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Light plays a crucial role in human biology. However, while the general pathways
involved in light perception are well-understood, the specific neural mechanisms
explaining why some individuals experience an adverse behavioral response to
light (hypersensitivity), while others rather the opposite (hyposensitivity) remain
unclear. Here, leveraging the high temporal resolution of EEG, we set out to test
the hypothesis that, in hyposensitive individuals, an excessive sensory stimulation
may lead to neural hyper-excitability. Such an enhanced response, in turn, might
be key to mitigate discomfort. We conducted our study on 21 participants,
who underwent light exposure tests at varying intensities. Our findings revealed
that hyposensitive individuals, who are less averse to intense light exposure,
can rely on a more efficient neuroprotective mechanism against sensory
overload, when compared to hypersensitive individuals. Such a mechanism is
mainly and consistently expressed through the increase in power of beta and
gamma oscillations, along with a delayed onset of the P100 component in
response to light stimuli. These findings open the door for future research
to adaptive technologies that utilize EEG markers to create personalized,
real-time interventions for light sensitivity, such as adaptive wearable devices
or environmental systems that dynamically adjust lighting based on neural
feedback, providing immediate relief for hypersensitive individuals.

KEYWORDS
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1 Introduction

As the primary source of visual information, light influences biological rhythms
(Czeisler and Gooley, 2007; Chang et al., 2015), cognitive processes (Vandewalle et al., 2009;
Chang et al., 2015), and emotional states (Bedrosian and Nelson, 2017; Chang et al., 2015;
Knez, 2001). It is central to both ocular and neural systems, and its impact extends beyond
perception, influencing behaviors, social practices, and even art throughout human history
(Fabiano, 2023).

Humans exhibit an extraordinary sensitivity to light, with the human visual system
capable of detecting even a single photon captured by a rod photoreceptor, although,
on average, it takes 5-8 photons to perceive a flash of light due to intrinsic noise in the
visual system (Lakshminarayanan, 2005). However, not all individuals share the same
threshold for light perception. For example, some individuals are hypersensitive to light,
experiencing discomfort or adverse effects even under normal lighting conditions. On the
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other hand, hyposensitive individuals may require stronger light
stimuli to react similarly. Moreover, different sensitivities to light
also manifests in behavioral and cognitive changes. Hypersensitive
individuals may struggle with prolonged exposure to light, which
can lead to discomfort, headaches, and even migraines, while
hyposensitive individuals may not show such immediate reactions
but may suffer from long-term consequences of insufficient light
exposure, such as disrupted circadian rhythms and reduced
cognitive alertness (Bourgin and Hubbard, 2016).

More rigorously, hypersensitivity (photophobia), refers to an
abnormal or heightened sensitivity to light, typically manifesting
as discomfort or pain when exposed to normal or bright
light conditions (discomfort glare). From an ocular perspective,
photophobia is often associated with dysfunctions or irregularities
in the structures responsible for detecting and processing light.
These include the cornea, lens, and retina, where light is
converted into electrical signals. Conditions such as dry eye,
corneal abrasions, uveitis, or cataracts can make the eyes
hypersensitive to light by affecting this process (Digre and Brennan,
2012). Intrinsically photosensitive retinal ganglion cells expressing
melanopsin (ipRGCs) have also been identified as contributors
to the regulation of non-image-forming visual functions such as
circadian rhythm and pupillary light reflex, which can influence
light sensitivity (Do, 2019). The trigeminal nerve, which is
responsible for facial sensation, also plays a role in ocular light
sensitivity. When stimulated excessively by light, the trigeminal
pathway can contribute to the sensation of pain or discomfort
experienced in photophobia. This is especially significant in
patients with migraines, where over-sensitization of this pathway
is a known trigger for light-induced headaches (Noseda et al,
2010). Differences in sensitivity to light can be attributed to genetic
factors, such as the density of the macular pigment and lens, cone
cell sensitivity, and the L/M cone ratio. For example, a study
on sex differences in sensitivity to light found that men respond
more strongly to blue-enriched light in the evening compared to
women, with faster reaction times and higher brightness perception
(Chellappa et al., 2017).

Although ocular components are crucial in initiating light
perception, the processing and modulation of these signals within
the brain play a vital role in the development of photophobia.
Studies have shown that abnormal brain activity in regions such
as the thalamus, visual cortex, and the brainstem can exacerbate
light sensitivity. Specifically, the thalamus serves as a sensory relay
hub that processes light signals before they are sent to other areas
of the brain, and alterations in thalamic function can result in
misregulated responses to light (Younis et al., 2019). Additionally,
brainstem pathways associated with migraine pathology, such
as the trigemino-vascular system, may be hyper-excitable in
individuals with photophobia. This heightened response is evident
in imaging studies of both healthy subjects (Bargary et al., 2015)
and migraine patients, where abnormal activity in the visual cortex
correlates with increased sensitivity to light (Burstein et al., 2000).

