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Abstract

Objective

For people with visual snow, the visual field is covered in faint flickering specks. Visual
snow remains poorly understood and lacks effective treatments. The snow is likely produced
by spontaneous (non-stimulus driven) activity in the visual system, but the specific neural
mechanisms are not known. We hypothesize that the activity producing visual snow is present
early in the visual pathways. Here, we tested whether it reaches motion selective areas,

including V5/MT, using the motion aftereffect.

Methods

Eleven participants with visual snow syndrome (VSS) adapted to high contrast drifting
gratings on the left and right sides of a central fixation point, moving in opposite directions.
After adaptation, participants judged motion visible in their visual snow viewed on a blank
screen, pressing a button when the motion of the snow on both sides looked the same. The
duration of the adapter gratings varied across trials (1.6 - 45 sec). In a control condition, we
presented a stationary square wave pattern during the test period to confirm that participants

with VSS experienced a typical motion aftereffect for external stimuli.



Results

Following adaptation, most participants (10/11) reported that their visual snow moved in
the opposite direction of the adapting gratings, as expected for the motion aftereffect. Longer
adapter durations resulted in longer-lasting illusions and this relationship was linear on a log-

log axis, consistent with the motion aftereffect literature.

Conclusions

Visual snow is susceptible to the motion aftereffect, suggesting that the neural activity
producing visual snow reaches motion selective neurons involved in perceiving the motion
aftereffect, which are believed to include V5/MT. If visual snow arises before area V5/MT, our
findings suggest this activity is propagated forward through the visual pathways. Pinpointing
the neural origins of visual snow may facilitate the development of novel treatment approaches

targeting specific visual brain areas or networks.

Introduction

People with visual snow experience countless tiny specks continuously flickering across
the visual field. It is often accompanied by other visual phenomena (trails / streaks behind
moving objects, afterimages, light sensitivity, and poor night vision), which together comprise
Visual Snow Syndrome (VSS). Surprisingly, this condition affects a relatively large proportion
of the population, with prevalence estimates from large studies (more than 1000 participants)
ranging between 2.2 and 7.7% (Kondziella et al., 2020; Muravikova et al., 2024; Thompson et
al., 2024). VSS is thought to be a spectrum-like disorder that varies in severity, with some
unbothered by the symptoms and others strongly impacted and seeking medical attention
(Puledda et al., 2020; Thompson et al., 2023, 2024). In the latter case, VSS can be disabling;
the symptoms of VSS can interfere with critical tasks like driving and reading (Bessero & Plant,
2014; Solly et al., 2021; Tannen et al., 2024), and are associated with increased prevalence of
anxiety and depression (Solly et al., 2021).

Currently, there are few options for those seeking treatment. Medications have been
largely unsuccessful in reducing visual snow (Eren & Schankin, 2020; Puledda et al., 2022;
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Rusztyn et al., 2023; Schankin et al., 2020; van Dongen et al., 2019). Patients are often told to
reduce stress and learn to ignore the snow, or to manage symptoms with mindfulness-based
therapy (Wong et al., 2024) or color-tinted lenses (Han et al., 2023; Hepschke et al., 2022;
Lauschke et al., 2016). The development of new treatments is limited by the relative lack of
understanding of the neurobiology of VSS (for reviews, see Bou Ghannam & Pelak, 2017;
Eren & Schankin, 2020; Fraser, 2022; Kamaeva et al., 2023; Klein & Schankin, 2021, 2021;
Raviskanthan et al., 2022; Rusztyn et al., 2023; Sampatakakis et al., 2022; Silva & Puledda,
2023; Stern & Robertson, 2024; Traber et al., 2020).

We hypothesized that VSS is caused by ongoing spontaneous (i.e., non-stimulus
driven) neural activity in the visual pathways, because it is seen in the absence of visual stimuli
(e.g., on a blank screen or with closed eyes). In recent prior work, we tested this hypothesis
with contrast adaptation, in which prior exposure to a high-contrast stimulus weakens
subsequent perception and neural responses in the visual pathways. When participants with
VSS viewed a high-contrast, dynamic noise pattern, their visual snow was weakened, often to
the point of disappearing (Montoya et al., 2023). This suggests that neural activity necessary to
perceive visual snow can be altered by adaptation in the visual pathways. The specific brain
regions that with increased spontaneously activity in visual snow are currently unknown.

