57 volunteers) and in each group (control group and IH group). No
covariate was included in the analysis. IH idiopathic hypersomnia patients with long sleep time, Controls
healthy subjects, Relative PIPR post-illumination pupil response in percent, VAS Visual Analogue Scale, TST
total sleep time, MSLT multiple sleep latency test, 8 (SE) linear regression coeflicient (Standard Error).

IH patients Controls

Mean +SD Mean +SD B (SE) p-value
Relative PIPR (%) 32.59+9.98 38.54+10.16 —-0.063 (0.03) 0.037*
Absolute PIPR (mm) 1.78+0.75 2.17+£0.97 —-0.603 (0.33) 0.071
Baseline (mm) 531+1.14 531+1.42 ~0.117 (0.21) 0.588
Blue (mm) 2.14+0.24 2.06+£0.29 0.806 (1.06) 0.446

Table 3. Binomial logistic regressions between diagnostic group and pupillary response in 28 IH patients with
Long Sleep Time and 29 Controls. The logistic regression compares each pupillometry parameter between
groups (group as dependent factor, controls as reference category), with age included as covariate. Significant
values are in [bold]. IH idiopathic hypersomnia patients with long sleep time, Controls healthy subjects,

PIPR post-illumination pupil response, Baseline baseline pupil diameter, Blue pupil diameter during blue

light exposure, 8 (SE) binomial logistic regression coefficient (Standard Error). Significant logistic regression
between the markers: *significant difference between groups, p-value <0.05.

index/hour (7.16+9.20) and AHI/hour (2.81+3.83) were normal and the microwake index/hour was low
(15.56 £ 9.76). The polysomnographic recording confirmed the diagnostic of IH with prolonged sleep time and
the absence of other sleep comorbidities.

Relation between PIPR and sociodemographic/sleep characteristics. Age, sex, time of testing,
chronotype score, depression score, sleepiness score, were not significantly correlated with the relative PIPR in
the whole population (IH and healthy subjects, n=57), neither in each group (Table 2, all p’s>0.05) or in the
whole population with the diagnostic group included as interaction factor (Table 2, all ps>0.05). In addition,
mean sleep latency (MSLT) and TST/24 h were not significantly correlated with the relative PIPR in the group
of patients with IH.

PIPR comparisons. Table 3 presents the comparisons of pupillometry parameters between groups with
age included as a covariate in the analysis (Table 3). When included as a covariate in the analysis, no age differ-
ence was found between groups for each pupillometry parameter. Patients with IH showed a significantly lower
relative PIPR from baseline pupil diameter in response to blue light than the control group (p=0.037, model
controlled for age). No significant differences were observed between groups for absolute PIPR, nor for the base-
line pupil diameter (Fig. 2), although results regarding absolute PIPR were close to those of the relative PIPR
(p=0.071, model controlled for age). In addition, no significant differences were observed between groups for
the pupil diameter during blue light exposure.

Relation between subjective light sensitivity and sleepiness. The association between sleepiness
(obtained on ESS) and light sensitivity deferred according to the diagnostic group (p of interaction <0.001),
with a positive regression between subjective sleepiness and light sensitivity in patients with IH (f=0.07+0.03,
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Figure 2. Pupil diameter throughout the pupillometry protocol in patients with IH and control subjects. Each
point represents the mean pupil size in mm per minute + Standard Error Mean. The bottom bar indicates the
light exposure sequence: black: darkness, red: monochromatic red light (luminance: 375 cd/m?, irradiance: 14.75
log photons/cm?/s) and blue: monochromatic blue light (luminance: 375 cd/m?, irradiance: 14.57 log photons/
cm?/s); IH: patients with idiopathic hypersomnia; Controls: healthy subjects.
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Figure 3. Linear regression between subjective sleepiness and subjective light sensitivity in patients with

IH and control subjects. The sleepiness score was obtained using the Epworth scale (ESS) and the subjective
light sensitivity was assessed using a Visual Analogue Scale (VAS). The line indicates the association between
ESS score and subjective light sensitivity (IH: p=0.07 +0.03, p-value=0.011; control subjects: $=0.015+0.03,
p=0.553); IH: patients with idiopathic hypersomnia; Controls: healthy subjects; B: linear regression coefficient.

p=0.011; see Fig. 3) while no association was found in controls (=0.015+0.03, p=0.553). In other words,
sleepiness significantly increased with light sensitivity only in patients with TH.

Discussion

The present study characterized the melanopsin response of patients affected by IH with long sleep time, using
a pupillometry method. To our knowledge, this is the first study to compare the PIPR between a population of
patients with IH and healthy subjects. The relative PIPR was significantly lower in individuals with IH as com-
pared to controls, indicating a lower melanopsin response associated with IH. Interestingly, this finding was not
explained by other possible confounding factors as the relative PIPR was not correlated to age, sex, chronotype,
time of test, scores of depression and sleepiness in both groups, nor to the mean sleep latency and TST/24 h in
IH group. These results comply with the possibility that the relative PIPR could be a trait marker of IH.
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Comparison of our results to the literature presents some difficulties, because a multitude of pupillometry
protocols and outcome parameters are currently used to assess the PIPR. Thus, discrepancies could be explained
by the heterogeneity of methods. A majority of studies using pupillometry assessed the pupil response 6 s after
the offset of a blue light flash of around 1 s****! and varying length of dark adaptation before protocol. These
protocols allow for a primarily melanopsin-driven response but do not maximize it. Indeed, studies which have
investigated the reactivity to blue light in healthy subjects described an extension over time of the pupil constric-
tion in the darkness after longer exposure corresponding to slow response kinetic of the melanopsin intrinsic
photoresponse?®*”>2, a characteristic of the melanopsin response that was used to develop the pupillometry
method used in our study?. Thus, the present protocol of five periods of 5-min alternating darkness, red and
blue exposures conducting to a completed light adaptation of ipRGCs?®, was used to assess PIPR. In this study,
we used the relative PIPR as recommended by Kelbsch et al.** and also reported the absolute PIPR to be able to
compare our results with other studies.

