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ABSTRACT

Light, particularly blue-wavelength light, exerts a broad range of non-image forming (NIF) effects
including the stimulation of cognition and alertness and the regulation of mood, sleep and circadian
rhythms. However, its underlying brain mechanisms are not fully elucidated. Likewise, whether
adolescents show a different NIF sensitivity to light compared to adults is not established. Here, we
investigated whether cortical excitability, a basic aspect of brain function that depends on sleep-
wake regulation, is affected by blue light and whether the effect is similar in young adults and
adolescents. To do so, we used transcranial magnetic stimulation coupled to high-density
electroencephalography (TMS—EEG) in healthy young adults (N=13, 24.2y +3.4) and in adolescents
(N=15, 16.9y +1.1). Our results showed that, in young adults, blue light affected cortical excitability
following an apparent inverted-U relationship, while adolescents' cortical excitability was not
significantly impacted by blue light. In addition, although light did not affect performance on a
visuomotor vigilance task completed during the TMS-EEG recordings, cortical excitability was
positively correlated to task performance in both age groups. This study provides valuable insights
into the complex interplay between light, cortical excitability, and behavior. Our findings highlight
the role of age in NIF effects of light, suggesting that brain responses to light differ during

developmental periods.
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INTRODUCTION

Besides enabling vision, light exerts a broad range of physiological, hormonal, and neurobehavioral
effects not directly related to vision that are often referred to as non-image forming (NIF) effects of
light2. NIF effects are primarily mediated by a subclass of retinal ganglion cells (RGCs) that act as
photoreceptors by expressing the photopigment melanopsin’2. These intrinsically photosensitive
RGCs (ipRGCs) combine rods and cones outputs to their own response to light and funnel light signal
to many (subcortical) parts of the brain involved in the regulation of the circadian system, sleep
need, mood and cognition3-®. Since melanopsin is maximally sensitive to short wavelength blue light,
at around 480 nm, NIF impacts of light on brain functions are mostly driven by the blue-wavelength
content of light'2. A basic aspect of the brain functioning is cortical excitability that can be defined
as the responsiveness and response selectivity of cortical neurons’. It is therefore fundamental to
cognitive brain functions and dictates the impact of an incoming stimulus on cortical activity and on
behavior. Cortical excitability depends on prior sleep-wake history and circadian phase®°. It remains
relatively stable during the day while well rested and sharply increases if one stays awake? such that
overnight increase of cortical excitability is correlated to performance decrement® and is therefore
likely to contribute to the detrimental effect of sleep loss on cognition. The relationship between
performance and cortical excitability may follow an inverted U-shape function where an optimal
mid-range level of excitability, likely happening during the day when well-rested'?, is associated with
optimal performance while lower or higher levels lead to poor cognitive outcomes. Cortical
excitability depends on several environmental factors that directly or indirectly affect alertness or
sleepiness level, including alcohol and potentially caffeine consumption'?=4, It is therefore plausible
that ambient light could also affect cortical excitability. Findings of a small scale study, carried out
close to 3 decades ago on seven young adults(21-25y), suggested in fact, that there might be an

inverted U-shape relationship between light-induced increase in arousal and indirect measure of
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cortical excitability inferred from an evoked EEG response®. Besides this early report, whether
exposure to light affects cortical excitability is not established.

Adolescence may be of particular interest when focusing on NIF effects of light. Optimizing the
lighting in classrooms has indeed been proposed as a promising simple means to improve alertness
and performance at school'®'’. Research also reported that NIF effects depend on the prior light
history, such that prior exposure to high light levels over the preceding hours, days or even weeks,
may reduce NIF effects'®'®. Adolescents are high consumers of LED devices, typically enriched in
blue light, and may spend more time outdoors, they may therefore present a reduction in NIF effects
of light on brain function. Adolescents, however, are characterized by a late chronotype (i.e. intrinsic
time-of-day preference to be physically and/or mentally active), and late chronotypes in adults are
typically associated with a higher sensitivity to NIF impact of light?® that can lead to an increase in
NIF effects.

Although it is established that exposure to light affects cognitive brain functions?!, whether spectral
composition of light impacts cortical excitability, and whether it happens differently in adolescents
versus young adults, is not yet established. Such questions need to be resolved before one can use
the flexibility of LEDs to design truly individualized human-centered lighting.

