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ABSTRACT

Visual discomfort, the unpleasant, aversive experience associated with some visual stimuli, is most pronounced
for flickering and spatially repetitive stimuli. It has been proposed that the degree of visual discomfort for
such stimuli can be predicted by the contrast sensitivity function, peaking at midrange spatial and temporal
frequencies. We evaluated the spatio-temporal tuning of visual discomfort for flickering, sinusoidal stimuli.
Discomfort increased with spatial frequency for static and slowly flickering stimuli, but decreased with spatial
frequency for stimuli flickering at 16 Hz. Discomfort increased with temporal frequency for spatially uniform
stimuli, and for all spatial frequencies. Flickering stimuli were more uncomfortable than static stimuli of any
spatial frequency. Spatially uniform stimuli flickering at 16 Hz, the highest frequency tested, were rated as the
most uncomfortable. These results deviate from the contrast sensitivity function, which predicts that discomfort
should be highest for static stimuli, with bandpass spatial frequency tuning. This discrepancy indicates that
threshold-level visual sensitivity is not a good predictor of visual discomfort for high contrast stimuli. Our
results are however consistent with efficient coding models, which predict higher levels of excitation for high
spatial and temporal frequencies when stimuli are presented at a high contrast. They are also consistent with

physiological measures of cortical responses to high contrast stimuli.

1. Introduction
1.1. Visual discomfort

Visual discomfort refers to the unpleasant and aversive perceptual
experience evoked by certain visual patterns. This experience may
be accompanied by other symptoms, such as eye strain, headache,
dry eyes, diplopia, illusory motion (shimmering and scintillating) or
illusory colours (Conlon et al., 1999; Evans & Stevenson, 2008). While
some people are subject to heightened subjective visual sensitivity (Kur-
czewska et al., 2024; Price et al., 2025a; Ward, 2019), visual discomfort
is something that is experienced across the population as a whole.
The current study is primarily concerned with the stimulus parameters
that are associated with visual discomfort, rather than the individual
differences that lead to increased sensitivity to this phenomenon in
some people.

A broad range of stimuli are associated with visual discomfort,
and can be characterised across four key dimensions: brightness, spa-
tially repeating patterns, temporal flicker, and intense visual environ-
ments (Price et al.,, 2025b). It has been hypothesised that discomfort

occurs when stimuli deviate from natural scene statistics in a way that
leads to hyperexcitation of the visual cortex (Haigh et al., 2013; Hib-
bard & O’Hare, 2015; Penacchio et al., 2023; Wilkins, 1995; Wilkins &
Hibbard, 2014). Under this interpretation, spatially repetitive and flick-
ering stimuli are uncomfortable as they are uncommon in nature, and
create large electrophysiological and haemodynamic responses (Gentile
& Aguirre, 2020; Huang et al., 2003, 2011; Orekhova et al., 2019).

1.2. Visual discomfort, contrast sensitivity and cortical activity

Here, we outline the contrast sensitivity function (CSF) and its
relevance to visual discomfort, as it has been proposed that the stimulus
properties influencing discomfort reflect the CSF (Fernandez & Wilkins,
2008). This function describes the sensitivity of the visual system to
different combinations of spatial and temporal frequency, in terms
of the minimum contrast required to detect the presence of a stimu-
lus (Robson, 1966). For static stimuli, contrast sensitivity is bandpass,
with a peak around 2-5 cycles per degree, and decreases for both lower
and higher frequencies. For stimuli flickering above approximately 8 Hz
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contrast sensitivity tends to be low-pass, such that sensitivity does not
vary between low and midrange spatial frequencies, and decreases only
for high spatial frequencies. Similarly, the temporal frequency tuning
of contrast sensitivity is bandpass for low spatial frequencies, with peak
sensitivity at 8-10 Hz. For spatial frequencies above 1-2 cycles/degree
temporal contrast sensitivity is lowpass, with sensitivity decreasing for
frequencies above 10 Hz. This non-separable spatio-temporal frequency
tuning, in which the spatial frequency tuning of contrast sensitivity
depends on temporal frequency and vice versa, is illustrated in Figs.
1-2. This joint tuning to spatial and temporal frequency reflects the
combined responses of the magnocellular and parvocellular processing
streams, which are most responsive to spatially coarse, rapidly chang-
ing stimuli, and static, fine-detailed stimuli, respectively (Legge, 1978;
Schiller & Logothetis, 1990).

The CSF describes our ability to detect stimuli at low contrast,
rather than the high contrast stimuli more typically associated with
visual discomfort (Yoshimoto et al., 2017). However, the cortical ac-
tivity evoked by visual stimuli shows similar spatio-temporal tuning.
Stimuli with a midrange spatial frequency, around 3-5 cycles degree,
produce the largest visually evoked potentials (Tyler et al., 1979).
In the temporal domain, the greatest evoked potentials for full-field
flicker are generated for stimuli around 10 Hz (Regan, 1989). For
sinusoidal gratings, the amplitude of VEPs also depends on spatial and
temporal frequency. The greatest responses are evoked by combinations
of low spatial frequency and high temporal frequency, or high spatial
frequency and low temporal frequency (Regan, 1978; Tyler et al,
1978).