Here, we sought to begin to identify the regions involved by determining whether the
visual snow percept is susceptible to the motion aftereffect (MAE), an illusion in which a visual
stimulus appears to move in the opposite direction of a previously viewed adapting stimulus.
Motion aftereffects depend upon activity in motion selective neurons throughout the visual
pathways, including areas V1, V2, and V5/MT (for a review, see Mather et al., 2008).
Adaptation to motion causes neurons that prefer the adapter direction to reduce their
responsiveness, biasing the activity profile of the population towards neurons that prefer
motion in the opposite direction of the adapter{Citation}. If the activity producing visual snow
reaches these neurons, then adapting to motion in one direction should cause the visual snow
percept to appear to drift in the opposite direction, and the duration of the effect should be
related to the adapter duration by a power law. Here, we tested this prediction by measuring

the duration of the effect of adapting to motion on visual snow.



Methods

Participants

Eleven participants with VSS completed the experiments described below (see Table 1
for demographics). Eligibility criteria for participants with VSS were the same as in our previous
studies (Montoya et al., 2023, 2024) 18 to 80 years old, able to comply with study instructions,
and VSS as defined by ICHD-3 (“Headache Classification Committee of the International
Headache Society (IHS) The International Classification of Headache Disorders, 3rd Edition,”
2018). All participants with VSS self-reported visual snow covering the visual field without
interruption for at least the past 3 months and had at least two of the following visual
symptoms: afterimages, blue field entoptic phenomena, trails or trailing behind moving objects,
light sensitivity, or poor night vision. Participants were excluded for any of the following: lack of
fluency in English, a diagnosed or self-reported intellectual disability, severe central nervous
system disease, any physical problem that would impede data collection or interpretation (e.qg.,
visual field loss), a current acute episode of psychosis (assessed with self-report and the Brief
Psychiatric Rating Scale (Overall & Gorham, 1962)), or an ophthalmological condition that
could cause visual snow symptoms.

All procedures adhered to the Declaration of Helsinki and were approved by the
Institutional Review Board at the University of Minnesota. Participants were compensated $20

per hour. All participants provided written informed consent prior to participation.

Sex assigned Streaks/
at birth (n) Race (n) Ethnicity (n) Migraine status (n) [Trails (n)
Mean
Snellen
Mean Never |Visual
age African Not No Sees [sees |Acuity

n [((SD) |Female|Male|White|American/Black |Hispanic |Hispanic|Migraine|migraine |trails frails |(SD)

27.27 1.39
11/(4.96)|7 4 |11 |o 10 1 7 4 4 |7 (0.33)

Table 1: Demographics of participants with VSS. Snellen visual acuity values are reported as

decimal fraction (e.g., 20/20=1).



Apparatus

Tasks were completed in a darkened room using MATLAB (Mathworks, Inc., Natick,
MA, USA) and PsychToolbox-3 (Kleiner et al., 2007) on an Apple iMac desktop. Stimuli were
shown on an Eizo FlexScan SX2462W monitor with a 60 Hz refresh rate and resolution of
1920 x 1200 (screen size: 53 x 33 cm, viewing distance: 70 cm). Participants sat with their
head in a chinrest with a forehead bar to minimize head movements. Eye tracking data were
acquired from both eyes with an Eyelink 1000 with a sampling rate of 500 Hz, and were used
to ensure that participants maintained central fixation during adaptation and test periods. In
some cases, only one eye was recorded due to poor data quality in the other eye (e.g., from
strong astigmatism in that eye). Participants wore corrective lenses during visual tasks, as

needed.

