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 A B S T R A C T

Heightened sensory sensitivity, including visual discomfort, is common in migraine, autism, and the wider 
population, and is linked to headaches, perceptual disturbances, and reduced quality of life. We tested whether 
coloured screen filters reduce visual discomfort and whether such effects are reflected in neural responses. 
Nineteen participants with self-identified sensory sensitivity completed a within-subject task viewing natural 
scenes, striped gratings, and filtered-noise ‘‘bump’’ textures under greyscale, red, and blue screen filters. 
Subjective discomfort was rated after each trial, and neural responses were measured with EEG steady-state 
visual evoked potentials (SSVEPs) at 5 Hz. Image type strongly influenced both ratings and SSVEP amplitude. 
Blue screen filters lowered discomfort ratings for stripes and bumps but did not reliably affect SSVEP amplitude. 
The positive association between SSVEP amplitude and discomfort was weaker under blue screen filtering, 
suggesting a change in how neural activity is related to subjective experience in this modest sample. These 
results indicate that broad chromatic manipulations may not reduce cortical responses per se, but may alter 
the mapping between neural responses and discomfort.
1. Introduction

1.1. What is sensory sensitivity and why does it matter?

Sensory sensitivity is characterised by heightened responsiveness 
to everyday stimuli, leading to overstimulation and strong subjective 
or physiological reactions (Kurczewska et al., 2024; Ward, 2019). In-
dividuals with visual discomfort commonly report eye strain, visual 
distortions, and headaches when viewing high-contrast or repetitive 
patterns or bright lights (Wilkins, 1995). Sensory responses also vary 
widely across individuals in the general population (Aron et al., 2012; 
Ward, 2019).

Heightened sensitivity to sensory input is widespread, with approx-
imately 20% of the general population reporting elevated responses 
to everyday stimuli and values of up to 90% documented in some 
neurodivergent samples (Greven et al., 2024; Schoen, 2009).

Despite this prevalence, terminology is inconsistent. Labels such as
sensory processing sensitivity, sensory over-responsivity, and visual discom-
fort are often used interchangeably, although they describe related but 
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distinct concepts. Visual discomfort is typically used to refer specifically 
to negative reactions to visual patterns such as flicker, stripes, or glare 
(Wilkins, 1995). Here, we use heightened sensory sensitivity as an 
umbrella term for increased reactivity to sensory input more broadly 
and visual discomfort for adverse responses to visual patterns.

Sensory sensitivity is often elevated in a range of clinical and 
neurodivergent groups, including autism (Robertson & Baron-Cohen, 
2017), ADHD (Tavassoli et al., 2014), functional neurological disorder 
(Ranford et al., 2020) and migraine (Demarquay & Mauguière, 2016; 
Lévêque et al., 2020). It is possible to trigger migraine attacks with 
visual stimuli, and people with migraine tend to experience more 
discomfort from striped patterns (Harle et al., 2006; Shepherd et al., 
2013). In autism, environmental and sensory barriers to successful work 
have been documented (Pfeiffer et al., 2017), and autism-like traits in 
non-clinical groups are also linked to sensory sensitivity (Robertson 
& Simmons, 2013). Visual discomfort is reported to be increased in 
other conditions associated with heightened cortical sensitivity, such as 
fibromyalgia, persistent postural dizziness and ADHD, and people with 
https://doi.org/10.1016/j.visres.2026.108897
Received 23 August 2025; Received in revised form 13 August 2026; Accepted 25 
vailable online 9 September 2026 
042-6989/© 2026 The Authors. Published by Elsevier Ltd. This is an open access ar
August 2026

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/visres
https://www.elsevier.com/locate/visres
https://orcid.org/0009-0006-3061-1584
https://orcid.org/0000-0003-4115-9715
https://orcid.org/0000-0001-6133-6729
https://orcid.org/0000-0003-0331-3646
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
https://osf.io/jndsx/
mailto:c.dow@pgr.reading.ac.uk
mailto:jordi.asher@stir.ac.uk
https://doi.org/10.1016/j.visres.2026.108897
https://doi.org/10.1016/j.visres.2026.108897
http://creativecommons.org/licenses/by/4.0/


C. Dow et al. Vision Research 249 (2026) 108897 
traumatic brain injury often report photophobia that can be alleviated 
through colour interventions (BarNir et al., 2023; Powell et al., 2022; 
Ten Brink & Bultitude, 2022; Tosta et al., 2024). Some individuals 
with dyslexia report increased visual discomfort, but dyslexia and 
visual stress are not synonymous. Many people with dyslexia do not 
experience visual stress, and many individuals who report visual stress 
can read normally (Wilkins et al., 2016). This likely reflects the fact 
that dyslexia encompasses heterogeneous sources of reading difficulty, 
many of which are non-visual and frequently involve phonological 
processing deficits (Schwarz et al., 2024).

1.2. Sensory environment design

Sensory sensitivity is linked to reduced quality of life, especially in 
environments that overwhelm the senses (Costa-López et al., 2021). Un-
comfortable visual stimuli are common in built environments, including 
classroom and office interiors (Boyce & Wilkins, 2018), architectural 
façades (Le et al., 2017), and repetitive patterns inside buildings, such 
as geometric flooring and tiling (Valentine et al., 2025; Wilkins et al., 
2018). Taken together, these findings highlight the need for more 
intentional sensory design of public spaces that accommodate people 
with heightened sensory sensitivity (Martin & Wilkins, 2022).

For example, classrooms can present a harsh visual atmosphere due 
to factors such as high colour contrasts, dense visual decoration and 
fluorescent lighting (Winterbottom & Wilkins, 2009). As it is thought 
that autistic people experience sensory overload (MacLennan et al., 
2023), these design choices may be particularly problematic. There 
are strong colour preferences in autistic people (Ludlow et al., 2014), 
although there seems to be less accurate perception of colour (Franklin 
et al., 2008). Despite the complex pattern in the literature, muted 
colours have been suggested as beneficial in sensory environments 
designed to support this population (Ming En et al., 2026). To examine 
sensory sensitivity in a structured way, we use Ward (2019)’s three-
dimensional model, which distinguishes subjective, behavioural, and 
neural aspects.