1.3. Spatial frequency tuning of visual discomfort

Some psychophysical studies of the effect of spatial frequency on
discomfort have provided evidence consistent with the idea that the
degree of discomfort reflects contrast sensitivity. Wilkins et al. (1984)
found that rated pleasantness was lowest for square-wave gratings with
a spatial frequency of 4 cycles/degree, and that the number of illusions
and adverse somatic effects (such as eye strain, headache or dizziness)
was also highest for this frequency. Fernandez and Wilkins (2008)
found that natural images and abstract artworks that were associated
with discomfort tended to have greater contrast amplitude for inter-
mediate spatial frequencies, around 3 cycles per degree. Random noise
that has been filtered to have an excess energy in midrange frequencies
has also been found to be more uncomfortable (Fernandez & Wilkins,
2008), with a peak in discomfort for frequencies between 0.375 and
1.5 cycles per degree (O’Hare & Hibbard, 2011).

Other studies however have found that visual discomfort increases
with spatial frequency, rather than being maximum for a value close
to the peak of the CSF. Conlon et al. (2001) found that somatic
difficulty and perceptual distortion increased with spatial frequency
between 1 and 16 cycles/degree for squarewave gratings. Evans and
Stevenson (2008) found that pattern glare, a measure of the percep-
tual distortions associated with visual discomfort, was lowest for low
frequency squarewave stimuli (0.5 cycles/degree), but did not differ
between midrange (3.0 cycles/degree) and high (12 cycles/degree)
frequencies. Monger et al. (2016) found that perceptual distortions
and discomfort increased with spatial frequency using 0.3, 2.3 and
9.4 cycles/degree squarewave gratings. Visual discomfort has also been
found to decrease with increasing spatial frequency between 0.5 and 9
cycles/degree for retinally-stabilised sinusoidal grating stimuli (O’Hare
et al., 2015).

The spatial frequency tuning of visual discomfort is also subject
to individual differences associated with increased sensory sensitiv-
ity. Conlon et al. (2001) showed that perceptual distortions and somatic
difficulty increased with spatial frequency between 1 and 12 cycles/de-
gree for a group with low sensitivity to discomfort, but peaked at
4-8 cycles/degree for a high-sensitivity group. Shepherd et al. (2013)
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compared responses to squarewave gratings between migraine and con-
trol groups. While spatial frequency did not affect discomfort, for the
control group the number of illusions was greatest at 3 cycles/degree,
and was lower at 12 cycles/degree. In contrast, for the migraine group
the number of illusions was highest for both the 3 cycles/degree and
12 cycles/degree groups. Wilson et al. (2015) measured pattern glare
for square-wave gratings of 0.3, 2.3 and 9.4 cycles/degree in myalgic
encephalomyelitis (ME). They found that pattern glare increased with
spatial frequency for the control group, but was consistently high for
both mid and high spatial frequency gratings for the ME group. Overall,
previous research does not show a consistent spatial frequency profile
for discomfort, with findings ranging from CSF-like peaks to steady
increases or decreases depending on stimulus type, population and task.

1.4. Temporal frequency tuning of visual discomfort

The relationship between temporal frequency and visual discomfort
is also inconsistent across studies. Some have found peaks in discom-
fort that align with predictions from the CSF, whereas others have
observed different temporal tuning patterns. For example, Gentile and
Aguirre (2020) measured discomfort for large, spatially uniform stimuli
that flickered sinusoidally. For luminance flicker, discomfort peaked
at 18.6 Hz, and there was a strong correlation between discomfort
ratings and SSVEP amplitude. O’Hare (2017) found that, for sinusoidal
gratings flickering at 5 or 10 Hz, visual discomfort decreased with
spatial frequency from 0.4 to 9 cycles/degree, as was also found for
static stimuli (O’Hare et al., 2015). In contrast O’Hare and Hibbard
(2024) found that, for sinusoidal gratings flickering at 5 Hz, discomfort
was lowest when the spatial frequency was 3 cycles/degree, increasing
for both lower and higher spatial frequencies. Ogawa and Motoyoshi
(2021) found that the unpleasantness of spatiotemporally bandpass
filtered noise peaked at 0.5-2 Hz, and this temporal frequency tuning
was much sharper for spatially narrowband stimuli. Yoshimoto et al.
(2017) measured discomfort for square-wave spatial stimuli flickering
at 1 Hz. For square-wave and sawtooth temporal waveforms, discomfort
increased when the amplitude spectrum deviated from a 1/f amplitude
profile. For randomised waveforms, discomfort was greatest when there
was an increase in amplitude around 15 Hz, or when the slope of the
amplitude spectrum was decreased, shifting the amplitude spectrum
towards higher temporal frequencies. The effects of temporal frequency
thus vary significantly with the stimulus type (spatially uniform versus
bandpass noise stimuli) and the task (discomfort versus unpleasantness
ratings).