In the present study, we used transcranial magnetic stimulation coupled with high-density
electroencephalography (TMS-EEG), as a non-invasive tool to assess cortical excitability in vivo in 13
healthy young adults aged 19-30y while they were exposed to light of different illuminance levels
(as computed in Melanopic Equivalent Daylight llluminance - melEDI lux). We further assessed
whether cortical excitability was correlated to the performance on a concomitant visuomotor
vigilance task. Data were also collected in 15 healthy adolescents aged 15-18y to determine whether
sensitivity to the impact of light on cortical excitability was altered in this age group. We

hypothesized that in young adults, cortical excitability would be increased by increasing melanopic
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illuminance and performance on the task would be correlated with cortical excitability. We further
anticipated that the impact of light would be different in adolescents with no prior expectation on

the directionality of the difference.

Method

Participants

Between March-2022 and September-2023, thirty-six healthy volunteers participated in the study,
19 adolescents (16.8+1.0 years old, 6 Females) and 17 young adults (24.943.9 years old, 9 Females).
The study was approved by the Ethics Committee of the University of Liege. Participants gave their
written informed consent and received financial compensation for their participation. Exclusion cri-
teria were as follows: BMI>28; recent psychiatric history; severe trauma; sleep disorders; addiction;
chronic medication; smoking, excessive alcohol (>14 units/week) or caffeine (>3 cups/day) con-
sumption; night shift work during the last year; transmeridian travel during the past 2 months; anx-
iety?! or depression??; poor-sleep quality?3; excessive self-reported daytime sleepiness?*; extreme
late/early chronotypes?®; and pregnancy.

Seven participants were excluded from the analyses due to poor data quality (i.e. TMS artefact
masking the response of interest) and one participant was excluded due to both cortical excitability
metrics > 3 standard deviations (SD) compared to the rest of the sample(outlier). Thus, the data
presented here includes twenty-eight participants (15 adolescents and 13 young adults). Tablel

summarizes the demographic characteristics of the final sample.
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Table 1. Demographic characteristics of the participants included in the analyses.

Adolescents Adults Comparison (t-
test)

Number of Subjects 15 13
Age (y) 16.9+1.1 24.2+3.4
Sex: Female (Male) 4 (11) 5(8) P=0.52
Body mass index (kg/m2) 21.8+2.4 22.4+2.3 P=0.45
Right-handed 15/15 13/13 P=1.00
Caffeinated drinks (cup/day) 0.4+0.7 1.1+0.9 P=0.03
Alcohol (unit/week) 2.4+4.3 2.242.0 P=0.86
Depression (BD-1%) 7.4x4.7 5.1+£3.0 P=0.36
Anxiety Level (BAIP) 6.516.0 5.91£3.0 P=0.77
Chronotype (HO®) 42.5+8.3 42.618.0 P=0.98
Sleep time (night before the TMS 23:08+0:41 23:12+0:46 P=0.65
session)
Wake time (day of the experiment) 7:08+0:50 7:46+1:09 P=0.19
Sleep duration (h) 7.6x1.2 8.3x1.2 P=0.13
(night before the TMS session)
Sleep Quality (PSQIY) 4.3+15 4.7+1.6 P=0.83
Habitual  daytime  Sleepiness 5.9+3.9 6.9+2.8 P=0.45
(ESS®)
Insomnia (ISIf) 6.0£3.0 6.7£5.1 P=0.70
Season of experiment * -0.2+0.6 -0.2+7 P=0.90
Seasonality (SPAQY) 1.1+1.0 1.2+0.8 P=0.83
Eye color: Bright (Dark) ** 11 (4) 7 (6) P=0.30
Electrical Field (Mean+SD) 115.0+16.7 109.3+10.4 P=0.08
Distance (MeanzSD) *** 33.048.5 32.1+ 8.9 P=0.67

a, Beck’s Depression Inventory I

. Beck’s Anxiety Inventory

. Horne and Ostberg Questionnaire
. Pittsburg Sleep Quality Index

. EPWORTH Sleepiness Scale

. Insomnia Severity Index
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9. Seasonal Pattern Assessment Questionnaire

*Cosine (acquisition day of year*360/365) : 21 December=0°

**Bright: Green and Blue ; Dark: Grey, Brown and Black

*** Distance (in mm) between the electrode of interest and the stimulation spot (maximum electrical field)
Sleep and wake times assessed based on the actimetry data.