1.3. The three-dimensional framework: Subjective, behavioural, neural sen-
sory sensitivity

To examine sensory sensitivity more systematically, we follow Ward 
(2019)’s three-dimensional model as our organising framework. Sub-
jective sensitivity refers to self-reported experiences such as pain, dis-
comfort, or visual illusions. For example, migraine aura can involve 
flashes of light, flickering, or ‘‘teichopsia’’ (zigzag patterns) (Lane & 
Reynolds, 2019). Hyperresponsive individuals may be overwhelmed by 
sensations, such as discomfort from certain fabrics, whereas hypore-
sponsive individuals may seek intense sensory input (Lane & Reynolds, 
2019). Behavioural sensitivity refers to differences in detection or dis-
crimination between stimuli. Subjective sensitivity and behavioural 
sensitivity capture different aspects of how people respond to sensory 
input, for example, autistic people tend to be less able to discriminate 
colours compared to control populations (Franklin et al., 2008). Neural
sensitivity refers to measurable brain activity evoked by uncomfortable 
stimuli, such as heightened responses in primary visual cortex to high-
contrast or flickering patterns (Gentile & Aguirre, 2020; Wilkins & 
Hibbard, 2014). Neural sensitivity can also diverge from subjective 
experience, as people with photosensitive epilepsy do not always report 
pain during a seizure despite a large neural response, and may even use 
visual stimuli to induce seizures (Brinciotti et al., 2021).

Together, these three dimensions capture how sensitivity varies be-
tween groups, across different stimuli, and between individuals (Ward, 
2019). Subjective sensitivity is often assessed with questionnaires that 
capture experiences over time (Braithwaite et al., 2015; Conlon et al., 
1999; Perenboom et al., 2018; Price et al., 2025; Robertson & Sim-
mons, 2019), or with trial-based measures taken during or immedi-
ately after stimulus presentation. The Pattern Glare Test is the most 
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widely used paradigm for assessing visual discomfort (Wilkins & Evans, 
2001), alongside tasks such as two-alternative forced-choice judge-
ments and rating scales collected during neuroimaging experiments 
(O’Hare, 2017; O’Hare & Hibbard, 2011). Neural correlates of these 
subjective measures can be recorded simultaneously, for example with 
EEG or fNIRS, which enables direct comparison between brain re-
sponses and self-reported discomfort (Haigh et al., 2013; O’Hare, 2017; 
O’Hare & Hibbard, 2024). By distinguishing subjective, behavioural and 
neural sensitivity, this framework highlights the need to understand 
which neural processes underlie sensory sensitivity and why some 
visual stimuli are more uncomfortable than others (Ward, 2019). One 
proposed mechanism is excitation–inhibition imbalance.

1.4. Mechanistic explanation I: Excitation–inhibition imbalance

The excitation–inhibition model described by Rubenstein and 
Merzenich (2003) proposes that heightened sensory sensitivity in 
autism may result from an imbalance between excitatory and 
inhibitory neural mechanisms. Excitatory and inhibitory activity can 
be considered at multiple levels. At the neurotransmitter level, reduced 
GABA concentrations have been associated with sensory sensitivity 
(O’Hare, Tarasi et al., 2023), and at the systems level, oscillatory 
brain activity has also been linked to sensory sensitivity (Manyukhina 
et al., 2021). Although excitation and inhibition can have several 
meanings, one definition refers to the balance between excitatory 
(glutamatergic) and inhibitory (GABAergic) neurotransmitter activity, 
which is maintained through developmental and homeostatic processes 
across individual neurons and cortical circuits (Sohal & Rubenstein, 
2019; Sturgill & Isaacson, 2015). This imbalance may lead to height-
ened sensory responsiveness and difficulties filtering out irrelevant 
stimuli (Takarae & Sweeney, 2017). Excitation-inhibition imbalance 
has therefore been proposed as a neural mechanism contributing to 
the pathophysiology of sensory sensitivity in autism (Chen et al., 2020; 
Dunn & Jones, 2020; Robertson & Baron-Cohen, 2017) and migraine 
(O’Hare, Tarasi et al., 2023; Vecchia & Pietrobon, 2012) and, more 
broadly, in explaining why some visual stimuli are more uncomfortable 
than others (Penacchio et al., 2023).

Studies that use oscillatory gamma-band activity as an index of 
excitation–inhibition balance have not found a clear relationship with 
sensory sensitivity (Sumner et al., 2026). Other studies have also failed 
to demonstrate neurotransmitter imbalances associated with oversensi-
tivity in the auditory domain (Ward et al., 2025).

Although the excitation–inhibition imbalance model would predict 
greater discomfort in some groups than in others, it does not identify 
which specific stimulus features are likely to trigger discomfort or 
heightened responses in susceptible individuals. An alternative account 
is efficient coding theory, which explains sensory sensitivity in terms 
of how the visual system is optimised to process the statistical prop-
erties of natural scenes. From this perspective, discomfort arises when 
stimuli deviate from these expected statistics, placing greater demands 
on neural processing (O’Hare & Hibbard, 2024; Penacchio & Wilkins, 
2015).

1.5. Mechanistic explanation II: Inefficient coding and visual discomfort

Efficient coding theory (Attneave, 1954; Barlow et al., 1961) pro-
poses that sensory neurons are adapted to encode input efficiently 
by minimising redundancy and maximising novel information (Field, 
1994). The visual system is therefore optimised for images with the 
statistical structure of natural scenes (Olshausen & Field, 2004). When 
stimuli deviate from these statistics, they become inefficient to encode 
(Wilkins, 2012), placing greater demands on neural processing and 
leading to cortical hyperexcitation and discomfort (Hibbard & O’Hare, 
2015; Penacchio et al., 2023; Penacchio & Wilkins, 2015).