In neurodegenerative diseases such as multiple sclerosis,
patients frequently experience photophobia due to optic nerve
inflammation (optic neuritis) and impaired transmission of visual
information, further illustrating the interconnectedness of neural
and ocular mechanisms underlying light sensitivity (Cortese et al.,
2018).
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Previous research seems consistent in proposing that an
intense light stimulation triggers a hyper-excitability of the neural
activity (Bargary et al., 2015), associated with a negative behavioral
response indicating discomfort. Here, we propose that hyper-
excitability represents a protective response to an overwhelming
sensory stimulation, and hence the increase in activity protects
the system from the incoming light. We used EEG to capture the
dynamics of the cortical markers associated to both hyposensitive
and hypersensitive individuals. According to our hypothesis, we
expect the former to be able to deploy a stronger protective
mechanism against discomforting incoming light, and hence some
form of heightened neural activity, with respect to the latter.
To test our hypothesis, we analyzed both the temporal and
spectral characteristics of the neural responses to light stimuli
in both populations. Our results are based on two main types
of analysis: a general population analysis and a comparison
between hypersensitive and hyposensitive individuals. The general
population analysis aimed to identify common cortical responses
to different light intensities, while the group comparisons sought to
highlight neural differences between those with higher and lower
sensitivity to light.

2 Materials and methods

2.1 Participants

A total of 21 adult participants, who were not affected by any
eye or brain pathology, took part in the study (mean age 34.5, std
9.4). This study involving human participants was reviewed and
approved by Comite de Protection des Personnes Ile de France III
Hopital Tarnier-Cochin, Paris). Participants provided their written
informed consent to participate in this study. No participants
reported being under the influence of any substance that could
impact the outcome of the test. Thorough explanations about the
purpose of the study and the specific procedures involved were
provided to all participants, according to the principles outlined
in the Declaration of Helsinki. Subsequently, written consent was
obtained from each participant, ensuring their informed agreement
to participate in the research.

2.2 Stimuli and set-up

We used a custom Effilux Illumination Dome (EFFI-
Dome-700-WarmWhite, modified by Effilux according to our
specifications) to create a controlled and immersive lighting
environment (Figures 1A, B). The dome has a diameter of 70 cm
and is fitted with an array of warm-white LEDs. These LEDs
can deliver a maximum illuminance of 24,800 Lux on the surface
of the dome. The system offers an illuminance resolution of 30
Lux, enabling precise adjustments to the light intensity. A notable
feature of the Effilux Dome is its ability to produce uniform
illumination through the reflection of light from the LEDs. The
dome is connected to a computer via USB, allowing the execution
of a script that controls the modulation of light intensity and
duration. During the experiment, participants sat in an armchair
in front of the dome with their heads supported by a chinrest. The
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FIGURE 1
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(A) The EFFILUX dome projecting light in the experimental room. (B) 3D sketched model of the dome. In green the position where the LEDs are
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FIGURE 2

for each condition.

The sketch illustrates the temporal dynamics of the behavioral assessment (A) and the EEG protocol (B). In the behavioral assessment (A), light flashes
of increasing intensity were projected for 1 s, followed by a 2 s dark period. Participants pressed a button once to indicate the onset of discomfort
due to the light intensity (i), and a second time when the discomfort became unbearable (i), at which point the assessment was stopped. (B) shows
the EEG protocol, where personalized light intensities (i1 2,34), determined from the behavioral assessment, were projected randomly shuffled for 1 s,
interleaved with dark periods of random durations ranging from 2 to 7 s. The randomization of both the light intensities and the dark intervals was
carefully designed to prevent the brain and eyes from predicting the timing of the flashes. In total, 200 trials were conducted, consisting of 50 trials

SN
Light flash: 1s

Dark: random durmc

between 2s and 7s O 0..
Light flash: 1s

surrounding room was dimly lit, and participants were instructed
to fixate in the center of the dome with both eyes open.

2.3 Protocol

The protocol consisted of two phases: a discomfort thresholds
assessment without EEG recording, followed by an EEG recording
phase. In the first phase, the dome emitted a series of exponentially
increasing light intensities, starting at 45 Lux and reaching up to
10,255 Lux. Each flash had a duration of 1s, interleaved with 2 s
of no light, as depicted in Figure 2A. Participants were instructed
to press a button twice during the experiment, to indicate the
extent of their discomfort level in response to the projected light
intensity. The first button press occurred when the participant
began to feel minor discomfort, establishing her/his individual
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low discomfort threshold i,. The second button press occurred
when the light intensity became so strong that the participant
found it difficult to keep her/his eyes opened, defining the high
discomfort glare threshold is. At the time of the second button
press, the light intensity ramp stopped and the trial ended. To
obtain a reliable, though subjective, estimate of i, and iy for
each participant, the procedure was repeated four times, the two
subjective thresholds were averaged and participants were ranked
based on their 2 threshold values. We focused on participants
who exhibited “extreme” sensitivity to light, that we called either
hyposensitive or hypersensitive. Therefore, only participants whose
average threshold did not fall between 1000 and 2000 lux (17 out of
21) proceeded to the next phase of the study, as shown in Figure 3.
This threshold range, and hence the criterion to define hyper and
hypo-sensitive individual, was chosen based on previous research
(Marié et al., 2021).
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Results of the behavioral assessment, where participants indicated
the light intensity at which discomfort begins (i) and when it
becomes unbearable (is); the y-axis indicates the average of these
two values for each participant. Based on previous research, two
thresholds were established: one at 1,000 lux and another at 2,000
lux. Participants whose high discomfort threshold fell between these
two values were labeled as "average sensitive” (shown in green).
Those with thresholds below 1,000 lux were categorized as
"hypersensitive” (blue), and those above 2,000 lux as “hyposensitive”
(magenta). Only the non-average participants, 17 out of 21,
proceeded to the subsequent EEG assessment.