Experimental protocol

To avoid excessive sleep restriction while maintaining real-life conditions, participants were asked
to keep a regular sleep—wake schedule (£1h), in agreement with their preferred bed and wake-up
times, for five days preceding the in-lab experiment. Compliance was verified using sleep diaries and
wrist actigraphy (Actiwatch,Cambridge Neurotechnology,UK). Additional methodological infor-
mation can be found as supplementary method.

On the experiment day, participants arrived at the laboratory between 13:00-14:00. To control for
recent light history, participants were maintained in dim-light (<10 lux) for 1:28+0:27, during which
the optimal TMS parameters (i.e., location, intensity, coil orientation) providing artifact free TMS-
EEG recordings were determined and set. The stimulation target was set to the superior frontal
gyrus (SFG) on the dominant hemisphere (left hemisphere as all our participants were right-
handed). This brain area was chosen for the following reasons: (1) the SFG is highly sensitive to sleep
pressure, including at the neuronal level, just like the entire frontal lobe?®; (2) it plays an important
role in cognitive performance?’; and (3) its stimulation does not cause muscle activation, which is a

source of EEG signal contamination.
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Figure 1: Graphical representation of the protocol and the spectrums of light conditions: Polychromatic orange light at 24 melEDI lux;
Monochromatic lower-intensity blue light at 312 melEDI lux, and monochromatic higher-intensity blue light at 625 melEDI lux.

Light set-up and protocol

The light source used in this study was a tunable 35cmx45cm light LED box (EQOS,Balder,Huy,Bel-
gium) which allowed us to create three light conditions including orange light served as control light
condition, and active lower-intensity and higher-intensity blue light conditions. The illuminance
level of each light condition was adjusted manually for each participant such that the orange light
and lower-intensity blue light conditions had the same illuminance of 30 lux at the eye level while
the illuminance for the higher-intensity blue light condition was increased to 60 lux (Table S1). Fig-
ure 1 shows the spectrums of the three light conditions.

Each light session began with 1-2 mins of light adjustment followed by a two-minute eye-open wak-

ing EEG recording. In each Light session, TMS-EEG recording pre-exposure time was approximately
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5-mins, and the entire TMS-EEG recording time was ~10 mins. The order of the orange and lower-
intensity blue sessions was randomized, with the higher-intensity blue session always being last.
The main question of this study was to determine the impact of blue light on cortical excitability
compared to the orange light with the same photopic illuminance. Therefore, given the long dura-
tion of the entire protocol (around 5 hours) and the possibility of teenage volunteers becoming
fatigued and withdrawing early, before the last session of the experiment (happened for one sub-
ject), the order of the sessions was decided as explained so that we would anyway have the two
sessions needed to answer our main research question. The three sessions were separated by at

least a 15-minute washout period in dim light (<10 lux).

TMS-EEG acquisition

A Focal Bipulse 8-shape coil (Eximia; Nexstim,Helsinki,Finland) was used to generate TMS pulses
(Suppl.Method). The stimulation target (SFG) was located on individual structural MRI using a neu-
ronavigation system (Navigated Brain Stimulation; Nexstim, Helsinki, Finland).

Each session included around 250 TMS stimulations. The interstimulus interval varied randomly
from 1900 to 2200ms. The coil recharging time was set at 900ms after TMS. TMS-evoked responses
(TEP) were recorded using a 60-channel TMS-compatible EEG amplifier (Eximia; Nexstim, Helsinki,
Finland). The reference and ground electrodes were placed on the forehead. Two extra bipolar elec-

trodes were also used to record the electrooculogram (EOG).

Wake EEG acquisition
Prior to each TMS session, eye-open rest-waking EEG was recorded using the same 60-channel TMS-
compatible EEG (+2 EOGs) amplifier. Participants were asked to fixate on a black dot, placed on the

light box in front of them, for 2 mins while relaxing and avoiding excessive blinking.
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Visuospatial vigilance task

Participants were instructed to perform a compensatory tracking task (CTT)?® during the TMS-EEG
recordings. Using a trackball device, the aim was to maintain a constantly moving, randomly posi-
tioned cursor on a fixed target in the center of a black background on a computer screen that was

set to the lowest brightness (Suppl.Method).