Uncomfortable stimuli often share this property: high-contrast grat-
ings (Wilkins et al., 1984), large chromatic separations (Haigh et al., 
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2018; Lindquist et al., 2021), and flicker (Gentile & Aguirre, 2020) 
all diverge from natural scene statistics. Filtered-noise textures provide 
further evidence: when their statistics are shifted away from natu-
ral norms, they are rated as more uncomfortable, both in greyscale 
(Fernandez & Wilkins, 2008; O’Hare & Hibbard, 2011) and in colour 
(Juricevic et al., 2010). Specifically, narrow-band repetitive striped 
patterns with midrange spatial frequencies, and images filtered to have 
an increased energy at midrange to high spatial frequencies (Conlon 
et al., 2001; Fernandez & Wilkins, 2008; Hibbard, Allen et al., 2026; 
Wilkins et al., 1984), have been associated with increased discomfort, 
albeit with potentially complex interactions with overall contrast, spa-
tial frequency profile and flicker (Hibbard, Asher et al., 2026; O’Hare 
& Hibbard, 2024). Importantly, these artificial stimuli lack semantic 
content, which suggests that discomfort arises from low-level statistics 
rather than meaning.

Computational models support this account. Simulations based on 
signal processing principles reproduce neural responses to uncomfort-
able stimuli, showing that inefficient inputs increase response variabil-
ity and metabolic cost (Hibbard & O’Hare, 2015; Penacchio & Wilkins, 
2015; Sinno & Bovik, 2018). They also show reduced sparseness, which 
is another marker of hyperexcitation (Penacchio et al., 2023). Efficient 
coding theory therefore links deviations from natural statistics to sub-
jective discomfort and predicts that images with properties that cannot 
be efficiently processed will trigger greater discomfort. These mech-
anisms also extend to real-world environments, where architecture, 
lighting, or repetitive patterns can impose similar processing demands 
and cause discomfort (Boyce & Wilkins, 2018; Le et al., 2017; Wilkins 
et al., 2018).

1.6. Colour and sensory experience

Colour is a prominent feature of visual environments and is often 
manipulated in practice to reduce discomfort and support sensory 
regulation. Colours and patterns whose statistics align with the brain’s 
expectations of natural stimuli, such as clear skies or green forest 
scenery, have been proposed to produce more optimal neural responses 
(Olszewska-Guizzo et al., 2022). Naturalistic blues and greens might 
therefore be expected to feel more comfortable than less familiar chro-
matic combinations. In particular, sky-like blue tones are often assumed 
to be calming and visually comfortable (Nair et al., 2022; O’Connor, 
2011; Pence et al., 2019).

It has been suggested that colour therapy may be beneficial for 
mitigating sensory sensitivity, however the findings supporting the use 
of colour therapy and blue lighting are often anecdotal (O’Connor, 
2011). Clinical approaches such as precision tints and coloured overlays 
are also used to modulate visual discomfort, but evidence for their 
effectiveness is mixed and complicated by strong individual differences 
in colour preferences and perception (Franklin et al., 2008; Griffiths 
et al., 2016; Harkin et al., 2024; Hoggan et al., 2016; Ludlow et al., 
2014; Maule et al., 2017). Overall, empirical findings are inconsistent, 
with some studies reporting positive outcomes and others reporting 
little or no effect (Nair et al., 2022; Pence et al., 2019), and several 
studies suffer from methodological limitations such as small sample 
sizes and the presence of comorbid disorders within participant groups 
(Pence et al., 2019).

1.7. Rationale and hypotheses

Discomfort from visual stimuli may arise from inefficient coding, 
whereby stimuli that deviate from the statistical properties of everyday 
images place greater processing demands on the visual system. Some 
people may be more susceptible to this than others, possibly reflecting 
imbalances in neural excitation and inhibition. Colour has also been 
found to influence visual discomfort (Haigh et al., 2013; O’Hare et al., 
2023), with both anecdotal reports and experimental evidence suggest-
ing that certain colours, such as blueish hues, are more pleasant and 
less arousing than others (Valdez & Mehrabian, 1994).
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We selected blue and red screen filters to represent opposite ex-
tremes of the visible spectrum. Blue light is known to exert strong 
physiological effects in other domains, such as alertness and cognition 
(Vandewalle et al., 2009). Conversely, a Cochrane review suggested 
that blocking blue light has little to no effect on visual performance 
and reported visual fatigue (Singh et al., 2023). Red provided the com-
plementary long-wavelength contrast at the other end of the spectrum. 
Red light has been shown to result in increased arousal compared to 
green (Wilson, 1966), and red light has been shown to increase arousal 
compared to yellow, green, and blue, with the latter producing the 
least arousal (Jacobs & Hustmyer, 1974). In epilepsy patients, red light 
is typically more epileptogenic (Fisher et al., 2022; Gasparini et al., 
2025; Parra et al., 2007). Red served as a comparator to blue, enabling 
us to examine whether spectral opposites differ in their influence on 
discomfort and neural responses. Together with a greyscale control (no 
screen filter), these conditions provided a direct test of whether broad 
colour manipulations measurably affect neural responses associated 
with visual discomfort.

Using established methods from O’Hare and Hibbard (2024), we 
measured both neural responses (steady-state visual evoked potentials; 
SSVEP) and subjective discomfort ratings for three classes of images: 
natural scenes (typical environmental statistics), stripes (high-contrast 
sinusoidal gratings) and bumps (filtered noise textures). The experi-
ment was conducted in a dark room, with the screen providing the 
sole source of illumination. Applying blue, red or greyscale screen 
filters altered the spectral composition of the emitted light, thereby 
changing the overall ambient appearance of the room. The primary 
aim was to determine whether coloured screen filters reduce visual 
discomfort and neural activity, as measured by subjective ratings and 
SSVEP amplitude. Secondary aims were to examine whether discomfort 
varies systematically by image type, to investigate spatial frequency 
effects for artificial stimuli, and to assess the correspondence between 
neural and subjective measures of discomfort. Based on this we tested 
the following four hypotheses:

H1 Filter colour would modulate discomfort and SSVEP amplitude, 
with blue and red filters producing lower values than greyscale 
(if colour in general reduces discomfort) and blue lower than 
red (due to the pleasant and less arousing effects of this colour 
previously reported Valdez & Mehrabian, 1994).