1.5. Stimulus size and eccentricity

Visual discomfort is affected by the size and location of stimuli,
as well as their spatial and temporal frequency spectra. If discomfort
is related to the degree of cortical activity, then increasing the size
of a stimulus should increase the level of discomfort. This prediction
needs to take account of the cortical magnification factor, which de-
scribes how central visual stimuli are mapped to a greater area of the
visual cortex than more peripheral ones. Central visual stimuli evoke
greater neural activity, and are thus predicted to evoke more discomfort
than peripheral ones, when stimulus size is matched. Consistent with
this Wilkins et al. (1984) found that, when comparing central and pe-
ripheral targets, paroxysmal activity in EEG recordings and the number
of illusions reported were better predicted by the area of cortex each
stimulus would activate, than by the size of the stimulus itself.

The location of a stimulus in the visual field might also be expected
to influence the effects of spatial and temporal frequency on discom-
fort. This is because the contrast sensitivity function is affected by
eccentricity, with peak sensitivity shifting to lower spatial frequencies,
and higher temporal frequencies, away from the fovea. This shift is
consistent with the increasing importance of the magnocellular system
with increasing eccentricity (Masri et al., 2020).
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Fig. 1. The contrast sensitivity function, which describes the sensitivity of the visual system to the presence of visual patterns, varies with both spatial and
temporal frequency. This function was created using the castleCSF model of contrast sensitivity (Ashraf et al., 2024), using stimulus parameters corresponding

to our centrally presented circular stimuli (see methods for full stimulus details).

The visual field may be divided into foveal and extrafoveal regions.
While the transition between these regions is smooth, Strasburger et al.
(2011) describes the central 5° as foveal, between 5-9° as parafoveal
and 9-17° as perifoveal, and these three regions together form the
macula. Many investigations of visual discomfort, including the Pat-
tern Glare Test, have tended to present stimuli within this macular
region, subtending between 10 and 15° (Conlon et al., 2001; Evans &
Stevenson, 2008; Wilkins et al., 1984).

1.6. Rationale and hypotheses for the present study

The aim of the current study was to measure how visual discomfort
for narrowband sinusoidal stimuli varies with both spatial and tempo-
ral frequency. While both parameters are important determinants of
visual discomfort, a full spatio-temporal tuning profile is not currently
available. As well as providing a characterisation of how discomfort
varies with both spatial and temporal frequency, it also allows us to
evaluate the idea that this will reflect the CSF. If so, then it is predicted
that, for static stimuli and those with a low flicker rate, discomfort
will be maximal around 2-5 cycles/degree, reducing for both lower
and higher frequencies. For faster flicker rates, visual discomfort is
predicted to be highest for low spatial frequencies, and to reduce above
4 cycles/degree. For flickering stimuli, discomfort is predicted to be

highest around 8-10 Hz for unpatterned and low-spatial frequency
stimuli, reducing for higher and lower rates of flicker. For higher spatial
frequencies, discomfort is predicted to be highest at low temporal
frequencies, and to reduce above 10 Hz. We also measured visual
discomfort for both central and more peripheral stimuli, since the CSF
varies with eccentricity. Specifically, peak contrast sensitivity shifts to
lower spatial frequencies, and higher temporal frequencies, away from
the fovea.

In summary, visual discomfort is shaped by both the spatial and
temporal properties of visual stimuli, yet previous findings show mixed
patterns that often diverge from predictions based on the contrast
sensitivity function. The present study examines discomfort across a
comprehensive range of spatial and temporal frequencies, in both cen-
tral and more peripheral vision, to test whether these patterns follow
CSF-like tuning, with particular focus on the effects of introducing
flicker.

2. Methods
2.1. Participants
23 participants completed the study (mean age 24, 15 female).

The study and procedures were approved by the University of Stirling
General University Ethics Panel (GUEP 2024 18703 14535).
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Fig. 2. The contrast sensitivity function shown in Fig. 1 plotted to show spatial and temporal tuning separately. (a) For static stimuli, or those flickering at 4 Hz
or less, the CSF is bandpass, with a peak around 4 cycles/degree. For stimuli with a higher rate of flicker, contrast sensitivity is lowpass, with contrast sensitivity
constant at low spatial frequencies, and reducing for spatial frequencies above 4 cycles/degree. (b) For flickering stimuli, contrast sensitivity is bandpass when
the stimulus has a low spatial frequency, with sensitivity peaking around 10 Hz. For higher spatial frequencies, the function is lowpass, with sensitivity constant
for low rates of flicker, and reducing above 10 Hz. Sensitivity is highest overall for static stimuli with a spatial frequency of 2 cycles/degree. These functions
were created using the castleCSF model of contrast sensitivity (Ashraf et al., 2024), using stimulus parameters corresponding to our centrally presented circular