TMS-EEG analysis

TMS-EEG data preprocessing (Suppl.Method) was performed using MNE python package??
(https://mne.tools/stable/index.html). Independent components of the preprocessed EEG record-
ings were computed using the fastICA algorithm3° in order to remove clear TMS-induced artifacts
(Suppl.Method).

Cortical excitability was inferred from the amplitude and slope of the first EEG component (0-35
ms) of the TEP measured at the artifact-free electrode closest to the hotspot (i.e. the location with
highest TMS-induced electrical field estimated by the neuronavigation system). The latter electrode
was always located in the stimulated brain hemisphere. It could vary across participants but re-

mained constant at individual level.

Wake EEG analysis

Power spectral densities were computed using a fast Fourier transform on artifact-free 4s windows,
overlapping by 2s, using the Welch’s method (pwelch function in MATLAB 7.5.0) (Suppl.Method).
EEG activity was computed over frontal region(F3,F1,Fz,F2,F4,FC5,FC3,FC1,FCz,FC2,FC4,FC6) for

theta(4.25-8 Hz) and alpha(8.25-12 Hz) frequency bands over the entire 2-min recording.

Statistical analysis

All statistical analyses were performed with SAS version 9.4 (SAS Institute,Cary,NC,USA).
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Generalized linear mixed models (GLMM; PROC GLIMMIX SAS procedure) were applied separately
in each age group on TEP amplitude, TEP slope, power spectra and task performance as dependent
variables according to their distribution (Suppl.Method), with subject (intercept and slope) effect
included as a random factor, light conditions (3 illuminance levels) as repeated measures with au-
toregressive correlation type 1 (ar(1)) and session-order, sex , age, and BMI as covariates. Direct
post hoc tests of the main analyses were corrected for multiple comparisons using a Tukey adjust-
ment. In each age groups, additional models included the following potential confound variables
separately: chronotype, seasonality, depression and anxiety indices, eye color, season, sleep dura-
tion (prior night), daytime sleepiness, sleep quality, insomnia index, subjective sleepiness before
and after each session, average habitual caffein and alcohol consumption, electrode of interest dis-
tance from hotspot or alpha/theta power. For simplicity’ sake, GLMMs were first performed on each
age group separately and then in another GLMM, age group and illuminance-by-age group interac-

tion terms were included to seek statistical differences between the groups.

Results

Cortical excitability increases under moderate blue light exposure and is correlated to

performance on the vigilance task in young adults.

We extracted cortical excitability metrics as both the amplitude and slope of the earliest EEG re-
sponse evoked by the TMS pulses (TEP; 0-35ms post-TMS)°, measured at the electrode closest to
the hotspot. Statistical analyses employing both metrics separately as dependent variable revealed
a significant main effect of the light condition (p<.02), and no main effect of the other covariates
(Figure 2; Table 2). Post hoc contrasts showed that compared to the orange light(24 melEDI lux) ,
both the amplitude and the slope of the TEP were increased during the lower-intensity (312 melEDI
lux) blue light exposure (amplitude: t=-3.05, p=.005; slope: t=-2.58, p=.016) but not during the

higher-intensity (624 melEDI lux) blue light (amplitude: t=-1.11, p=.27; slope: t=-1.00, p= .33). TEP
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amplitude during the later 624 melEDI lux blue light exposure showed a statistical trend (t=1.94,
p=0.06) to be lower compared to 312 melEDI lux blue light, while no difference was detected when
comparing TEP slope (t=1.58,p=0.13).

Including one of the following potential confounding factors in separate models did not alter the
findings: chronotype, seasonality, depression and anxiety indices, eye color, season (in which the
sessions were performed), sleep duration (prior night), daytime sleepiness, sleep quality, insomnia
index, subjective sleepiness before and after each session and average habitual caffein and alcohol
consumption.