H2 Image type would modulate discomfort and SSVEP amplitude, 
with stripe and bumps stimuli, with a concentration of energy 
around a particular spatial frequency, eliciting higher values 
than natural scenes (Fernandez & Wilkins, 2008).

H3 Spatial frequency would interact with image type, exerting dif-
ferent effects on discomfort for stripes versus bumps (O’Hare & 
Hibbard, 2024).

H4 Discomfort ratings and SSVEP amplitude would be positively 
correlated across conditions.

2. Methods

2.1. Participants

There were 21 participants aged between 18 and 43 years. Data 
from two participants were excluded, one due to incomplete data and 
one due to data corruption, leaving 19 participants for analysis (17 
female, 1 non-binary). The mean age was 22.7 years (SD = 6.5).

The study was approved by the University of Stirling General Uni-
versity Ethics Panel (GUEP 2024 18703 14535). Participants were 
recruited from the general population, with recruitment materials ex-
plicitly encouraging individuals self-identifying as having sensory sen-
sitivities to take part. Individuals with photosensitive epilepsy were 
excluded because of the use of flickering stimuli. Written informed 
consent was obtained from all participants prior to taking part.
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2.1.1. Power considerations
Our target effect size was based on O’Hare and Hibbard (2024), 

who reported mean discomfort differences of about 0.8 Likert units 
between natural and artificial images. Power analysis suggested a re-
quired sample size of approximately 33–55 participants for 80% power, 
depending on the assumed within-participant variance. Given that 
SSVEP studies often use modest samples (typically 12–24 participants) 
because of their high signal-to-noise ratio and dense within-subject 
design (O’Hare, 2017), we aimed for an intermediate sample size.

2.2. Apparatus

The study was presented using an HP Z1 G9 computer with an Intel 
i7 processor and an NVIDIA GeForce RTX 3060 graphics card, running 
Windows 10. Stimuli were displayed on a 23-inch HP E23 G4 monitor 
with a resolution of 1920 × 1080 and a refresh rate of 60 Hz. Presenta-
tion was controlled using MATLAB 2023b and Psychtoolbox (Brainard 
et al., 2024; Kleiner et al., 2007). Images were 512 × 512 pixels and, 
at a viewing distance of 100 cm, subtended approximately 7.8◦×7.8◦ of 
visual angle. One pixel subtended 0.9 arc min. Display luminance and 
chromaticity were measured using a Minolta CS-100 A chroma meter 
(Konica Minolta, Tokyo, Japan) by presenting a uniform image patch 
with the highest luminance value in the stimulus window.

EEG data were recorded using a Compumedics Neuroscan
SynAmps2 system and SCAN 4.5 software (Compumedics Neuroscan, 
2020) with a 64-channel electrode cap and 6 facial electrodes placed 
at the left and right mastoids, the outer canthi, and the left supra- and 
infraorbital sites. Data were acquired with a sampling rate of 1000 Hz. 
The EEG signal was bandpass filtered between 0.1 Hz and 100 Hz.

2.3. Materials

The Leiden Visual Sensitivity Scale (L-VISS) (Perenboom et al., 
2018) is a 9-item self-report questionnaire designed to measure sub-
jective visual sensitivity, including sensitivity to flicker, brightness, 
and high-contrast patterns (Brink et al., 2021). Each item is rated on 
a 4-point scale from 0 (not at all) to 3 (very much), giving a total 
score between 0 and 27, with higher scores indicating greater visual 
discomfort.

2.4. Stimuli

All images were provided with consent from O’Hare and Hibbard 
(2024) and natural images were taken from the van Hateren and 
van der Schaaf (1998) image database, and included five greyscale 
photographs (image numbers 17, 28, 34, 47, and 129). Artificial stimuli 
included ‘‘bump’’ stimuli (filtered noise textures) created following the 
methods of Fernandez and Wilkins (2008). Briefly, this method involves 
first creating filtered noise patterns with a 1/f amplitude spectrum, thus 
creating noise images that have the second-order statistical properties 
of natural images. The second step is to create a filter (in this case 
a raised radial cosine filter) to increase the contrast amplitude at 
particular spatial frequencies. This has the effect of adding a ‘‘bump’’ 
to the otherwise 1/f amplitude spectrum. The location of the ‘‘bump’’ 
can be varied to create images with peaks in contrast amplitude at 
different spatial frequencies. In addition to the bump stimuli, there 
were five ‘‘stripe’’ stimuli comprising vertical sinusoidal gratings. These 
were generated at five spatial frequency levels; 0.70, 1.4, 2.8, 5.6 and 
8.5 cycles per degree (cpd). Stimuli were windowed with a circular 
Gaussian mask comprising a central flat region of radius 3.9◦ and a soft 
edge defined by a Gaussian fall-off with standard deviation 𝜎 = 0.26◦ of 
visual angle. Stimuli were allowed to vary in RMS contrast, to maintain 
natural variations in contrast. Each image was rendered in three colour 
conditions (grey, blue, red) by mapping contrast to brightness in HSV 
colour space. Coloured stimuli were created by assigning fixed hue 
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Table 1
Photometer measurements (luminance and chromaticity).
 Condition Luminance (Y) x y  
 Black 0.5 0.285 0.259 
 Maximum grey 27.9 0.318 0.350 
 Maximum blue 11.6 0.224 0.243 
 Maximum red 8.85 0.481 0.330 

values (blue = 0.6, red = 0.0) with constant saturation (0.6). Kruskal–
Wallis tests showed that image type varied systematically in terms of 
RMS contrast (𝜒2 (2) = 12.50, p = 0.002), but not spectral slope (𝜒2

(2) = 0.27, p = 0.602) or fractal dimension (𝜒2 (2) = 4.52, p = 0.104). 
Natural images showed the lowest RMS contrast, and stripes had the 
greatest RMS contrast values (see Fig.  1).