stimuli (see methods for full stimulus details).
2.2. Apparatus

Stimuli were presented on a VIEWPixx/3D monitor (1920 x 1080
resolution; 52.5 cm X 29.5 cm screen size; 120 Hz refresh rate) con-
trolled by MATLAB R2025a. Stimulus presentation was controlled using
MATLAB 2025a and Psychtoolbox extensions (Brainard et al., 2024;
Kleiner et al., 2007) on a Windows 10 PC. At a viewing distance of
62 cm, each pixel subtended 1.52 arc min of visual angle. The display
operated in 10-bit greyscale mode. High-precision timing and stimulus
synchronisation were managed using a VPixx DataPixx3. Participants’
responses were collected via a standard keyboard, and head position
was stabilised using a chin rest throughout the experiment.

2.3. Materials

Stimuli in all conditions consisted of vertical sinusoidal luminance
gratings presented in greyscale on a uniform mid-grey background.
Gratings varied in spatial frequency (0, 0.5, 1, 2, 4, or 8 cycles/degree)
and temporal frequency (0, 1, 2, 4, 8, or 16 Hz). Temporal modulation
was implemented via cosine-phase contrast reversals at the specified
temporal frequency to create counterphase flicker. All stimuli were
presented with a Michelson contrast of 0.8 with a mean luminance
of 100 cd m~2. All 25 combinations of non-zero spatial and temporal
frequencies were presented. In addition, static stimuli (0 Hz) at all
5 spatial frequencies, and spatially uniform, unpatterned stimuli (0
cycles/degree) at all 5 temporal frequencies were also presented.

Each grating was created using one of three spatial windows. In the
circle condition, the stimulus was visible within a centrally presented
circular aperture with a diameter of 10.1°. In the small-annulus condi-
tion, the stimulus occupied an annular region extending from 10.1° to
14.3° in diameter, centred on fixation. In the large-annulus condition,
the stimulus was shown in an annular region extending from 10.1° to
20.2° in diameter. The circle and small-annulus stimuli were matched
for stimulus area, whereas the width of the annulus in the large-annulus
condition matched the radius of the stimulus in the central condition.
All stimuli fell broadly within the macular area, being neither confined
to the fovea and parafovea, nor extending to truly peripheral locations
beyond 30° (Strasburger et al., 2011) (see Fig. 3).

A red fixation cross was continuously present throughout the task,
centred on the screen. Each arm of the cross was 40 pixels in length,
corresponding to approximately 1.0° of visual angle .

2.4. Procedure

After providing informed consent, participants completed a 9-item
Leiden Visual Sensitivity Scale (Perenboom et al., 2018) assessing
self-reported sensitivity to sunlight, artificial light, flicker, patterned
stimuli, and after-effects. Ratings were made using a continuous on-
screen slider scale from ‘not at all’ to ‘very’. Responses to each question
were scaled linearly between 0-4 so that the total score ranged between
0 and 36, for direct comparison with other studies.

The experiment was conducted in a dark room where participants
completed three experimental blocks corresponding to the three spatial
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Central Target (10.1°)

target conditions (circle, small-annulus, large-annulus), with both block
order and trial order randomised separately for each participant. Each
block comprised 35 trials, or 105 trials in total. On each trial, a
stimulus with a given spatial and temporal frequency was presented
for 2 s, and participants rated its discomfort using an on-screen slider,
where the scale was internally coded from 0 to 1 (with higher values
indicating greater discomfort). Participants were instructed to interpret
‘discomfort’ in the context of the Leiden Visual Sensitivity Scale, which
includes questions on the extent to which they are bothered by flicker
and patterned stimuli.

The fixation cross remained visible throughout the experiment. Brief
on-screen instructions were presented between blocks, and partici-
pants initiated each block with a keypress. The full session, including
questionnaire and experimental trials, lasted approximately 25-30 min.

3. Results
3.1. Spatial frequency tuning for static sinusoidal stimuli

Results for static sinusoidal stimuli are shown in Fig. 4a. In all cases,
discomfort ratings are plotted alongside predicted contrast sensitivity
for direct comparison. For all three stimulus configurations, discomfort
increased with spatial frequency across the full range tested (0.5-8
cycles/degree). In comparison with flickering stimuli (Fig. 4c), the
degree of discomfort was relatively modest, with mean ratings rang-
ing between 0.19 and 0.35. Discomfort is reported on the 0-1 scale
described in the Methods, where O corresponds to the minimum and 1
to the maximum discomfort rating.