A Figure 1: Experimental task.Participants

adapted to gratings drifting inward or away

from the center (here, depicted moving
inwards with the red arrows) at 2 cycles / sec
for 1.6, 5, 15, or 45 sec. A) Adapter and

Adapt
1.6-45 sec square wave test. Following the adapter,

static 10% contrast square wave gratings
Square wave

X sec until stationary were presented until the participant pressed

B a button to indicate that the motion aftereffect
had stopped. B) Visual Snow test. Following
adaptation, blank circles were presented until

the participant pressed a button, indicating

that the motion aftereffect on their visual
Adapt

1.6-45 sec snow had stopped.

Visual snow Stimuli

X sec until stationary Participants viewed drifting Gabor

adapters on the left and right sides of the screen (see Figure 1; 0.3 cycles / degree, 2 Hz, 90%
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contrast, 10 degrees visual angle in diameter, centered at 6 degrees eccentricity) while fixating
on an empirically validated fixation mark configuration at the center (Thaler et al., 2013).
Adapters were shown on a uniform mean gray background (80.8 cd/m?). The adapters moved
in opposite directions left and right, such that they appeared to be moving towards or away
from the center of the screen, and this direction alternated every trial. This opposing motion
was chosen to minimize the drive for eye movements away from the fixation mark.

After the adaptation period, circular black fiducial outlines framed the test stimuli,
indicating the region of the visual field the participant should reference during their responses.
These outlines formed 10-degree in diameter circles centered at 6 degrees eccentricity. Two
types of test displays were used, in different trials (Figure 1a). The first was a low contrast,
stationary, square wave (10% contrast, 0.3 cycles / degree), which served as a control to
assess whether people with VSS would report a typical motion aftereffect for a stationary low-
contrast test. In preliminary testing, we used low contrast Gabors as our test stimuli but found
that contrast adaptation was often strong enough to render them invisible. For this reason, we
used square wave gratings. The gratings had the same wavelength as the adapter and were
presented with the same phase as the last frame of the adapter(Heeger et al., 1999). The
second test stimulus was a blank gray field matching the background (i.e., fixation mark and
test area fiducial lines only; Figure 1b). During the blank tests, participants were instructed to

attend to their visual snow within the test regions.

Conditions

To measure effects of adapter duration, four durations (1.6, 5, 15, 45 sec) were used.
Aftereffects for the two test conditions described above (static square wave and visual snow)

were measured for each adapter duration.

Procedure

Participants viewed the drifting adapter gratings then judged the duration of the motion

aftereffect, pressing a button as soon as they could no longer perceive motion within the test
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regions. They were instructed to maintain central fixation throughout. During each trial,
adapters to the left and right of fixation were shown for 1.5, 5, 15, or 45 sec. Immediately
following the adapter presentation, the test stimuli were presented in the same location and
participants made their judgment. Participants were instructed to press the button immediately
if they saw no motion during the test period. To ensure they understood the task, participants
completed at least three initial practice trials with 30 sec adapters for each test condition. The
experimenter monitored eye position throughout to correct participants if they looked away
from the fixation mark.

Blocks consisted of four trials, one of each adapter duration, which were presented in a
random order on each block. Participants completed four blocks with the static square wave
test, followed by four blocks with the blank test, yielding four repeated trials per adapter
condition for both test stimuli. Participants took self-timed breaks between each trial, and could

repeat trials if they accidentally pressed the button too quickly or slowly.

Multiple Choice Questionnaire

After completing the 4 blocks of trials for each test stimulus, participants were prompted
to complete a multiple-choice question about their perception. The question and options were

as follows:

Question:
Please choose the number that most closely matches your experience in this experiment.
There are no right or wrong answers, we just want to know your experience. After watching the
moving stripe patterns,

1) I saw motion inside the circles that appeared to move in opposite directions, up and
down.

2) | saw motion inside the circles that appeared to move in opposite directions, left and right.

3) | saw motion inside the circles that appeared to spin/rotate.

4) | saw motion inside the circles that appeared to move in the same direction, left or right.

5) | saw motion inside the circles that appeared to move in the same direction, up or down.
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6) | did not see motion inside the circles

7) Other: | saw motion inside the circles that does not match the descriptions above.

If participants selected “other”, they were prompted to “Please describe the motion of
the stripes” for square wave tests, or “Please describe the motion of the snow” for blank tests.
Participants typed their responses into a text box.