2.5. Procedure

Participants were seated in a sound-attenuated darkened room, 
approximately 100 cm from the display. Each trial began with a white 
fixation cross (1.7◦ of visual angle) presented on a mid-grey back-
ground for 500 ms, followed by stimulus presentation. Stimuli were 
shown for 20 s, flickering sinusoidally at 5 Hz with contrast modulated 
between peak and mid-grey. After each trial, participants rated their 
level of visual discomfort using a 7-point Likert scale, where 1 indicated
not at all uncomfortable and 7 very uncomfortable. No guidance was 
provided on how to interpret discomfort, and no practice trials were 
given. A fixation cross was shown again following the response to 
ensure a brief pause before the next trial and to minimise carry-
over effects. The experiment consisted of three counterbalanced blocks 
corresponding to each chromatic condition (grey, red, and blue), see 
Table  1 for luminance and chromaticity measurements. Within each 
block, participants viewed 15 images (five bumps, five stripes, five 
natural), each presented three times in randomised order, resulting in 
45 trials per block and 135 trials in total. The ambient light in the room 
was therefore tinted by the display, and no specific adaptation period to 
this coloured ambient light was provided beyond the exposure during 
the experiment itself.

EEG pre-processing

EEG data were pre-processed using the EEGLAB toolbox (Delorme 
& Makeig, 2004) in MATLAB R2024b. Data were imported from .cnt
files and electrode locations assigned according to the standard 10-5 
system. Signals were resampled to 500 Hz, band-pass filtered between 
0.1 and 40 Hz, and re-referenced to the average of all scalp electrodes, 
excluding ocular channels. Noisy channels were identified and removed 
using kurtosis thresholds. Continuous recordings were segmented into 
20-second epochs time-locked to stimulus onset, then subdivided into 
nine consecutive 2 s segments per trial. Segments exceeding ±500 μV
were automatically rejected. Independent component analysis (ICA) 
was performed to remove blink-related artefacts.

Spectral analysis

Spectral power was estimated using Welch’s method, implemented 
via the pwelch function in MATLAB. For each 2-second segment, data 
were averaged across six occipital electrodes (OZ, O1, O2, POZ, PO3, 
PO4) to enhance signal-to-noise ratio. Power spectral density (PSD) 
was calculated using a Hamming window with an FFT length set to 
the next power of two relative to the segment length. Spectral values 
were converted to decibels, and power at 5 Hz, the frequency of the 
steady-state visual evoked potential (SSVEP), was extracted.

Power values at 5 Hz were averaged across segments for each 
observer, stimulus, and colour condition (blue, grey, red). Each trial 
was labelled according to observer ID, colour condition, and image 
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Fig. 1. Three representative stimuli (left ‘‘bump’’, middle ‘‘stripe’’, and right ‘‘natural’’ image) were extracted in one of each colour condition blue, red and grey 
respectively.
type (bumps, stripes, natural), producing a long-format dataset for sub-
sequent statistical analysis. The Supplementary Information contains 
images showing the scalp topography and the spectra averaged over 
observers as an indication of data quality — the SSVEP peaks can 
clearly be seen.

3. Results

Relationship between neural and subjective discomfort (H4)

We examined whether variation in neural responses predicted vari-
ation in trial-by-trial Likert discomfort ratings. This was tested using a 
linear mixed-effects model with z-standardised SSVEP amplitude as a 
predictor of Likert discomfort ratings, and a random intercept for each 
participant. This approach allowed us to assess the association between 
neural and subjective measures across all trials while accounting for 
repeated observations within individuals.
𝙻𝚔𝚝 ∼ 𝚣𝚂𝚂𝚅𝙴𝙿 + (1 ∣ 𝙾𝚋𝚜𝚎𝚛𝚟𝚎𝚛).

The zSSVEP predictor was obtained by standardising SSVEP amplitudes 
across all trials:
𝑧 = 𝑥 − 𝑥̄

𝜎
,

where 𝑥̄ is the mean amplitude and 𝜎 the standard deviation. Positive 
values indicate above-average amplitudes; negative values indicate 
below-average amplitudes.

Consistent with H4, there was a significant positive association 
between zSSVEP and discomfort ratings, 𝑏 = 0.97, 𝑆𝐸 = 0.14, 𝑡(169) =
6.85, 𝑝 < .001, indicating that trials with higher neural responses tended 
to receive higher discomfort ratings. The model intercept, representing 
mean discomfort when SSVEP amplitude was at its mean (𝑧 = 0), was 
also significant, 𝑏 = 3.80, 𝑆𝐸 = 0.26, 𝑡(16.16) = 14.66, 𝑝 < .001, reflecting 
that all ratings were positive or zero.

Full factorial model with colour (H1) and image type (H2)

To test whether the association between SSVEP amplitude and 
discomfort varied by filter colour or image type, we fitted a lin-
ear mixed-effects model with zSSVEP, Colour, Image Type, and all 
interactions, with a random intercept for each participant:
𝙻𝚔𝚝 ∼ 𝚣𝚂𝚂𝚅𝙴𝙿 ∗ 𝙲𝚘𝚕𝚘𝚞𝚛 ∗ 𝙸𝚖𝚊𝚐𝚎𝚃𝚢𝚙𝚎 + (1 ∣ 𝙾𝚋𝚜𝚎𝚛𝚟𝚎𝚛).

Reference levels were grey (Colour) and bumps (Image Type), so the 
intercept corresponds to the estimated mean discomfort for grey bumps 
when zSSVEP = 0 (average amplitude). See Supplementary Information 
for the full table of fixed effects and Fig.  2 for scatterplots. The intercept 
was significant, 𝑏 = 2.71, 𝑆𝐸 = 0.18, 𝑡(153) = 14.86, 𝑝 < .001, 
representing the estimated mean discomfort rating for grey bumps 
when zSSVEP = 0.
5 
Consistent with H1, blue screen filters were associated with signif-
icantly lower discomfort than grey (𝑏 = −0.78, 𝑝 < .001), whereas red 
screen filters did not differ from grey (𝑝 = .992).

Consistent with H2, stripes (𝑏 = 1.31, 𝑝 < .001) and natural images 
(𝑏 = 2.21, 𝑝 < .001) elicited significantly higher discomfort than bumps.