The second phase of the experiment involved recording EEG
neural activity in four experimental conditions corresponding to
the exposure to four different light intensities: a no-discomfort
light intensity i;= %2, the low discomfort condition 7;, a medium
discomfort condition i3= #, and the high discomfort glare
condition is. Each condition included 50 trials, resulting in a total
of 200 trials, with all conditions randomized. The experiment was
divided into five sessions, of 40 randomized trials, with a 2 min
break between sessions. Participants were instructed to fixate on
the center of the dome, with their heads supported by a chin-rest.
No tasks were performed during the trials. The dome emitted light
flashes at a random intensity iy for 1 s, followed by no-light intervals
of randomly varying duration between 2 and 7 s, as illustrated
in Figure 2B. The randomization of both time intervals and trial
conditions was designed to prevent photo-receptor adaptation
(Fain et al, 2001) and to reduce the onset of potential brain
prediction mechanisms (Bar, 2007; Kveraga et al., 2007; Bar, 2011).
Of the 17 subjects initially recorded, data from 16 were retained due
to the poor data quality of one participant.

2.4 EEG data acquisition and statistical
analysis

A 32-channel EEG cap Figure 4A with passive wet electrodes
(Waveguard original, following the standard 10/20 system; ANT
Neuro) was used, connected to an eego mylab amplifier with a
sampling rate of 500 Hz (Figure 4B for electrode positioning).
The EEG data were pre-processed using the EEGLAB toolbox in
MATLAB (Delorme and Makeig, 2004). First, the raw data were
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filtered between 1 Hz and 45 Hz. Channels containing artifacts
were identified and interpolated and then all channels were re-
referenced to the mean. Independent component analysis (ICA)
was performed to decompose the EEG signals into independent
components, which were then labeled using the ICLabel algorithm.
The components most likely to reflect brain activity were selected
and used to reconstruct the data in the electrode space for further
analysis.

The time-series data were segmented into epochs, each
beginning 1 second before stimulus onset and ending 2 s after
stimulus offset. This segmentation allowed for the extraction of
Event-Related Potentials (ERPs), which reflect brain responses
time-locked to the stimuli. ERPs were averaged across epochs and
subjects to generate grand-averages (GA), thereby maximizing the
signal-to-noise ratio. In addition to time-domain analysis, a Fourier
transform was applied to each epoch to examine the different
oscillation modes of neural activity.

To evaluate the significance of the observed effects,
permutation-based statistical analyses were used (Maris and
Oostenveld, 2007; Cohen, 2014), with statistical threshold (p-
value) of 0.05. These tests assume that under the null hypothesis,
the data are exchangeable, and any observed differences could
have arisen by chance if group labels were randomly assigned. By
recalculating the test statistic across numerous permutations of
the data, an empirical distribution under the null hypothesis is
generated, providing an unbiased assessment of whether the results
were statistically significant.

The analysis spanned multiple dimensions, including temporal
intervals, electrode sites, and spectral frequency bands, to capture
the full scope of neural dynamics. To address the issue of multiple
comparisons and prevent inflation of Type I error rates (Luck, 2014;
Cohen, 2014), the False Discovery Rate (FDR) correction method
was applied (Benjamini and Hochberg, 1995; Delorme and Makeig,
2004; Cohen, 2014; Luck, 2014). Unlike traditional corrections
like the Bonferroni method, which control the family-wise error
rate but can be overly conservative, the FDR method controls the
expected proportion of false discoveries. This approach maintains
statistical power, allowing for the identification of true positive
findings while controlling the false discovery rate, making it more
suitable for large datasets.

2.5 Verification of synchronization

Precise synchronization of stimulus presentation with neural
recordings is essential in neurophysiological studies, as even slight
timing deviations can lead to significant misinterpretations of
neural activity. To achieve exact alignment with EEG data, we
utilized the MIKROTRON Mini2 MGE-CM4 high-speed camera
to measure latencies in the light stimuli emitted by the coupole.
Before initiating the experiments, calibration tests were conducted
to confirm the synchronization between the coupole and EEG
system by recording events with known time signatures. The
MIKROTRON Mini2 MGE-CM4 (Figure 5), featuring a CMOS
sensor and global shutter, provides a native resolution of 1,696
x 1,710 pixels and supports frame rates of up to 200,000 fps at
reduced resolutions. This capability was vital for capturing fast
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FIGURE 4

An EEG (electroencephalography) cap is a specialized headgear fitted with multiple electrodes that rest on the scalp. These electrodes detect and
record the brain's electrical activity (brain waves). (A) EEG cap AntNeuro, 32 channels. (B) Ant Neuro Waveguard original electrodes layout, standard

10/20 system.