Analysis

Data were analyzed with custom MATLAB (Mathworks, Inc., Natick, MA, USA) code.
We tested whether duration of the motion aftereffect was related to adapter duration using
repeated measures ANOVAs. Duration was modeled as a continuous variable and participants
were a random variable. Effect sizes were calculated as Hedge’s g values. To investigate the
relationship between the square wave and visual snow MAEs, we fit lines to the log of MAE
durations vs. log of adapter duration to estimate a slope for each test condition for each
participant. We then tested for a relationship between the slopes of the two test conditions

across participants using a Pearson’s correlation.

Results

Participants with VSS adapted to drifting gratings presented on the left and right sides of a
fixation mark, then judged the duration of the resulting motion aftereffect for either a stationary
square wave test or their visual snow (i.e., blank test). Adapter duration varied across trials
(1.5, 5, 15, or 45 sec) to determine whether the duration of the effect was related to the
duration of exposure to the adapter. Participants were not told that the motion of the square

waves was illusory until debriefing, and many were surprised to learn that they were not



physically moving.
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Figure 2: Duration of MAE. A and C show the duration of the MAE as a function of adapter
duration for the square wave tests in two representative participants. Gray squares represent
individual trials, and means are plotted as black squares. B and D show the duration of the
MAE for visual snow as a function of adapter duration for the same participants as A and C.
Individual trials are plotted as light blue snowflakes and the mean are shown as dark blue
snowflakes. In E, the mean durations of the MAE across participants are plotted for both the

square wave test (gray squares) and snow test (blue snowflakes). The mean MAE durations



for the square wave test (light gray dashed lines) and snow test (light blue lines) are also

plotted for each participant. Error bars are +/- one standard error of the mean.

Adapting to motion produced a motion aftereffect for the square wave test in
participants with VSS, as expected. The illusory motion was visible for an average of 1.7 sec
after adapting for 1.6 sec, and increased to 11.0 sec after adapting for 45 sec (Hedge's g =
8.1; values above 0.8 are considered large effects). This increase was monotonic with adapter
duration (ANOVA, F101 = 168.7, p = 1.4 X 107, Figure 2), with a slope roughly linear on a log-
log axis, in accordance with the duration scaling law of adaptation (Greenlee et al., 1991).

Critically, participants’ visual snow also appeared to move after adaptation, as judged
during the blank tests. On average, the duration of the motion aftereffect in the snow increased
from 1.6 sec following the shortest adapter to 8.1 sec after the longest adapter (Hedge’s g =
6.3) and this trend was highly reliable across all durations (ANOVA, Fi01=74.4,p=6.1 X 10
6, Figure 2).

Although the effect durations were numerically higher for the square wave test than the
visual snow test, on average, this effect was not statistically significant (ANOVA, Fio0,1 = 0.56, p
= 0.5), nor was an interaction between adapter duration and test type (ANOVA, Fi0.=1.1,p =
0.3).

Interestingly, the slope of the motion aftereffect durations appeared similar for both
square wave and snow tests within participants (e.g., compare Figure 2 Avs. B, Cvs. D). To
qguantify this effect, we first calculated the slope of the best-fit lines for the log of MAE duration
vs. log adapter duration for both the square wave and snow tests in each participant. Across
participants, the two slopes were significantly correlated (Pearson’s correlation, ro =0.71, p =
0.015, Figure 3). Although our sample size is relatively small, and this exploratory analysis was
unplanned, it suggests that there may be a shared neural mechanism regulating the strength

of the MAE for both external stimuli and internal visual snow percepts in VSS.
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Correlation Between Slopes Figure 3: Correlation Between Slopes in MAE