The blue × natural interaction was significant (𝑏 = 0.90, 𝑝 =
.007), indicating a larger discomfort increase for natural images under 
blue screen filters relative to grey. This is a small effect and so not 
immediately apparent from the figure, but can be seen in the estimated 
marginal means (see Supplementary Information). The difference be-
tween blue natural images (4.92) and blue bump images (2.35) is 2.57, 
compared to the difference between grey natural (5.17) and grey bump 
(2.62) images, which is 2.55).

The main effect of zSSVEP in the reference condition (grey/bumps) 
was positive but non-significant (𝑝 = .062). A significant interaction 
between blue and zSSVEP (𝑏 = −0.88, 𝑝 = .002) indicated that the 
neural–discomfort slope was less positive under blue than under grey 
filters. This shows that colour affected the association between neural 
activity and discomfort, with a weaker relationship (reduced slope 
relating discomfort and SSVEP) under the blue screen filter. All other 
two-way and three-way interactions with zSSVEP were non-significant 
(𝑝 > .08).

3.1. Spatial frequency and discomfort for flickering stimuli

To assess the effect of spatial frequency on visual discomfort (H3), 
we analysed Likert ratings from artificial stimuli (stripes and bumps), 
excluding natural images. For each image (collapsed across colour 
screen filters), we computed mean discomfort ratings across partici-
pants and plotted these as a function of spatial frequency, separately 
for each image type (see Fig.  3). Spatial frequency values were log2-
transformed prior to modelling to linearise their relationship with 
discomfort.

In each linear mixed-effects model, discomfort ratings were pre-
dicted from the log2-transformed spatial frequency (in cycles per de-
gree, CPD), with a random intercept for Observer to account for re-
peated measures:
𝙻𝚔𝚝Stripe ∼ 𝚕𝚘𝚐2(𝙲𝙿𝙳) + (1 ∣ 𝙾𝚋𝚜𝚎𝚛𝚟𝚎𝚛),

𝙻𝚔𝚝Bump ∼ 𝚕𝚘𝚐2(𝙲𝙿𝙳) + (1 ∣ 𝙾𝚋𝚜𝚎𝚛𝚟𝚎𝚛).

For stripe images, there was a significant negative relationship 
between spatial frequency and discomfort ratings (𝛽 = −0.125, 𝑝 <
0.001), indicating that discomfort ratings tended to decrease as spatial 
frequency increased for our flickering stimuli.

In contrast, for bump images, spatial frequency was a significant 
positive predictor of discomfort (𝛽 = 0.336, 𝑝 < 0.001), suggesting 
that discomfort increased with spatial frequency. These opposing trends 
highlight how broadband, structured image content modulates the 
influence of spatial frequency on visual discomfort. The higher ratings 
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Fig. 2. Scatterplots of within-observer z-standardised SSVEP amplitude versus discomfort ratings, separated by screen filter colour (left: blue, centre: grey, right: 
red). Points represent individual trials and are coloured and shaped by image type (bumps, purple circles; natural images, green squares; stripes, grey triangles). 
Solid lines show the best-fitting linear regression for each image type, with shaded bands indicating the 95% confidence intervals. Steady-state visual evoked 
potential (SSVEP) amplitude values were standardised within each observer (by taking z-scores) across all trials. Discomfort ratings are shown on the original 
1–7 Likert scale.
Fig. 3. Left: Mean discomfort ratings (error bars show ±1 standard deviation of the mean) for stripe (grey triangles) and bump (purple circles) images across 
spatial frequencies (cycles per degree, log2 scale). Each point represents one image, averaged across participants and screen filter conditions. Points on the figure 
have been jittered for clarity, but the spatial frequencies were the same for both. Ratings for bumps increase with spatial frequency, while ratings for stripes 
remain low and relatively flat. Right: Mean discomfort ratings for natural images (green squares) show low variability across individual scenes. Error bars show 
±1 standard deviation of the mean.
of discomfort for bump images, in comparison with stripes, is consistent 
with the fact that they are dominated by low frequency components.

The distribution of discomfort ratings across spatial frequencies for 
stripe and bump stimuli is shown in the Supplementary Information.

4. Discussion

This study investigated whether a blue colour screen filter could 
reduce visual discomfort, and whether this effect was reflected in a 
neural marker, the steady-state visual evoked potential (SSVEP).

4.1. Contribution of colour

H1 stated that blue and red screen filters would reduce discomfort 
ratings and SSVEP amplitudes relative to greyscale. This was partly sup-
ported: discomfort ratings were lower with the blue screen filter than 
with grey, but the effect was modest and varied across image types. 
There was no reliable reduction in SSVEP amplitude for either colour 
screen filter. Our results add to the mixed evidence on colour screen 
filters and visual discomfort. Blue filters produced a small reduction 
in discomfort ratings, consistent with reports of tinted lens benefits 
in migraine and visual stress (Good et al., 1991; Hoggan et al., 2016; 
Huang et al., 2011). At the same time, we found no reliable effect on 
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SSVEP amplitude, in line with reviews that report weak or inconsistent 
neural evidence (Griffiths et al., 2016; O’Connor, 2011).

Our initial prediction was that either colour (red or blue) might 
reduce discomfort, with blue providing the greatest effect. This was 
based on testing a colour-neutral prediction that providing any filter 
might reduce discomfort. However, it might also have been predicted 
from previous empirical results that red filters might increase discom-
fort, since red light is typically more epileptogenic in epilepsy patients 
(Fisher et al., 2022; Gasparini et al., 2025; Parra et al., 2007) and has 
been associated with higher levels of discomfort (Haigh et al., 2013, 
2019; Juricevic et al., 2010; Lindquist et al., 2021; Yoshimoto et al., 
2025).