Each TMS-EEG recording was initiated after 5-min of light exposure and lasted about 11 mins
(11.5+1.2min). They were preceded by a 2-min recording of the spontaneous EEG activity while
quietly awake (1-to-3 mins post-light onset). We computed the power of the EEG over the theta
(4.25-8Hz) and alpha (8.25-12Hz) bands as markers of sleepiness/sleep need and alertness,
respectively3132, Statistical analyses yielded no significant variation in theta or alpha power across
the light conditions (Table 2) indicating that baseline brain activity did not differ between the light
conditions. Importantly, including theta and alpha power as covariates in our main GLMM did not

modify our main statistical outputs (Table 2).
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Table 2. Statistical outcomes of GLMMs with the cortical excitability metrics and theta/alpha spectral power versus the
light melEDI and covariates.

Adults
Lig.h.t Session Age Sex BMI
Condition
TEP
Amplitude | F(1,23)=8.73 | F(1,23)=0.46 | F(1,9)=0.50 | F(1,9)=0.05 | F(1,9)=0.05
P =0.007 P =0.50 P =0.50 P=0.83 P=0.82
R?=0.27
TEP
Slope F(1,23)=6.37 | F(1,23)=0.00 @ F(1,9)=0.80 | F(1,9)=0.22 F(1,9)=0.01
P =0.019 P =0.98 P =0.39 P =0.65 P =0.93
R?=0.22
Theta F(1,23)=0.04 | F(1,23)=0.46 | F(1,9)=0.97 | F(1,9)=1.86 F(1,9)=1.07
Power P =0.82 P =0.50 P =0.35 P =0.20 P =0.33
Alpha F(1,23)=2.96 | F(1,23)=2.82 @ F(1,9)=0.52 | F(1,9)=0.16 F(1,9)=0.55
Power P =0.10 P=0.11 P =0.49 P =0.70 P =0.48
Adolescents
Ligf‘? Session Age Sex BMI
Condition
TEP
Amplitude F(1,26)=0.09 | F(1,26)=0.02  F(1,11)=1.12 | F(1,11)=0.01 | F(1,11)=9.36
P=0.76 P =0.90 P=0.31 P =0.93 P =0.01
R2=10.46
TEP
Slope F(1,26)=0.01 | F(1,26)=0.05 F(1,11)=1.44 | F(1,11)=0.11 = F(1,11)=6.23
P =0.92 P =0.82 P =0.25 P =0.75 P =0.03
R?=0.36
Theta F(1,26)=0.07 | F(1,26)=0.17 | F(1,11)=1.13 | F(1,11)=0.16 @ F(1,11)=0.08
Power P=0.79 P =0.68 P=0.31 P =0.70 P=0.78
Alpha F(1,26)=3.01 = F(1,26)=0.67 F(1,11)=3.12 @ F(1,11)=0.04 | F(1,11)=1.28
Power P =0.094 P =0.42 P =0.10 P =0.85 P =0.28
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In the next step we considered the performance on the visuomotor vigilance task completed during
the TMS-EEG recording. All participants performed the task well as indicated by the low number of
lapses (1.92+3.1). Statistics indicated that performance was not significantly affected by the light
condition (p>0.1) and yet it was significantly correlated to both the amplitude (R=-0.43, p<0.03) and
the slope (R=-0.44, p<0.03) of the TEP (Figure 2), such that higher cortical excitability was associated

with better performance (shorter distance between the moving and fixed dots).

No changes in cortical excitability under the different light conditions in adolescents.

In adolescents, statistical analyses, using TEP amplitude or slope as dependent variable, did not re-
veal a significant main effect of light condition (p>0.7) (Figure 3; Table 2), nor other covariates (ex-
cept BMI, p=0.03). Including the same potential confounding factors in separate models as in adults
did not change the statistical outputs. Likewise, theta and alpha immediately prior to the TMS ses-
sion did not change across the light conditions (p>0.09; Table 2). Again, similarly to adults, including
theta or alpha power in the model seeking for an impact of the light condition on the cortical excit-
ability metrics did not modify the statistical outputs of the models (Table 2). Examining performance
on the visuomotor vigilance task, the statistics revealed similar findings to those found in young
adults. Still similarly to adults, performance on the visuomotor was not significantly affected by light
condition (p>0.2), but it showed significant correlation with both the amplitude (R=-0.57, p=0.0004)