Durations for square wave and blank tests.
0.9¢ r=_(3)7012 .,f' The slopes of lines fit to the adapter vs. effect
%0.8 :; 1.1 duration data (Figure 2) for each participant (n
% 0.7 =11) are plotted. The x-axis indexes the
§ 06 slopes for square wave tests, and the y-axis
e slopes for visual snow (i.e., blank test). The
% 0.5 best-fit line is shown in black, and the identity
<04 line is plotted dotted.
03y e | ' | | | | When questioned about the percept
03 04 05 06 07 08 09 1 during square wave tests, 10 of the 11
Square Wave MAE Slope participants chose the expected multiple-

choice option, “I saw motion inside the circles that appeared to move in opposite directions, left
and right.” One participant chose “Other”. Similarly, for the visual snow test, 9 of the
participants chose the expected multiple-choice option, indicating a typical MAE. Two
participants chose “Other”. One described the motion they perceived in the snow as “rotating
inwards towards the center and 3D”, which we interpreted as a variant of the expected effect
and the other said “No changes in visual snow,” but verbally described stripes in the snow that

translated horizontally.

Discussion

Visual snow is susceptible to the motion after effect; following adaptation the snow
“flowed” in the direction opposite from adapting motion and the effect’s duration was linearly
related to adaptation duration on a log-log axis. Furthermore, the durations of the aftereffects
were correlated across participants—individual differences in motion aftereffect strength were
consistent across both test types.

These results add to the growing evidence that visual snow is a genuine perceptual
experience based upon activity in the visual system. If visual snow were due to a confabulation
or malingering, it is unlikely that participants would consistently report durations following a

power function across blocks with randomized trial orders (see also Montoya et al., 2023).
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Rather, it is more plausible that participants experienced a perceptible motion aftereffect in

their visual snow, consistent with their multiple-choice responses.

Activity producing visual snow reaches area V5 / MT

The MAE is a robust illusion, reports of which date back at least to Aristotle, and which
has been studied extensively for over a century (for a historical survey, see Wohlgemuth,
1911). The MAE was initially thought to depend exclusively upon adaptation of cells in V5/MT,
but it is now recognized that the MAE involves adaptation of motion-selective cells in V1, V2,
V3a, V5/MT, and MST (Mather et al., 2008). Nevertheless, activity in area V5/MT is necessary
for the perception of the MAE (Antal et al., 2004; Culham et al., 2000; Hogendoorn &
Verstraten, 2013; Stewart et al., 1999; Théoret et al., 2002).

Because visual snow showed a typical MAE, it seems likely that the mechanisms
underlying this illusion in the snow are the same as those for external stimuli. Our results
indicate that biasing the response profile of motion selective neurons through motion
adaptation was sufficient to alter the perception of the snow. Therefore, we conclude that
neural activity which leads to visual snow percepts also reaches motion-selective neurons at or
before area V5/MT. If the activity driving visual snow originates earlier in the visual pathway,
our results suggest it is propagated forward to brain areas that show adaptation to motion. It is
also possible that the activity reaching V5/MT depended upon feedback from higher areas.

There are two variations of MAE, which appear to have different properties and
mechanisms (Mather et al., 2008). The first is the static MAE, using a static test, and involves
a variety of motion-selective areas (Mather et al., 2008). We chose to use a static MAE test
because our participants were naive observers and we wanted to ensure 1) that they would
observe a strong MAE, and 2) that they would be able to clearly understand and report the
direction of illusory motion (in the absence of any true stimulus motion energy). The second is
the dynamic MAE which is measured with a dynamic test, and is thought to originate in V5/MT.
The effects we observed for snow may be more closely related to the dynamic MAE, because
the snow percept is itself dynamic, with average temporal frequency estimates in the range of
18 to 26 Hz (Brooks et al., 2024; Montoya et al., 2024). The correlation we observed in the
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current study between the square wave MAE and the visual snow MAE slopes suggests that at
least some of the neural mechanisms underlying these two illusory percepts are shared.

Our results further support a relatively early neural locus of visual snow because effects
of adaptation were retinotopically specific. That is, the visual snow within the blank circular
regions on either side of fixation appeared to move in opposite directions. In general, neurons'
receptive field sizes increase in higher order visual areas as they pool input from neurons with
smaller receptive fields (Van Essen et al., 1984). If the receptive fields of the adapted neurons
were large enough to contain parts of both the adapter stimuli, the opposing motion directions
presented on the left and right sides of fixation might be expected to cancel each other out,
resulting in no directional aftereffect. Anecdotally, some participants also mentioned that the
snow outside of the circles was unaffected, suggesting that the receptive fields of the neurons
that produce visual snow are relatively small, potentially consistent with estimates of human

V5/MT receptive fields (7-8 degrees diameter at 5 degrees eccentricity; Amano et al., 2009).