4.1.1. Discomfort from images and inefficient coding
H2 predicted that artificial images (stripes and bumps) would pro-

duce greater discomfort than natural images. This was not supported: 
both artificial image types were in fact rated as less uncomfortable 
than natural images on average. Because the artificial images tended 
to have higher RMS contrast than the natural images, this provides 
further support that discomfort is not accounted for by contrast alone 
(O’Hare & Hibbard, 2011). While some natural images received high 
discomfort ratings, this is not necessarily at odds with the idea that the 
visual system is adapted to natural statistics (Field, 1987; Simoncelli & 
Olshausen, 2001). Given that the natural images had lower RMS con-
trast, it is possible that some discomfort arose from lack of image clarity 
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(O’Hare, Foubister et al., 2012). It should also be noted that the natural 
images will have been dominated by low spatial frequency components, 
and that the combination of spatial and temporal frequency properties 
will have jointly influenced discomfort (Hibbard, Asher et al., 2026).

H3 predicted that spatial frequency would affect discomfort differ-
ently for stripes and bumps. This was supported: discomfort decreased 
with increasing spatial frequency for stripes and increased for bumps. 
Our spatial frequency results also align with past research showing that 
discomfort peaks at mid to high frequencies for striped patterns (O’Hare 
& Hibbard, 2011; Penacchio & Wilkins, 2015; Wilkins et al., 1984). 
We extend this by showing that the effect depends on image type: 
bumps became more uncomfortable at higher frequencies, while stripes 
became less uncomfortable (Fernandez & Wilkins, 2008; Hibbard & 
O’Hare, 2015; Juricevic et al., 2010). The stronger effect for bumps 
may reflect their greater structural complexity and the dominance of 
low spatial frequencies, which place higher demands on processing 
(Hibbard et al., 2023).

Given the opposite trends for stripes and bumps, these findings 
suggest that discomfort is not determined by spatial frequency peaks 
alone. Higher spatial frequencies reduced discomfort for stripes but 
increased it for bumps, suggesting that the effect of spatial frequency 
may depend on how contrast is arranged across the image.

Importantly, our results are for flickering rather than static stimuli, 
which is a necessary factor in shaping the spatial frequency tuning of 
neural responses (Tyler et al., 1978). In addition, for flickering stimuli, 
discomfort may be more closely tied to the low spatial frequencies that 
dominate natural images, as suggested by the tuning of discomfort for 
sinusoidal gratings.

4.2. Relationship between discomfort and SSVEP responses

H4 predicted that discomfort ratings and SSVEP amplitude would 
be positively related across conditions. This was partially supported: 
across trials, higher amplitudes predicted higher discomfort ratings, 
suggesting that neural responses reflect subjective experience. The 
association between discomfort and SSVEP amplitude replicates earlier 
findings that uncomfortable patterns drive stronger neural responses 
(Gentile & Aguirre, 2020; Haigh et al., 2013; O’Hare, 2017). The 
predicted link between discomfort ratings and SSVEP responses can be 
seen in Fig.  2 for the greyscale condition, where there is a positive 
relationship between z-scored SSVEP responses and discomfort ratings. 
There is also an overall positive relationship for the red coloured 
images, and particularly in the case of the stripes. However, for the blue 
screen filter the relationship appears flatter. Moreover, the difference 
between grey and red is not statistically significant, whereas there is 
a statistically significant difference between grey and blue, indicating 
that this relationship disappeared under the blue screen filter. There-
fore, the relationship between discomfort and SSVEP weakened under 
the blue screen filter. This indicates that colour changed how neural 
activity translated into discomfort in a way that did not depend on 
change in mean SSVEP amplitude.

Studies have shown that low-level image statistics such as devia-
tions from the 1/f amplitude spectrum contribute to visual discomfort 
(Fernandez & Wilkins, 2008; Juricevic et al., 2010), forming the basis 
for the idea of inefficient processing as a cause of visual discomfort. 
However, low-level image statistics are unlikely to be the sole con-
tributors, for example, higher-order statistical properties such as edge 
information also relate to discomfort, including edge orientation (Burke 
& Longo, 2026; O’Hare & Hibbard, 2024), blurring (O’Hare & Hibbard, 
2013), and one-dimensional flicker (Yoshimoto et al., 2017).

It might appear that the addition of the coloured filter, which does 
not alter low-level image spatial statistics, would challenge this theory. 
However, this is not necessarily the case, as inefficient processing can 
still account for some aspects of what makes an image uncomfortable. 
The question of why colour would make otherwise uncomfortable 
images more comfortable to view remains unresolved and is a major 
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source of controversy in the literature on coloured overlays and specta-
cles. One fMRI study has shown that, in people with migraine, coloured 
lenses reduce cortical activity throughout the visual cortex, with the 
greatest reduction in higher-order areas (Huang et al., 2011). As we 
did not target later visual processing areas, this issue lies beyond the 
scope of the present study and remains a question for future research.

4.2.1. Individual variation and E–I imbalance
Random intercepts for Observer captured baseline differences in dis-

comfort ratings, revealing stable individual variability. Such variability 
is consistent with previous findings that visual discomfort is shaped by 
stable, trait-like differences in sensory sensitivity (Fernandez & Wilkins, 
2008; Wilkins et al., 1984). In the present study, this likely reflects 
individual thresholds for discomfort rather than systematic effects of 
the experimental manipulations. Although on average higher SSVEP 
amplitudes predicted higher discomfort, individual participants varied 
in how strongly neural responses translated into discomfort ratings. 
These results highlight the importance of accounting for individual 
profiles when evaluating potential interventions: benefits from colour 
screen filters or other approaches may depend on tailoring strategies to 
individual differences (Huang et al., 2011; Wilkins & Neary, 1991).

As outlined in the Introduction, the E–I imbalance account proposes 
that discomfort arises when the balance between cortical excitatory 
and inhibitory processes is disrupted, leading to heightened neural 
responsiveness to certain visual patterns (Huang et al., 2011). This 
mechanistic account has been proposed in both migraine and autism, 
with evidence compatible with increased cortical excitability and al-
tered inhibition (Demarquay & Mauguière, 2016; Dunn & Jones, 2020; 
O’Hare, Tarasi et al., 2023), although it must be noted that this idea 
has been challenged in recent research (Sumner et al., 2026; Ward 
et al., 2025). The E-I imbalance account would make predictions about 
the traits of observers, rather than predictions about specific images. 
Specifically, previous researchers used gamma oscillations to index E-I 
imbalance and found there to be no relationship with an individual’s 
trait discomfort (Sumner et al., 2026). In the current study, we focussed 
on the predictions about specific images, rather than traits, and so do 
not address E-I imbalance directly. Although we did find stable traits 
(based on the L-VISS scale) and these related to mean instantaneous 
discomfort ratings (see Supplementary Information), we do not have 
suitable metrics such as gamma band oscillations or direct measures of 
neurotransmitter concentrations to link this to E-I imbalance in terms 
of brain chemistry.