FIGURE 5

High-speed MIKROTRON Mini2 MGE-CM4 camera used to verify
the synchronization between stimuls presentation and timestamps
in neural recordings.

events with microsecond-level precision. The camera’s sensitivity
range (400-900 nm) matched the visible spectrum of the coupole’s
light output. By adjusting the region of interest and synchronizing
the cameras clock with the EEG system, we established a shared
temporal framework for both visual and neural data collection.

3 Results

As illustrated in Figure 3, the behavioral assessment revealed
significant individual variability in discomfort levels across the
different light intensities tested. Based on these results, we divided
the participants into two primary clusters, hypersensitive and
hyposensitive groups, according to their individual responses to
light, as described in the Methods section. This classification
allowed us to proceed with the EEG analysis. EEG results are
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shown based on a general population analysis, as well as group
comparisons. In the former case, we seek to identify the cortical
response as a function of the different light intensities tested,
i.e. i1234, disregarding the individual sensitivity to light. To the
contrary, in the latter case we highlight the differences in cortical
responses between hypo and hypersensitive subjects.

3.1 General population analysis

First, we analyzed the data from all 16 subjects collectively.
It is important to reiterate that the value of i, (where k
refers to the different discomfort intensity levels) differs between
subjects. This is because each iy is derived from each individual’s
specific discomfort threshold, which is subjective and vary across
participants. For instance, i1, i.e., the no-discomfort light intensity,
is calculated as half of iy, ie. the low discomfort threshold,
which was determined individually for each participant in the
discomfort glare assesment phase. As a result, each subject’s set of
i values is uniquely associated to a specific subject, reinforcing the
personalized nature of this experiment and the inherent variability
in light sensitivity across individuals.

As expected from previous research (Bargary et al., 2015), we
observed statistically significant findings in the occipital channels
(01, Oz, 02). Moreover, as shown in Figures 6 and 7, we found
a significant difference between the amplitude of the P100 in the
no-discomfort condition i} in respect to the P100 elicited by the
discomfort conditions i3 4.

Additionally, in the occipital channels, we found a positive
correlation between the discomfort of the stimulus and the power
in the gamma frequency range, particularly around the 40 Hz peak,
as illustrated in Figure 8; hence, the most disturbing light triggers
the highest gamma oscillations; interestingly, intermediate light
intensities are triggering less oscillations than the most disturbing
level, but more than the lowest one, generating a clear correlation
pattern between the extent of the cortical oscillations and the
discomfort associated to light exposure.
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FIGURE 6
Grand average of the signal in time from stimulus onset (T = 0) for all 16 participants for a single occipital channel. Each curve indicates the neural
response to the four subject-specific light intensities determined, for each individual, via the behavioral assessment: iy (in magenta): no discomfort, i»
(in blue): light discomfort, iz (in green): high discomfort, is (in cyan): unbearable discomfort. (A) shows data from the occipital channel O1, (B) from
Oz, and (C) from O2. The red-shaded regions indicate significant differences in power between the four responses (for the Statistical Methods see
EEG Data acquisition and statistical analysis).
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FIGURE 7
Grand averages of the P100 potentials at channel Oz in response to
the four light intensities tested, with each participant’s value
represented by a dot: i; (in magenta): no discomfort, iz (in blue):
light discomfort, i3 (in green): high discomfort, is (in cyan):
unbearable discomfort. P100 potential in the no discomfort
condition (i1) significantly different (p < 0.001) from the potential at
the discomfort conditions (i, i3, i4) for all subjects tested

3.2 Group comparisons

Next, we divided participants into two groups: eight
hypersensitive and eight hyposensitive to light (see the Methods
section). Interestingly, in the hyposensitive group, the P100’
amplitude to the less disturbing light intensity i1, was significantly
higher than the responses to all other light intensities i, 3 4, which
were indistinguishable as shown in Figure 9.

Subsequently, we analyzed the neural response to each light
intensity separately i34, and compared it between the two
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groups. The hypersensitive group consistently exhibited shorter
latencies in the P100 peak across all intensities (Figure 10).

In the spectral domain, significant differences in the energy
power were found in the prefrontal channels (Fpl, Fpz, Fp2)
across the beta and gamma bands. The hyposensitive group
consistently showed higher energy levels for all light conditions
tested (Figure 11).

To summarize, we found the following pattern of results:

General population analysis:

e significant difference of the neural response at P100 between
no discomfort and discomfort conditions;

e significant correlation between the discomfort triggered by the
light intensity and the power of the gamma band in occipital
channels.

Group comparisons:

e while the hypersensitive group does not show a clear pattern
of P100 activation, the hyposensitive group, shows a mostly
invariant response to all the uncomfortable light intensities
but a significantly stronger P100 potential;

o the hypersensitive group shows consistently shorter latencies
of the P100 peak for all light intensities;

e the hyposensitive group consistently shows significantly
higher energy levels in the beta and gamma bands in the
prefrontal channels across all light intensities.

4 Discussion

This study, relying on the difference between the EEG activity
of hypersensitive and hyposensitive individuals, proposes a new
perspective on the neural mechanisms underlying light sensitivity.