Data were analysed with a linear mixed effects model, with stimulus
configuration (C) as a categorical predictor and the log of spatial fre-
quency (f) as a linear predictor, including a random intercept for each
participant: discomfort ~ C* log(f) + (1 | Participant). Discomfort
ratings increased with the spatial frequency of the pattern (t(339) =
3.0, p = 0.03), but were not affected by stimulus configuration (circle
versus small annulus: t(339) = 0.75, p = 0.45; circle versus large
annulus:t(339) = 1.46, p = 0.14), and there was no interaction between
the two (small-annulus x f: t(339) = 0.45, p = 0.65; large-annulus x
f:t(339) = 0.031, p = 0.98).

3.2. Temporal frequency tuning for flickering spatially uniform stimuli

Results for the flickering spatially uniform stimuli are shown in
Fig. 4c. For all three stimulus configurations, discomfort increased
with temporal frequency across the full range tested (1-16 Hz). In
comparison with static stimuli, flicker was much more uncomfortable,
with mean ratings ranging between 0.37 and 0.85.

Mid-Peripheral Target (10.1°-14.3°)
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Peripheral Target (10.1°-20.2°)

Fig. 3. Examples of sinusoidal grating stimuli used in the experiment. Stimuli were vertical sinusoids varying in both spatial frequency (0-8 cycles/degree) and
temporal frequency (0-16 Hz), implemented as counterphase contrast reversals. Stimuli were presented within one of three spatial masks: (Left) central circular
aperture (10.1° diameter), (Centre) small-annulus (10.1°-14.3°), and (Right) large-annulus (10.1°-20.2°). Gratings were displayed on a mid-grey background and
overlaid with a red fixation cross.

Data were analysed with a linear mixed effects model, with stimulus
configuration (C) as a categorical predictor and the log of temporal
frequency (w) as a linear predictor, including a random intercept for
each participant: discomfort ~ C s log(w) + (1 | Participant). Dis-
comfort ratings increased with the temporal frequency of flicker (t(339)
= 12.5, p < .001), but were not affected by stimulus configuration
(circle versus small-annulus: t(339) = 1.0, p = 0.32; circle versus large-
annulus: t(339) = 1.51, p = 0.13) and there was no interaction between
the two (small-annulus x w: t(339) = —-0.91, p = 0.36; small-annulus x
: 1(339) = -0.77, p = 0.44).

3.3. Spatio-temporal frequency tuning for flickering sinusoidal stimuli

Results for flickering sinusoidal gratings are shown in Figs. 5-7 for
the three stimulus configurations. In each case, data are plotted as a
function of both spatial and temporal frequency. As for static gratings,
visual discomfort tended to increase with increasing spatial frequency
for most flicker rates. Visual discomfort also increased with temporal
frequency.

Data were analysed with a linear mixed effects model, with stimulus
configuration as a categorical predictor, and log(spatial frequency) and
log(temporal frequency) as linear predictors: discomfort ~ C * log(f) *
log(w) + (1 | Participant).

Visual discomfort increased with spatial (t(1713)=5.12, p< .001)
and temporal (t(1713)=15.0, p< .001) frequency, and was higher for
the large annulus (t(1713) = 3.7, p< .001). There was an interac-
tion between the effects of configuration and spatial and temporal
frequency. The overall increase in discomfort ratings for both annu-
lus stimuli was accompanied by a reduction in the effect of spatial
frequency (small-annulus: (t(1713)=-2.5, p = 0.014; large-annulus:
(t(1713)=-2.5, p = 0.014). For the large annulus, there was also a re-
duction in the effect of temporal frequency (t(1713)=-2.1, p = 0.032).

There was also an interaction between the effects of spatial and
temporal frequency (t(1713)=-3.1, p = 0.002). This was analysed in
detail by evaluating the dependence of visual discomfort on spatial fre-
quency separately for each temporal frequency, and the dependence on
temporal frequency separately for each spatial frequency. The resulting
slopes are shown in Fig. 8.

For static stimuli and those with a low flicker frequency, visual
discomfort increased with spatial frequency. This effect of spatial fre-
quency tended to decrease with increasing flicker rate, such that dis-
comfort decreased with spatial frequency for the highest flicker fre-
quency of 16 Hz. Discomfort increased with temporal frequency, with
the slope of this relationship decreasing with spatial frequency. Overall,
the greatest visual discomfort was evident when the highest flicker rates
were combined with spatially uniform, or low spatial frequency stimuli.
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Fig. 4. (a) Mean discomfort ratings for static sinusoidal stimuli as a function of spatial frequency. Data are plotted separately for the circular stimuli and two
sizes of annulus. (b) Predicted relative contrast sensitivity as a function of spatial frequency. Data are normalised against the maximum sensitivity across all
stimuli (Ashraf et al., 2024). (c) Mean discomfort ratings for flickering, spatially uniform stimuli as a function of temporal frequency. (d) Predicted relative
contrast sensitivity as a function of spatial frequency. Note the much reduced vertical axis range, used to show the temporal frequency tuning. Predicted contrast
sensitivity is much lower for spatially uniform stimuli than for sinusoidal stripes. Error bars show + 1 standard error of the mean.