Visual snow as a lack of suppression of perceptually irrelevant signals

Spontaneous neural activity is common in the very early stages of the visual
system. Retinal ganglion cells, and neurons in the lateral geniculate respond robustly in the
absence of visual input, but spontaneous activity normally is suppressed to low levels by the
output layers of V1. We hypothesize that visual show might arise from a lack of complete
suppression of this activity, allowing it to propagate forward and reach neurons responsible for
perceptual awareness. In our study, activity driving visual snow might have propagated from
early visual regions to V5/MT, where it was altered by adaptation, consistent with the dynamic
MAE. Several other lines of evidence are consistent with this hypothesis.

First, if in visual snow involves spontaneous activity that propagates to higher-order
areas, correlations in neural activity between regions should also be elevated at rest. Two
resting state functional connectivity studies found higher functional connectivity between early
visual areas, including V1 and MT, and higher-order regions in VSS compared to controls,
supporting an early locus that feeds forward to other regions (Aldusary et al., 2020; Puledda et
al., 2021). However, this effect was not observed in a third study (Strik et al., 2023).
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Another symptom of VSS that can also be accounted for by this activity propagation
hypothesis is blue field entoptic phenomena. This percept results from the white blood cells
passing through blood vessels in the retina, which fail to absorb blue light, rendering them
visible in certain circumstances, such as looking at a bright blue sky. Most people can
occasionally see blue field entoptic phenomena, but they are a common complaint from people
with VSS. The fact that people with VSS notice this more often suggests that a mechanism
that normally suppresses this activity from reaching awareness is weaker in VSS.

Trailing palinopsia, another common symptom in VSS, might be explained in a similar
way. Trailing palinopsia might arise from reduced suppression or masking of motion blur that is
present even in the visual system of control participants (Gersztenkorn & Lee, 2015; Wurtz,

2008). Again, reduced suppression may allow this activity to reach perceptual awareness.

Future Directions and Limitations

One limitation of this study is that the square wave test blocks always preceded the
snow test blocks. It is possible that experiencing the MAE primed participants, and they
expected to see the same effect in their visual show. However, as noted above participants
were not informed that the square wave tests were stationary until debriefing at the end of the
experimental session, and were often surprised to learn that the square waves were not
physically moving on the screen. Participants were also generally surprised to see their snow
moving, though a few spontaneously mentioned that after walking or driving for long periods of
time, their snow sometimes appears to collapse inwards towards the center (presumably as a
result of adaptation to optic flow).

Our recruitment methods in this study may have biased enrollment towards people with
more severe VSS. Most participants had either sought medical attention for VSS and received
letters inviting them to participate based on their medical records, or saw fliers posted in
ophthalmology offices. Our subsample may therefore not be representative of subclinical
cases of VSS. However, a recent study found no evidence for differences in the impact of VSS

in clinical and latent populations (Thompson et al., 2023).
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Additionally, the current study did not include control participants, so we were unable to
assess whether the strength of the MAE for tests for people with VSS was similar to typically
sighted controls. Nevertheless, we observed a monotonic increase in static MAE duration in
our VSS patrticipants, consistent with typical effects of adaptation. This agrees with previous
research that found no group differences in global motion processing between people with
VSS and controls.

We have demonstrated that the perception of visual snow can be affected by biasing
the responses of specific types of neurons in the visual system—in this case motion selective
neurons. Future studies can leverage this approach to further investigate the neural

mechanisms of visual snow.

Conclusions

We demonstrate that visual snow is susceptible to the MAE and that it behaves similarly
to a static MAE for an external stimulus. These results support the hypothesis that visual snow
arises in the visual system, from spontaneous neural activity that reaches motion selective

neurons at or before area V5/MT.
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