When analyzing the data as a whole, disregarding the individual
sensitivity to light, we found significant difference between the
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FIGURE 8

Grand average of the signal in frequency for all 16 participants and for a subset of channels (mean of O1, O2, and Oz). Each curve indicates the
neural response to the four subject-specific light intensities determined, for each individual, via the behavioral assessment: i; (in magenta): no
discomfort, i> (in blue): light discomfort, iz (in green): high discomfort, i4 (in cyan): unbearable discomfort. Panel B provides a zoom-in of the
spectrum between 37 and 41Hz, emphasizing the correlation between stimulus intensity and spectral energy, particularly around the 39 Hz peak.
The red-shaded regions indicate significant differences in power between the four responses (for the Statistical Methods see EEG Data acquisition
and statistical analysis). Pearson’s correlation (at 39.3 Hz) between the conditions: iy vsiz r =96, i1 vsSiz r=95,i1 vSia r =93,i2 vsizr=97,i2 vSia r =
94, iz vsig r = 92. All correlations were statistically significant (p < 0.001) and were observed in all 16 subjects tested. Importantly, the increased
gamma activity may function as a protective response to alleviate the harmful effects of discomfort.
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FIGURE 9

Grand average of the signal in time from stimulus onset (T = 0) for a subset of channels (mean of O1, O2, and Oz), for the hyposensitive group [(A), 8
subjects] and the hypersensitive group [(B), 8 subjects]. Each curve indicates the neural response to the four subject-specific light intensities
determined, for each individual, via the behavioral assessment: i1 (in magenta): no discomfort, i, (in blue): light discomfort, iz (in green): high
discomfort, is (in cyan): unbearable discomfort. The red-shaded regions indicate significant differences between the four responses.
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FIGURE 10

Grand average of the signal in time from stimulus onset (T = 0) for a subset of channels (mean of O1, O2, and Oz) in both the hypersensitive group (in
magenta) and the hyposensitive group (in blue), in response to the four subject-specific light intensities: i1 no discomfort; i, light discomfort; iz high
discomfort; is unbearable discomfort. The red-shaded regions indicate significant differences between the two groups. Across all conditions, the
hypersensitive group consistently demonstrates shorter latencies for the P100 component. This may suggest a general overreaction system for the
hypersensitive individuals, where stimulation leads to heightened reactivity.
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FIGURE 11

in the hyposensitive individuals.

Grand average of the power spectra for a subset of channels (mean of Fp1, Fp2, and Fpz) in both the hypersensitive group (in magenta) and the
hyposensitive group (in blue), in response to the four subject-specific light intensities: i1 no discomfort; i» light discomfort; iz high discomfort; is
unbearable discomfort. The red-shaded regions indicate significant differences between the two groups. Across all conditions, the hyposensitive
group consistently shows higher energy levels in the beta and gamma frequency bands. This suggests an underlying difference in stimulus
processing between the two groups, with stronger power in the higher frequencies potentially associated with a more robust protective mechanism
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discomfort caused by high light intensities and the amplitude of
the P100 response in occipital channels (O1, Oz, O2). Additionally,
we found a positive correlation between discomfort and gamma-
band power, specifically around 40 Hz. This significant difference
in time and correlation in frequency may reflect an anomalous
neuronal processing triggered by the exposure to an uncomfortable
light stimulation (Bargary et al., 2015; Juricevic et al, 2010).
Consistently, visual discomfort, often accompanied by headache
or nausea (Boyce and Wilkins, 2018), has been proposed to be
linked to an abnormal neuronal processing accompanied by a
high metabolic demand (Fernandez and Wilkins, 2008; Juricevic
et al.,, 2010). In other words, discomfort could be a homeostatic
response to the excessive metabolic load on the system (Haigh et al.,
2013; Wilkins et al., 1984). Our EEG analysis revealed a significant
increase in the gamma band associated to the exposure to the
more uncomfortable light intensities, suggesting the brain’s effort to
handle the overwhelming and uncomfortable sensory input. These
findings align with existing frameworks highlighting the critical
role of high-frequency bands in sensory processing (Buzsdki, 2006;
Neuper and Pfurtscheller, 2001) and discomfort or pain-related
mechanisms (Bassez et al., 2020; Li et al., 2016; Zhou et al., 2018;
Gross et al, 2007; Wang et al., 2020). The involvement of the
gamma band likely reflects neural gain control mechanisms, where
increased sensory discomfort leads to stronger cortical excitation
and stronger gamma oscillations. Similar patterns of time and
frequency domain correlations have been observed in other sensory
processing contexts, such as resonance phenomena in the visual
cortex during flicker stimulation (Herrmann, 2001).