and the slope (R=-0.50, p<0.0028) of the TEPs.
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Figure 2. Results in the young adults group. TEP amplitude and slope under different light conditions (A). Regression plots of the association
between TEP amplitude and slope with performance on the visuomotor task (B). Spearman R is indicative and do not substitute for GLMM
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tion between TEP amplitude and slope with performance on the visuomotor task (B). Spearman R is indicative and do not substitute for
GLMM outputs.
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In our final set of analyses, we made a direct group comparison to seek for light condition-by-age
group interaction controlling for the same covariates. The GLMM including TEP amplitude as
dependent variable yielded a statistical trend for both light condition (F(1,50)=3.81; p=0.056) and
light condition-by-age group interaction (F(2,50)=2.77; p=0.072). Conversely, the GLMM including
TEP slope as dependent variable revealed no effect of light condition (F(1,50)=2.77; p=0.10) or light

condition-by-group interaction (F(2,50)=1.68; p=0.20).

Discussion

We used TMS-EEG to test whether illuminance affected cortical excitability. We showed that, in
healthy young adults, the amplitude and slope of TMS evoked potential increased from lower (~24
melEDI lux) to moderate (~320 melEDI lux) melanopic illuminance, while they may decrease if mel-
anopic illuminance is further increased (~620 melEDI lux). Despite the limited age gap between our
two age groups, these effects of light were not detected in adolescents, in which light condition did
not significantly affect TEPs. Intriguingly, in both age groups, performance on a visuomotor vigilance
task was not affected by the light condition and was yet significantly positively related to the ampli-
tude and slope of TEPs. Our findings add to the previously reported multiple NIF effects of light on
physiology and behavior and show that cortical excitability, which is a basic and fundamental aspect
of brain function, depends on environmental light. Our results also suggest that the sensitivity to
NIF impact of light on cortical excitability changes from adolescence to young adulthood. Our find-
ings further suggest that optimal cortical excitability changes over different timescales.

The increase in cortical excitability we detected in young adults between the orange and lower-
illuminance blue light can only be attributed to the higher content in blue-wavelength photons of
the latter light. Both light conditions were indeed equal in terms of photopic illuminance (in lux)

while they differed markedly in NIF illuminance as indexed by the melEDI. This strongly suggests
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that ipRGC contribute to the increase in cortical excitability we detected. Their projections to many
subcortical structures involved in the regulation of alertness (and sleep), including the hypothala-
mus, may mediate this impact. These subcortical structure would then pass on light stimulating im-
pact to the cortex, either directly, or indirectly through the locus coeruleus in the brainstem33 or
through the pulvinar in the thalamus3*3> or a combination of multiple subcortical structures. We
are, however, in no position to ascertain that only ipRGCs are involved in the effects we detected
and stress that other retinal photoreceptors are most likely mediating at least part of the impact of
light on cortical excitability, potentially through their inputs to ipRGCs3®.

Our findings in young adults are further compatible with an inverted U-shape relationship between
melanopicilluminance and cortical excitability, where increasing illuminance would initially increase
cortical excitability before inducing a decrease if illuminance is further increased (though as statis-
tical trends only). This is in line with an early indirect suggestion based on EEG-evoked potential
collected in a small sample, relating the impact of light to an effect on the alpha power of the quietly
resting EEG *°. This suggested that alertness change would underlie the inverted U-shape relation-
ship between light illuminance and cortical excitability, such that an optimal range of alertness
would be associated with an optimal range of excitability. We did not observe an impact of light
illuminance on alpha or theta EEG power and cannot therefore directly relate our findings to
changes in alertness or sleepiness. This may be because quiet resting brain activity was recorded
after only 1-min of exposure to light which may have been short to induce detectable changes. The
impact of light on alertness during the day has in fact not been consistently reported 3% and may
depend on the study protocol, light quality and the employed technique*42.

To guarantee that at least 2 TMS-EEG sessions were completed by all participants, which allowed
for testing of our main research question (i.e. does illuminance affect cortical excitability?), the TMS-

EEG session with brighter blue light exposure was always performed last. This limitation of the
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protocol was partly addressed by including session order in our statistical models. We cannot ex-
clude, however, that the trend for a decrease in cortical excitability we observed under high mela-
nopic illuminance is not in part due to a change in time of day. Cortical excitability was indeed re-
ported to decrease in the evening hours,2-4 hours later than our protocol®. Likewise, although we
do not have any indication of this, the brighter blue light exposure might also have triggered more
visual discomfort and contributed thereby to the decrease in cortical excitability. Replication of our
findings in a larger sample size and a proper session randomization is therefore warranted to defi-
nitely establish an inverted U-shape relationship between melanopic illuminance and cortical excit-
ability.