The reduced PIPR obtained here shows a less sustained pupil constriction amplitude after exposure to blue
light in IH patients compared to healthy subjects. Similar results have been found in MDD?***! and DSWPD?2,
This result is interesting as MDD and IH share common symptoms of hypersomnolence’. In our study, the
relative PIPR was not correlated with depressive symptoms. Although depression score in IH patients was higher
as compared to controls, most IH patients did not meet cut-off criteria for a depressive episode. In this context
of relatively low depressive symptoms, our recruited population might not allow us to observe an association
between PIPR and depressive symptoms. Similarly, participants of the study were young adults and did not pre-
sent extreme chronotype (morning or evening). The homogeneity of these factors in our population is likely to
explain their lack of correlation with the relative PIPR, in discrepancy with previous studies**. In addition, an
objective measure of the chronotype, with the Dim Light Melatonin Onset (DLMO) or the core body temperature,
may be more appropriate to address the question of a circadian system abnormalities in IH®. Although the abso-
lute PIPR was not significantly different between groups, we observed a tendency to a lower PIPR in IH group.
Since the absolute PIPR is not corrected for baseline pupil diameter, the measure is considered as less robust than
the relative PIPR and has higher relative variability, which is likely to explain the divergence with relative PIPR.

Additionally, the baseline pupil diameter was not different between groups. The baseline pupil diameter has
been poorly studied in IH, but this result is in line with most studies carried out in patients with type 1 narco-
lepsy, which is currently the best characterized central hypersomnia®-, although contrasting with one older
study””. It is now well known that the study of the pupillary light reflex is useful to discover impairments of the
autonomic nervous system®®. Indeed, pupil constriction is mediated by parasympathetic nervous system while
pupil dilatation by the sympathetic one*. A reduced pupil diameter, as found by Pressman et al.”’, could suggest
an increased parasympathetic activity, which is in line with one physiological hypothesis concerning IH®, but
not found in the current study.

Finally, the subjective light sensitivity (VAS) was positively correlated with the ESS sleepiness score in IH
patients meaning that in IH with long sleep time, higher subjective light sensitivity increases with sleepiness.

Globally, these results suggest a dysfunction of the melanopsin system in individuals with IH compared to
controls. The observed melanopsin dysfunction in IH could, in part, induce the sleepiness symptoms. Indeed,
light exerts a direct influence on sleep and waking, stimulating alertness and inhibiting sleep in humans'%!61-63,
A lower melanopsin sensitivity could have the same impact than reduced daylight exposure and lead to a reduced
daily alertness and an increased night sleep duration as found in our population of IH patients®*-%. It has been
recently discovered that ipRGCs innervate a part of the brain preoptic area (POA) that induces NREM sleep in
mice and whose neurons inhibit wakefulness-promoting brain regions'®**%’. In addition, another study showed
that POA and tuberomammillary nucleus, structure involved in wake regulation, could operate together as a
flip-flop switch that can generate transitions between waking and sleeping states®®. Thus, a poor ipRGCs integra-
tion of the light signal, as we found in individuals with IH, could lead to a lower stimulation of the wake system
and/or a lower inhibition of the brain structures involved in sleep induction. Taken all together, this may suggest
a “light related vulnerability to sleepiness” in individuals suffering from IH.

The main limitation of this study is the relatively small sample size due to the rarity of IH, which may reduce
statistical power, although studies working on this topic reported lower sample sizes. Nevertheless, it will be
necessary in the future to confirm these results with a larger sample size, with inclusions in different sleep cent-
ers. Another limitation of this study is the lack of the recent light history that can alter the ipRGCs sensitivity
and potentially influence our measures®®. Indeed, it would be interesting in future studies to collect the light
quantity received prior to the pupillometry protocol. However, the blue light exposure of 5 min was used in the
current study to obtain a completed light adaptation of ipRGCs as mentioned earlier®®. This long time of exposure,
associated with a prior adaptation of 30 min to the light room, seems to be more appropriate than transient flash
to reduce the effect of light history, and may have limit this bias.

To our knowledge, this is the first study to compare the PIPR between a population suffering from IH
and healthy subjects. We observed that patients with IH had a lower PIPR than controls. These findings sug-
gest specific changes of melanopsin-based photic regulation in IH, which has never been shown before. The
melanopsin-specific PIPR may be an innovative trait marker of IH with long sleep time and the pupillometry
could be a promising tool to better understand and characterize central hypersomnia. Further understanding
of the melanopsin system in IH may improve treatment. Indeed, if the melanopsin system is “hypofunctional”
in IH with long sleep time, natural light or artificial light therapy, with adapted parameters such as longer time
of exposure, might be a promising innovative therapeutic approach to improve wakefulness. In addition, the
PIPR might also help predicting which individuals are responders or not to treatments in this population. In
the future, it will be necessary to compare our results with other groups of hypersomnia such as IH without
prolonged total sleep time, narcolepsy type 1 and 2, and hypersomnia associated to MDD to further validate the
specificity of this marker.
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