In the light of all these studies as well as our own results,
we propose that the stronger gamma activity, may serve
as a protective response to mitigate the harmful effects of
discomfort. It may represent a neuroprotective mechanism,
dispersing excessive sensory input across various neural pathways
to prevent localized overstimulation and potential damage. This
interpretation aligns with the views of Haigh and Wilkins (Haigh
et al, 2013; Wilkins et al., 1984), who have emphasized the
importance of protective responses in sensory processing under
extreme stimulation.
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When analyzing the data according to the individual sensitivity
to light, we found that in hypersensitive individuals, the light
intensity modulates the response in a non-sistematic way, making
the results harder to interpret. In contrast, the hyposensitive
group showed minimal variation in response across different
light intensities. Furthermore, the hypersensitive group exhibited
significantly shorter P100 latencies across all light intensities,
highlighting an altered temporal dynamics in early visual
processing. This could suggest an overreaction of the system
being overstimulated and hence becoming hyper-reactive (in
time) to new incoming stimuli: in other words, it would be
like repeatedly poking an unhealed wound. The results in the
frequency domain are completely consistent with the idea that
discomfort induces higher-frequency oscillations as part of a
protective mechanism. Interestingly, the hyposensitive group
exhibits stronger power in higher-frequency bands, which at a
first glance may appear incoherent. However, this enhanced neural
activity could indicate a more efficient neuroprotective mechanism
at play in the hyposensitive group compared to the hypersensitive
group. In this context, the stronger gamma and high-frequency
oscillations may reflect an adaptive strategy for mitigating sensory
overload, suggesting that the neural circuitry of hyposensitive
individuals is better equipped to manage extreme sensory input
without experiencing significant discomfort. Coherently, in the
hypersensitive group, the neuroprotective response may be less
effective, potentially leading to heightened discomfort under
similar circumstances.

Importantly, this study underscores the value of tailoring
interventions for sensory sensitivity based on personalized,
objective data. Traditional approaches to treating sensory
sensitivity often rely on generalized protocols, which may not
account for the unique neural response patterns of individuals. This
study suggests that by focusing on the specific neural mechanisms
underlying the individual brain activity, clinicians can develop
more effective, customized interventions. This approach could
significantly improve quality of life for those with extreme sensory
sensitivity, providing more effective and sustainable management
strategies.
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5 Conclusions

The study’s conclusions are derived from a detailed analysis
of EEG data, focusing on both time-domain and frequency-
domain aspects. In the time domain, the analysis of the P100
component revealed that the amplitude of the P100 response in
occipital channels is significantly associated with the discomfort
induced by light intensity. Moreover, when comparing individuals
with different sensitivities, hypersensitive individuals exhibited
considerably shorter P100 latencies. This shortened latency
suggests that their visual systems respond more rapidly, and
perhaps overly so, to incoming stimuli. Such a rapid response
may reflect an overreaction or a deficiency in the control
mechanisms that normally modulate sensory input processing. In
parallel, the frequency-domain analysis centered on gamma-band
activity provided complementary insights. Specifically, there was a
clear positive correlation between the discomfort experienced by
participants and the power of gamma oscillations around 40 Hz.
This increase in gamma activity is interpreted as the brain’s effort to
manage the overwhelming sensory input, acting as a form of neural
gain control. The heightened gamma oscillations appear to serve
as a protective response, attempting to counterbalance excessive
stimulation. When considering group differences, the results
revealed that hyposensitive individuals, despite demonstrating
stronger power in higher-frequency bands, seem to engage an
adaptive, neuroprotective strategy that effectively disperses sensory
load and prevents overstimulation. In contrast, hypersensitive
individuals, who exhibit more erratic modulation of responses
combined with the faster P100 latencies, may have a less efficient
neuroprotective mechanism. This inefficiency could contribute to
their heightened levels of discomfort.

Overall, the integration of findings from both the time-
domain and frequency-domain analyses supports the conclusion
that abnormal neuronal processing in the occipital lobe is linked
to light-induced discomfort. The observed alterations in the time
course, as evidenced by changes in the P100 component, alongside
the increased gamma oscillations, provide evidence that the brain
employs neuroprotective mechanisms to mitigate the effects of
excessive sensory input. In individuals who are less sensitive
to light, these mechanisms appear to function more effectively,
potentially reducing the overall discomfort experienced during
intense light stimulation.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

References

Bar, M. (2007). The proactive brain: using analogies and associations to
generate predictions. Trends Cogn. Sci. 11, 280-289. doi: 10.1016/j.tics.2007.
05.005

Bar, M. (2011). Predictions in the Brain: Using Our Past to Generate a Future. Oxford:
Oxford University Press.

Frontiersin Neuroscience

10.3389/fnins.2025.1542154

Ethics statement

The studies involving humans were approved by Comite
de Protection des Personnes Ile de France III Hopital Tarnier-
Cochin, Paris. The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

Data
Methodology, Visualization, Writing - original draft, Writing

VS:  Conceptualization, curation, Investigation,
- review & editing. SO: Writing - original draft, Writing -
review & editing. ET: Conceptualization, Investigation, Resources,
Supervision, Validation, Visualization, Writing - original draft,

Writing - review & editing.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. This
research has been funded by Essilor International and by the ANRT
(Association Nationale de la Recherche et de la Technologie),
CIFRE # 2021/0938.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bargary, G., Furlan, M., Raynham, P., Barbur, J. L., and Smith, A. T. (2015). Cortical
hyperexcitability and sensitivity to discomfort glare. Neuropsychologia 69, 194-200.
doi: 10.1016/j.neuropsychologia.2015.02.006