4.3. Limitations

We did not attempt to match stimuli for low-level image properties, 
as our focus was on colour screen filtering and the neural–subjective 
relationship across a broad range of image types. Low-level image 
properties are important to discomfort judgements, however it is not 
possible to match them all as this will change the nature of the image. 
For example edge information, which is important for discomfort judge-
ments (O’Hare & Hibbard, 2024), contains the semantic information of 
the image. In previous work efforts have been made to match for con-
trast, whether physical or perceived (O’Hare et al., 2021). It has been 
shown that contrast effects cannot account for discomfort judgements 
(O’Hare & Hibbard, 2011), but contrast effects can dominate the SSVEP 
responses (O’Hare & Hibbard, 2024). In the current study, we show that 
there are some interactions between discomfort, image type and the 
neural response. However, as we chose not to match for RMS contrast, 
we do not interpret these small interactions conclusively. Nevertheless, 
overall image contrast cannot explain the effects of colour in our study, 
since differences in contrast between grey and red stimuli were not 
reflected in differences in discomfort.

It is unknown what the perceived contrast of the images would be, 
following filtering. Differences in overall luminance across filter con-
ditions will have affected RMS contrast. More importantly, perceived 
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luminance varies at different contrast pedestals and there is evidence 
of an interaction between luminance and chromatic systems (Shooner & 
Mullen, 2020). Moreover, discrimination thresholds for colour stimuli 
vary for individual observers, even for white-point settings (Bosten 
et al., 2015). In the current study, the potential impact of this is out 
of scope, as we did not measure perceived contrast for each observer.

Recruitment was targeted towards individuals who self-reported 
heightened sensory sensitivity, consistent with evidence that sensory 
sensitivity varies widely in the population and may be more pro-
nounced in certain groups (Evans & Stevenson, 2008; O’Hare & Hib-
bard, 2011). While this approach increased the likelihood of detecting 
relevant effects, it may also have introduced self-selection bias and 
restricted the ability to generalise the results as representative of the 
population average. Variability in how participants interpret and report 
sensory sensitivity could limit comparability across individuals and 
reduce the generalisability of our findings. Nevertheless, the key effects 
of spatial frequency and image type were consistent across participants, 
and the small, inconsistent differences between colour screen filter 
conditions suggest the overall pattern of results would likely have been 
similar in a more broadly defined sample.

Our sample size was 21, with 19 included in the analysis. Given 
that one of our aims was to investigate individual differences, this 
is not a broad sample of the population, and so the interpretation 
of our results is limited by this. However, although power analysis 
suggested a larger sample for detecting overall effects, this is based on 
assumed within-participant variation. Despite the small sample, data 
quality is reasonable (see Supplementary Information). Additionally, 
linear mixed effects models have advantages over other methods for 
analysing data from smaller samples (Muth et al., 2016) and each 
participant provided a high volume of trial-level information.

The scope of colour screen filters tested was limited to blue and red, 
constraining conclusions about the wider applicability of colour-based 
interventions. However, in the SSVEP data, no reliable differences were 
observed between colour conditions, suggesting that broadening the 
range of screen filters may not necessarily yield strong neural effects.

Finally, the colour manipulations were applied digitally to the stim-
uli rather than using physical overlays or tinted lenses. This approach 
provided precise manipulation of luminance, chromaticity, and timing, 
ensuring consistent application across conditions and minimising vari-
ability. The ambient light in the room would have been coloured, which 
might have resulted in adaptation effects on both the behavioural and 
the neural responses. It has been shown that SSVEP responses to colour 
show adaptation effects in a way that SSVEP responses to luminance do 
not (Zhang et al., 2023). Here, the authors suggested that stimulation 
periods of 20 s or less would not incur strong adaptation effects of 
coloured stimuli in the SSVEP responses (Zhang et al., 2023). However, 
there was no specific adaptation period aside from the presentation of 
the stimuli, and so this is a key difference between using digital screen 
filters and spectacles, as spectacles would be worn for longer durations. 
Moreover, there are additional reasons why digital screen filters may 
not fully replicate the perceptual or physiological effects of wearing 
tinted lenses in everyday contexts — as well as adaptation to the 
colour, they will also affect peripheral vision, and viewing behaviour 
(Wilkins et al., 2004). As such, the neural and subjective responses 
reported here may differ from those experienced during real-world use 
of filters, and be more directly relevant to the use of device-screen tints 
or physical overlays. It is also important to note that SSVEPs cannot 
directly measure excitatory or inhibitory processes, only providing an 
indirect index of cortical activity.

4.4. Conclusion

Our findings suggest that colour screen filters may not reduce early 
visual cortical responses to uncomfortable patterns but can change how 
these responses are experienced. Blue screen filters lowered discomfort 
without reducing SSVEP amplitude, and the usual positive association 
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between SSVEP amplitude and discomfort was weaker under blue 
screen filtering. This dissociation suggests that blue screen filters may 
not reduce cortical hyperexcitability in the early visual areas, but 
may change how neural activity is experienced as discomfort. Such 
effects may be relevant for visual stress interventions in conditions like 
migraine or autism, where visual discomfort is common. Discomfort 
also varied with image type and spatial frequency: ratings increased 
with frequency for bump textures but remained stable or decreased for 
stripes. These patterns are consistent with accounts linking discomfort 
to inefficient coding and altered excitation–inhibition balance (Gentile 
& Aguirre, 2020; O’Hare, 2017; Penacchio & Wilkins, 2015).
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