3.4. Individual differences in sensory sensitivity and visual discomfort

For each participant, discomfort ratings were averaged across all
conditions to obtain a single summary score, which was then correlated
with the participant’s Leiden Visual Sensory Sensitivity (L-VISS) total.
The distribution of L-VISS scores across the sample are shown in Fig.
9a. There was a strong positive correlation between participants’ L-
VISS scores and average discomfort ratings (r=0.59, p = 0.003), as
shown in Fig. 9b. Correlations were lower when only static images and
pattern-related questions (r=0.49, p = 0.017), or unpatterned flicker
and flicker-related questions (r=0.21; p = 0.35) were considered.

4. Discussion
4.1. Summary of main findings

The current study evaluated the influence of spatial and temporal
frequency on discomfort for static and flickering sinusoidal stimuli,

and for spatially uniform flicker. For static stimuli, discomfort in-
creased with spatial frequency. For spatially uniform flickering stimuli,

discomfort increased with temporal frequency. For flickering sinu-
soidal stimuli, there was an interaction between spatial and temporal
frequency. At low flicker rates, discomfort increased with spatial fre-
quency, but decreased with spatial frequency at the highest flicker
rate of 16 Hz. Discomfort increased with flicker rate for all spatial
frequencies. Discomfort was influenced more by flicker than by spatial
frequency. Spatially uniform stimuli flickering at 16 Hz, the highest
frequency tested, were rated as the most uncomfortable. The spa-
tiotemporal tuning of visual discomfort was the same for central and
peripheral stimuli.

4.2. Comparison with contrast sensitivity predictions

Our results are not consistent with the idea that visual discom-
fort reflects the CSF, either when considering the full spatio-temporal
tuning, or each dimension individually. Peak contrast sensitivity is
expected for static or slowly flickering stimuli (<2 Hz) with a midrange
spatial frequency (2-4 cycles/degree), and to reduce for flicker rates of
16 Hz or higher. This contrasts with our finding that discomfort was
maximum for rapidly flickering stimuli, particularly when these were
spatially uniform.
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(b) CSF predictions
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Fig. 5. Spatio-temporal discomfort tuning for the circular stimuli. (a) Discomfort as a function of spatial frequency plotted for each temporal frequency. (b)
Predicted relative contrast sensitivity as a function of spatial frequency (Ashraf et al., 2024) (c) Discomfort as a function of temporal frequency plotted for each
spatial frequency. (d) Predicted relative contrast sensitivity as a function of temporal frequency. Error bars show + 1 standard error of the mean.

4.3. Stimulus range and apparatus constraints

It is possible, indeed likely, that discomfort would reduce for higher
spatial and temporal frequencies than those used in the current study.
However, the parameter ranges used (0-8 cycles/degree; 0-16 Hz) were
chosen to bracket the expected peaks of the contrast sensitivity function
(4 cycles/degree, 8 Hz). These values also approach the limits of the
experimental apparatus used, with 5 pixels/cycle for the 8 cycles/de-
gree patterns, and 7.5 frames per cycle for 16 Hz flicker. It would be
interesting for future research to explore a broader parameter range,
beyond that required to characterise the contrast sensitivity function.

4.4. Stimulus size and eccentricity

Our results were minimally affected by the manipulations of size
and shape of the stimulus envelope. Again, this is inconsistent with
predictions from the contrast sensitivity function, from which we expect
bandpass spatial frequency tuning for our centrally presented circular
stimuli, and a shift to more low-pass tuning for the peripherally pre-
sented annulus stimuli. It should be noted that, while participants were
asked to maintain fixation, this was not monitored with eye-tracking,
and it is possible that they might have made saccadic eye-movements,
for example resulting in part of the annulus stimuli being fixated. While

this is a limitation of the study, this possibility could not account for
the mismatch between the discomfort ratings and the predictions of the
contrast sensitivity function.

4.5. Individual differences and sensory sensitivity

It will also be interesting to explore individual differences in the
spatio-temporal frequency tuning of visual discomfort. The participants
in the current study were drawn from the general population, but
there was a strong positive correlation between the average magnitude
of discomfort ratings, and Leiden Visual Sensitivity Scale scores. A
positive correlation of this kind is expected, since the L-VISS includes
questions about responses to flicker and patterns, and participants were
encouraged to interpret discomfort in the same terms. Nevertheless, it
is reassuring to see a high correlation between subjective self-reflection,
and immediate responses to the stimuli presented. A similarly high
correlation has also been found between L-VISS scores and the Pattern
Glare Test (Perenboom et al., 2018).