Bassez, 1., Ricci, K., Vecchio, E., Delussi, M., Gentile, E., Marinazzo, D., et al. (2020).
The effect of painful laser stimuli on eeg gamma-band activity in migraine patients

frontiersin.org


https://doi.org/10.3389/fnins.2025.1542154
https://doi.org/10.1016/j.tics.2007.05.005
https://doi.org/10.1016/j.neuropsychologia.2015.02.006
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Salvati et al.

and healthy controls. Clin. Neurophysiol. 131, 1755-1766. doi: 10.1016/j.clinph.2020.
04.157

Bedrosian, T. A., and Nelson, R. J. (2017). Timing of light exposure affects mood
and brain circuits. Transl. Psychiat. 7:¢1017. doi: 10.1038/tp.2016.262

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. Royal Statis. Soc.: Ser. B. 57,
289-300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Bourgin, P., and Hubbard, J. (2016). Alerting or somnogenic light: pick your color.
PLoS Biol. 14:¢2000111. doi: 10.1371/journal.pbio.2000111

Boyce, P. R., and Wilkins, A. J. (2018). Visual discomfort indoors. Lighting Res.
Technol. 50, 995-1016. doi: 10.1177/1477153517736467

Burstein, R., Yarnitsky, D., Goor-Aryeh, L, Ransil, B. J., and Bajwa, Z. H. (2000).
An association between migraine and cutaneous allodynia. Ann. Neurol. 47, 614-624.
doi: 10.1002/1531-8249(200005)47:5&1t;614::AID-ANA9&gt;3.3.CO;2-E

Buzsaki, G. (2006). Rhythms of the Brain. New York: Oxford University Press.

Chang, A.-M., Aeschbach, D., Duffy, J. F., and Czeisler, C. A. (2015). Evening use
of light-emitting ereaders negatively affects sleep, circadian timing, and next-morning
alertness. Proc. Nat. Acad. Sci. 112, 1232-1237. doi: 10.1073/pnas.1418490112

Chellappa, S., Steiner, R., Oelhafen, P., and Cajochen, C. (2017). Sex differences
in light sensitivity impact on brightness perception, vigilant attention and sleep in
humans. Sci. Rep. 7, 1-12. doi: 10.1038/s41598-017-13973-1

Cohen, M. X. (2014). Analyzing Neural Time Series Data: Theory and Practice.
Cambridge, MA: MIT Press.

Cortese, A., Conte, A., Ferrazzano, G., Sgarlata, E., Millefiorini, E., Frontoni, M.,
et al. (2018). Photophobia in multiple sclerosis. Mult. Scler. Relat. Disord. 26, 55-57.
doi: 10.1016/j.msard.2018.09.005

Czeisler, C. A., and Gooley, J. J. (2007). Sleep and circadian rhythms in humans.
Cold Spring Harb. Symp. Quant. Biol. 72, 579-597. doi: 10.1101/sqb.2007.72.064

Delorme, A., and Makeig, S. (2004). Eeglab: an open source toolbox for analysis
of single-trial eeg dynamics including independent component analysis. J. Neurosci.
Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Digre, K. B., and Brennan, K. C. (2012). Shedding light on photophobia. J. Neuro-
Ophthalmol. 32, 68-81. doi: 10.1097/WNO.0b013e3182474548

Do, M. T. (2019). Melanopsin and the intrinsically photosensitive retinal ganglion
cells: Biophysics to behavior. Neuron 104, 205-226. doi: 10.1016/j.neuron.2019.07.016

Fabiano, G. (2023). Book review: natural light in medieval churches. J. Br. Archaeol.
Assoc. 176, 327-330. doi: 10.1080/00681288.2023.2234762

Fain, G. L., Matthews, H. R., and Koutalos, Y. (2001). Adaptation in vertebrate
photoreceptors. Physiol. Rev. 81, 117-151. doi: 10.1152/physrev.2001.81.1.117

Fernandez, D., and Wilkins, A. (2008). Uncomfortable images in art and nature.
Perception 37, 1098-1113. doi: 10.1068/p5814

Gross, J., Schnitzler, A., Timmermann, L., and Ploner, M. (2007). Gamma
oscillations in human primary somatosensory cortex reflect pain perception. PLoS Biol.
5:¢133. doi: 10.1371/journal.pbio.0050133

Frontiersin Neuroscience

10

10.3389/fnins.2025.1542154

Haigh, S., Barningham, L., Berntsen, M., Coutts, L., Hobbs, E., Irabor, J., et al. (2013).
Discomfort and the cortical haemodynamic response to coloured gratings. Vis. Res. 89,
47-53. doi: 10.1016/j.visres.2013.07.003

Herrmann, C. (2001). Human eeg responses to 1-100 hz flicker: resonance
phenomena in visual cortex and their potential correlation to cognitive phenomena.
Exp. Brain Res. 137, 346-353. doi: 10.1007/5002210100682

Juricevic, I, Land, L., Wilkins, A., and Webster, M. (2010). Visual discomfort and
natural image statistics. Perception 39, 884-899. doi: 10.1068/p6656

Knez, L. (2001). Effects of colour of light on nonvisual psychological processes. J.
Environ. Psychol. 21, 201-208. doi: 10.1006/jevp.2000.0198

Kveraga, K., Ghuman, A. S., and Bar, M. (2007). Top-down predictions in the
cognitive brain. Brain Cogn. 65, 145-168. doi: 10.1016/j.bandc.2007.06.007

Lakshminarayanan, V. (2005). Vision and the single photon. Proc. SPIE 5866, 1-9.
doi: 10.1117/12.613055

Li, L, Liu, X,, Cai, C, Yang, Y., Li, D,, Xiao, L., et al. (2016). Changes of
gamma-band oscillatory activity to tonic muscle pain. Neurosci. Lett. 627, 126-131.
doi: 10.1016/j.neulet.2016.05.067

Luck, S. J. (2014). An Introduction to the Event-Related Potential Technique.
Cambridge, MA: The MIT Press.