Contrary to our expectation, in adolescents, cortical excitability was not significantly affected by
light illuminance. This could be attributed to either higher or lower sensitivity to light. The theoret-
ical greater transparency of crystalline lens and larger pupil size of teenagers might make them more
sensitive to light*3® such that a ceiling effect would already be induced by the orange light. How-
ever, we did not characterize the crystalline or pupil of our participants. Adolescents are also more
prone to be later chronotypes when late chronotype has been suggested to increase the sensitivity
to NIF impacts of light. Chronotype is however unlikely to have significantly contributed to our find-
ings as it did not significantly differ between young adults and adolescents in our sample. On the
other hand, adolescents may be less sensitive to light such that none of the light conditions we
administered affected cortical excitability. Adolescents were likely exposed to more outdoor and/or
artificial light over the hours or days preceding the experiment. Despite the standardization of the
recent history implemented in the protocol (over the 2h30 preceding the first light exposure), this
difference in light history may have reduced their sensitivity to light'®°. The inclusion of session
recorded in dim-light or in darkness could help determining whether the light exposure we admin-

istered induced a significant change in cortical excitability or not.
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Still contrary to our expectation, we did not observe a significant impact of melanopic illuminance
on performance. Similar to alertness, a significant impact of light on behavior during the day is not
always reported and may depend on the exact procedures of the protocols®>4%47, The difficulty of
the visuomotor task we administered was undoubtedly low such that individual performance might
have been ceiling across the light conditions. This explanation appears however unlikely to fully ex-
plain the absence of light effect on performance since we did find a positive correlation between
cortical excitability with vigilance task performance. Performance varied, irrespective of the light
condition, in proportion of the variation in cortical excitability. While previous studies reported that
the increase in cortical excitability induced by overnight sleep deprivation is associated with poorer
performance following a putative inverted U-shape®, our findings indicate that under well-rested
condition in the afternoon, higher cortical excitability is related to better performance.

There may be therefore distinct association between cortical excitability and behavior over different
timescales. Sleep deprivation may increase cortical excitability far beyond its optimum level and
result in poor performance, while increase in cortical excitability toward an optimum level at a given
moment of the normal and well-rested waking day results in improved behavior. These relationships
would be equally present in adolescents and young adults. In a smaller time scale, at a given mo-
ment of the normal waking day, light exposure, a common environmental factor, can also modulate
cortical excitability following an inverted U-shape in young adults and thereby putatively affect be-
havior, though we provide no evidence in support of this later hypothesis. In adolescents, the impact
of light on cortical excitability would be distinct and follows a pattern that remains to be established.
This is because of the different sensitivity to light either due to difference in their developing phys-

iology or in light exposure habits. These putative views are summarized in Figure 4.
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Figure 4. Putative schematic representation of the relationships between cortical excitability, performance and light illuminance in adults
(top row) and adolescents (bottom row). (A) In adults, cortical excitability increases with time awake, and correspondence change in
performance follows an inverted-U shaped function. Under well-rested condition (current study) higher cortical excitability leads to better
performance (B) whereas under extended wakefulness condition, higher cortical excitability has detrimental effects on performance. Our
findings suggest an inverted U-shaped relationship between light illuminance and cortical excitability in adults (C). The relationship
between cortical excitability and performance is not established in adolescent (D) but our findings confirm a similar relationship to adults
under well-rested condition (E). However, our data cannot determine the relationship between cortical excitability and light illuminance in
this age group. Some of the possible scenarios have been shown (F).

To conclude, we provide evidence that the quality of environmental light affects brain function
down to one of its very basic aspects i.e. cortical excitability. Our findings further suggest that the
biological effect of light on cortical excitability is different in adolescents and young adults. and
therefore, the development of light interventions in this age group, to alleviate part of their
common daytime sleepiness for instance, will need fine-tuning geared toward their specific light
sensitivities. The interplay between light, cortical excitability, and behavior leads to complex
outcomes and our study lays the foundation for further exploration into the neurobiological effects

of light on adolescents and its broader implications for cognitive processes.
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