It is however of interest to consider why this value is not higher,
given that the two approaches are measures of the same underlying
phenomenon. This may be partly related to the difference between
survey questions that measure traits (the extent to which individuals
experience discomfort) and ratings that measure states (the experience
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(b) CSF predictions
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Fig. 6. Spatio-temporal discomfort tuning for the small-annulus stimuli. (a) Discomfort as a function of spatial frequency plotted for each temporal frequency.
(b) Predicted relative contrast sensitivity as a function of spatial frequency (Ashraf et al., 2024) (c) Discomfort as a function of temporal frequency plotted for
each spatial frequency. (d) Predicted relative contrast sensitivity as a function of temporal frequency. Error bars show + 1 standard error of the mean.

of discomfort evoked by the current stimulus). Price et al. (2025) found
higher correlations within survey measures than between survey and
rating measures, and Burke et al. (in press) found higher correlations
(r=.7) when only survey measures are used.

This difference in measurement types is exacerbated by the diffi-
culty of calibrating the use of rating scales. Individual participants may
be confident in using a rating scale to indicate differences in relative
discomfort between stimuli, but there may be differences in how these
scale values are used between people, especially given the wide vari-
ation in the severity of discomfort across the population. Anchoring
techniques may be helpful in guiding how participants respond. Here,
we directed participants to link their responses to the questions an-
swered in the L-VISS, which includes experiences of viewing flicker and
patterns. Price et al. (2025) used functional questions linked to aversion
in a similar way. In addition, Clarke et al. (in revision) have proposed a
two-stage technique that takes account of individual differences in the
overall experience of discomfort when scaling responses.

While it would be interesting to investigate how the spatio-temporal
frequency tuning of visual discomfort varies with sensory sensitivity,
the current study did not target specific populations, and our sample
is too small to be subdivided. However, other studies have found
differences in spatial frequency tuning between groups. Conlon et al.
(2001) compared discomfort ratings for static gratings for groups who

were low, intermediate or high on the Visual Discomfort Scale (Conlon
et al.,, 1999). For the low and intermediate groups, visual discom-
fort increased with spatial frequency from 1 to 12 cycles/degree. In
contrast, for the high discomfort group, discomfort peaked at 4-8
cycles/degree, and reduced at 12 cycles/degree. Conlon et al.’s study
is unique in measuring visual discomfort and contrast sensitivity for
the same participants, and found differences between the two. Contrast
sensitivity measures showed the expected peak at 2-4 cycles/degree
for all groups, whereas discomfort peaked at 4-8 cycles/degree, or
increased up to at least 12 cycles/degree, depending on the group. The
stimuli that were rated as most uncomfortable were thus not the ones to
which the visual system was most sensitive. Contrast sensitivity overall
was lower for the high sensitivity group for static stimuli, but not for
stimuli flickering at 6 Hz.

4.6. Implications for neurophysiological measures

It would also be interesting to expand the current study to in-
clude measurements of spatio-temporal contrast sensitivity, and visu-
ally evoked potentials and haemodynamic responses to the same stimuli
that are rated for discomfort. This would allow direct comparison of
individual differences in sensory sensitivity and cortical excitability
with visual discomfort. The spatio-temporal inseparability of our results
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Fig. 7. Spatio-temporal discomfort tuning for the large stimuli. (a) Discomfort as a function of spatial frequency plotted for each temporal frequency. (b) Predicted
relative contrast sensitivity as a function of spatial frequency (Ashraf et al., 2024) (c) Discomfort as a function of temporal frequency plotted for each spatial
frequency. (d) Predicted relative contrast sensitivity as a function of temporal frequency. Error bars show + 1 standard error of the mean.
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a strong correlation between survey responses and stimulus ratings.

is a particularly pertinent consideration for methods such as steady-
state visually evoked potentials, which depend on the presentation of
flickering stimuli (Norcia et al., 2015). This highlights the need for
multi-methods studies to use the same stimuli across different mea-
surement types. For example, SSVEPs measured for flickering stimuli
cannot be directly compared with visual discomfort ratings for static
stimuli (O’Hare & Hibbard, 2024).

4.7. Factors underlying differences between studies

It remains unclear why the spatial frequency tuning of visual dis-
comfort varies across studies (Conlon et al., 1999; Evans & Stevenson,
2008; Fernandez & Wilkins, 2008; Monger et al., 2016; O’Hare et al.,
2015; O’Hare & Hibbard, 2011; Wilkins et al.,, 1984). A number of
important factors differ between these studies. Firstly, a broad range of
different stimuli have been used, including sinusoidal and squarewave
gratings, filtered noise, artworks, and photographs. Secondly, these
studies varied in their task requirements, some rating only discom-
fort, others comparing positive and negative ratings of pleasantness
versus unpleasantness, and others reporting distortions and illusions.
Thirdly, studies have varied in their participant groups, recruiting
from the general public, distinguishing between low and high visual
discomfort groups, or targeting particular populations with heightened
sensory sensitivity, such as those with migraine (Perenboom et al.,
2018; Shepherd, 2010)) or M.E. (Wilson et al., 2015).