Marié, S., Montés-Mic6, R., Martinez-Albert, N., Garcia-Marqués, J. V.,
and Cervifo, A. (2021). Evaluation of physiological parameters on discomfort
glare thresholds using lumiz 100 tool. Transl. Vision Sci. Technol. 10:28.
doi: 10.1167/tvst.10.8.28

Maris, E., and Oostenveld, R. (2007). Nonparametric statistical testing of EEG- and
MEG-data. J. Neurosci. Meth. 164, 177-190. doi: 10.1016/j.jneumeth.2007.03.024

Neuper, C., and Pfurtscheller, G. (2001). Event-related dynamics of cortical
rhythms: Frequency-specific features and functional correlates. Int. J. Psychophysiol.
43, 41-58. doi: 10.1016/50167-8760(01)00178-7

Noseda, R., Kainz, V., Jakubowski, M., Gooley, J. J., Saper, C. B., Digre, K., et al.
(2010). A neural mechanism for exacerbation of headache by light. Nat. Neurosci. 13,
239-245. doi: 10.1038/nn.2475

Vandewalle, G., Maquet, P., and Dijk, D.-J. (2009). Light as a modulator of cognitive
brain function. Trends Cogn. Sci. 13, 429-438. doi: 10.1016/j.tics.2009.07.004

Wang, L., Xiao, Y., Urman, R. D., and Lin, Y. (2020). Cold pressor pain assessment
based on eeg power spectrum. SN Appl. Sci. 2:8. doi: 10.1007/542452-020-03822-8

Wilkins, A., Nimmo-Smith, I, Tait, A., McManus, C., Della Sala, S., Tilley, A., et
al. (1984). A neurological basis for visual discomfort. Brain: J. Neurol. 107, 989-1017.
doi: 10.1093/brain/107.4.989

Younis, S., Hougaard, A., Noseda, R., and Ashina, M. (2019). Current
understanding of thalamic structure and function in migraine. Cephalalgia 39,
1675-1682. doi: 10.1177/0333102418791595

Zhou, R, Wang, J., Qi, W, Liu, F.-Y, Yi, M, Guo, H., et al. (2018).
Elevated resting state gamma oscillatory activities in electroencephalogram of
patients with post-herpetic neuralgia. Front. Neurosci. 12:750. doi: 10.3389/fnins.
2018.00750

frontiersin.org


https://doi.org/10.3389/fnins.2025.1542154
https://doi.org/10.1016/j.clinph.2020.04.157
https://doi.org/10.1038/tp.2016.262
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1371/journal.pbio.2000111
https://doi.org/10.1177/1477153517736467
https://doi.org/10.1002/1531-8249(200005)47:5&lt;614::AID-ANA9&gt;3.3.CO;2-E
https://doi.org/10.1073/pnas.1418490112
https://doi.org/10.1038/s41598-017-13973-1
https://doi.org/10.1016/j.msard.2018.09.005
https://doi.org/10.1101/sqb.2007.72.064
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1097/WNO.0b013e3182474548
https://doi.org/10.1016/j.neuron.2019.07.016
https://doi.org/10.1080/00681288.2023.2234762
https://doi.org/10.1152/physrev.2001.81.1.117
https://doi.org/10.1068/p5814
https://doi.org/10.1371/journal.pbio.0050133
https://doi.org/10.1016/j.visres.2013.07.003
https://doi.org/10.1007/s002210100682
https://doi.org/10.1068/p6656
https://doi.org/10.1006/jevp.2000.0198
https://doi.org/10.1016/j.bandc.2007.06.007
https://doi.org/10.1117/12.613055
https://doi.org/10.1016/j.neulet.2016.05.067
https://doi.org/10.1167/tvst.10.8.28
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/S0167-8760(01)00178-7
https://doi.org/10.1038/nn.2475
https://doi.org/10.1016/j.tics.2009.07.004
https://doi.org/10.1007/s42452-020-03822-8
https://doi.org/10.1093/brain/107.4.989
https://doi.org/10.1177/0333102418791595
https://doi.org/10.3389/fnins.2018.00750
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

	Neural signatures of extreme sensitivities to light: cortical markers in hypersensitive and hyposensitive individuals via EEG
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Stimuli and set-up
	2.3 Protocol
	2.4 EEG data acquisition and statistical analysis 
	2.5 Verification of synchronization

	3 Results
	3.1 General population analysis
	3.2 Group comparisons

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