4.8. Linking efficient coding models of contrast sensitivity to visual discom-
fort

The principles of efficient coding provide a potential explanation of
the current results, and why the tuning of discomfort for spatial and
temporal frequency might not reflect the CSF.

The bandpass spatial and temporal frequency tuning of the CSF can
be explained by efficient encoding principles that take into account the
statistical properties of natural visual stimuli (Atick & Redlich, 1992;
Dong & Atick, 1995; Zhaoping, 2014). The Fourier amplitude of natural
images reduces with both spatial and temporal frequency, such that
the incoming signal is dominated by low frequency components in
both dimensions. A process of decorrelation, in which the responses
to the weaker, high frequency components is amplified, can be used to
enhance the efficiency of neural encoding (Barlow et al., 1961). This
however needs to be balanced with spatio-temporal smoothing of the
signal to reduce the influence of noise.
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These decorrelation and smoothing processes have opposite effects
on signal encoding, as shown in Fig. 10. Filtering for decorrelation
will increase the response with increasing frequency, so as to boost
the weaker, high frequency signals. In contrast, smoothing will tend to
reduce the response to high frequency components, where the signal-
to-noise ratio is lowest. The bandpass tuning seen in the CSF has
therefore been interpreted as a balance between the competing needs
for decorrelation and noise reduction (Atick & Redlich, 1992; Dong &
Atick, 1995).

At threshold levels of contrast, the signal-to-noise ratio will be
relatively low. The lowpass and bandpass tuning found in the contrast
sensitivity function are therefore consistent with the predictions of
efficient coding principles (Figs. 10a and 10b) operating towards the
lower end of the signal-to-noise range.

In an optimised system, the precise balance of whitening and
smoothing will be determined by the signal-to-noise ratio of the stimu-
lus (Fig. 10). This explains why contrast sensitivity shifts from bandpass
to lowpass at low luminance levels (Atick & Redlich, 1992). In this
case, the signal-to-noise ratio is reduced, and the effects of smoothing
dominate over the effects of decorrelation.

At high contrast and high luminance, the signal-to-noise ratio will
be at its maximum. This means that the effects of decorrelation will
dominate, and responses will show high-pass tuning, increasing with
frequency. This provides a potential explanation for the increase in
visual discomfort with increasing spatial and temporal frequency found
here. Assuming a high input signal-to-noise ratio, efficient coding prin-
ciples predict that the response gain would be highest for high spatial
and temporal frequencies, since they tend to have a low amplitude
in natural scenes. This high gain, when applied to unexpectedly high
contrast high frequency content relative to natural images, could then
account for high discomfort via hyperexcitation.

Our results are consistent with some physiological measures of cor-
tical responses to high contrast stimuli that show the highest responses
to higher spatial and temporal frequencies than are found for threshold
level contrast sensitivity measures (Gentile & Aguirre, 2020; Norcia
et al., 2015; Spitschan et al., 2016; Tyler et al., 1979).

This efficient encoding might also be able to explain the individual
differences found in some studies. If higher susceptibility to visual
discomfort is associated with greater levels of cortical noise, as for
example found in migraine (O’Hare et al., 2025), this would explain
why maximum discomfort occurs at a lower spatial frequency (Conlon
et al., 2001), due to an increase in the influence of spatial smoothing
relative to decorrelation.
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Fig. 10. Efficient encoding filters balance the need for gain control via decorrelation, or whitening (red curve), to equalise the signal response across frequencies,
and smoothing (blue curve), to reduce the effects of noise. The overall response (black curve) shows the joint effect of the whitening and smoothing filters.
The degree of smoothing required varies with signal-to-noise ratio. (a) With a low signal-to-noise ratio, smoothing is strongly low-pass, leading to an overall
low-pass response. (b) At an intermediate signal-to-noise ratio, less smoothing is required, and the overall response is bandpass. (c) With a high signal-to-noise
ratio, smoothing only affects the very highest spatial frequencies, and the overall response is high-pass across the frequency range shown.

4.9. Conclusion

This study presents the first comprehensive mapping of spatio-
temporal tuning for visual discomfort. Discomfort increased with spa-
tial frequency for static and slowly flickering stimuli, but decreased
with spatial frequency for stimuli flickering at 16 Hz. For spatially
uniform stimuli, and for all patterned stimuli, discomfort increased with
temporal frequency, with 16 Hz spatially uniform flicker rated as most
uncomfortable overall. Temporal frequency had a stronger influence on
discomfort than spatial frequency, and the observed tuning patterns
diverged from those predicted by the contrast sensitivity function.
These findings suggest that visual sensitivity at threshold does not
reliably predict discomfort for high-contrast stimuli. The difference
in the relative influence of smoothing and decorrelation mechanisms
between low and high contrast stimuli provides a potential explanation
for the difference between the CSF and the tuning of visual discomfort
for high contrast stimuli.
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