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Abstract

Increased sensitivity to light is common after concussion. Viewing a flickering light can also produce un-
comfortable somatic sensations like nausea or headache. We examined effects evoked by viewing a pat-
terned, flickering screen in a cohort of 81 uninjured youth athletes and 84 concussed youth. We used
Multiple correspondence analysis and identified two primary dimensions of variation: the presence or ab-
sence of visually evoked effects and variation in the tendency to manifest effects that localized to the eyes
(e.g., eye watering) versus more generalized neurological effects (e.g., headache). Based on these two pri-
mary dimensions, we grouped participants into three categories of evoked symptomatology: no effects,
eye-predominant effects, and brain-predominant effects. A similar proportion of participants reported
eye-predominant effects in the uninjured (33.3%) and concussed (32.1%) groups. By contrast, participants
who experienced brain-predominant effects were almost entirely from the concussed group (1.2% of un-
injured, 35.7% of concussed). The presence of brain-predominant effects was associated with a higher con-
cussion symptom burden and reduced performance on visio-vestibular tasks. Our findings indicate that the
experience of negative constitutional, somatic sensations in response to a dynamic visual stimulus is a sa-
lient marker of concussion and is indicative of more severe concussion symptomatology. We speculate that
differences in visually evoked effects reflect varying levels of activation of the trigeminal nociceptive system.

Keywords: biomarkers; pediatric brain injury; sensory function; traumatic brain injury

Introduction

Visual symptoms and eye movement abnormalities are
common after head trauma' and have been explored as
physiological biomarkers for concussion. As an example,
dynamic pupillary responses are increased in children
after concussion and have been proposed as an objective
biomarker.? Similarly, deficiencies in saccadic eye move-
ments, vestibulo-ocular reflex (VOR), and visual motion
sensitivity (VMS) are all associated with concussion.*”’

It is also well-established that light sensitivity can be en-
hanced after concussion® and thus is a standard question on
concussion symptom inventories.” ! Visually evoked effects
offer an intriguing avenue for concussion assessment—in-
cluding evaluations that extend beyond effects localized to
the eye. High contrast patterned and flickering light is uncom-
fortable to view and can induce multiple somatic sensations';
however, the somatic effects evoked by intense visual stimuli
have not been assessed as a marker for concussion.
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In migraine—for which light sensitivity is a cardi-
nal symptom—visual discomfort and somatic sensations
from flickering light are common interictal complaints.'>"'*
These stimuli are also associated with enhanced activity in
the visual cortex in migraine'>'® and photophobia acutely
after concussion.'” The effects evoked by patterned flick-
ering light may serve as a biomarker and provide a window
into the neural pathways involved in concussion.

The purpose of this investigation was to determine
whether a patterned flickering visual stimulus discrimi-
nated between uninjured athletes and concussed youth
based on the characteristics of the signs and symptoms
provoked.

Methods

Participants

We performed a retrospective analysis of youth between
13 and 20 years old participating in a broader prospective
study through the Children’s Hospital of Philadelphia
(CHOP) Minds Matter Concussion Program from Febru-
ary 2018 to October 2021. Uninjured participants were
recruited through the sports teams of a local Philadelphia-
area school. They had the opportunity to participate in clin-
ical assessments in association with their sports season. Con-
cussed participants were recruited from the same high school
or from the CHOP Minds Matter Concussion Program.

Concussion diagnosis was determined by a trained
sports medicine pediatrician according to the Consensus
Statement on Concussion in Sports.'® All concussed par-
ticipants” data were collected within 28 days of their
concussion. Assent and consent were obtained from par-
ticipants and guardians, respectively, and the study was
approved by the CHOP Institutional Review Board in ac-
cordance with the Declaration of Helsinki.

Participants were prescreened to ensure normal or cor-
rected to normal binocular and monocular visual acuity
using a Snellen visual acuity chart at 10 feet. Fifty-nine
participants (20 uninjured, 39 concussed) wore correc-
tive lenses during testing. Age, sex, race, ethnicity, and
concussion and migraine history (self and family) were
self-reported for uninjured participants and abstracted
from the medical record for concussed participants.

Data collection sessions

Data were collected at a single recording session from un-
injured youth as part of a pre- or post-season sports eval-
uation and from concussed youth during clinical visits
for concussion management. Trained research staff con-
ducted clinical assessments in either the athletic training
room at the high school, primarily for uninjured athletes,
or the sports medicine office, primarily for concussed
participants. In the case where more than one recording
session was collected, only the first was used for this
analysis.

Symptom inventory. Once before testing, all partici-
pants completed the Post-Concussion Symptom Inven-
tory (PCSI), a scale validated in youth for measuring
concussion symptoms.” The question on feeling different
since the concussion was excluded from the total PCSI
score because this question was not applicable to the un-
injured group.

Visio-vestibular assessment. All participants under-
went visio-vestibular examination (VVE) before assess-
ment of visually evoked effects to assess (1) smooth
pursuit for five repetitions, (2) horizontal and vertical sac-
cades for 30 repetitions, (3) horizontal and vertical VOR
for 30 repetitions, (4) VMS for five repetitions, and
(5) near point convergence, with abnormal defined as
a break point where vision becomes double at greater
than 6 cm. For all other metrics, abnormality was defined
as provocation of symptoms limiting the number of rep-
etitions the participant was able to complete. For more
detailed information on the VVE, refer to our previous
work, which has shown it to be reliable and specific for
concussion across multiple clinical settings.”'*~*2

Visually evoked effects. Participants viewed a wide
field 85% contrast checkerboard with a pattern reversal
rate of two reversals per second. Stimuli were presented
for five continuous 20 sec blocks. The full description
of the visual stimulus conditions can be found in our pre-
vious report.”®> Eye movements were assessed during and
after each recording session. While examining eye move-
ments, experimenters also documented the presence or
absence of the following physical signs of visual discom-
fort: eyes watering, eyes reddening, eyes slowing, circu-
lar eye movements, or ‘‘other signs.”

At the end of the recording session, participants were
asked if they experienced provocation or worsening of
the following symptoms: dizziness, headache, nausea,
eye pain, eye fatigue, or other symptoms. No participants
displayed circular eye movements, eye slowing, and no
“other signs’” were reported, so these were not included
in data analysis. Other symptoms that were entered via
free text included ‘“‘eyes tired” (4), “eyes foggy” (1),
“eye strain’’ (1), “blurry vision,” “‘blurriness,” or “‘eye
blur”’ (2), “double vision™ (1), “‘eyes dry’’ (2), ‘‘feeling
out of it”” (1). Because the ‘‘other symptoms’’ responses
were heterogenous and the same symptoms were not
reported frequently, these symptoms were excluded from
data analysis.

Data analysis
All analyses were performed using custom written code
in Matlab (Mathworks, Natick, MA).>*

Demographic data. Demographics were compared be-
tween the uninjured and concussed groups using a Fisher
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exact test for percentage data, and Kruskal-Wallis test-
ing for interval data. A p value <0.05 was used as the
threshold for significance throughout. Concussion his-
tory, migraine history, and migraine family history
were also compared, because some studies®>*® (although
not all*’) indicate these are predictors for prolonged con-
cussion symptoms. The median was reported for age
(in years), days post-injury, and individual and total
PCSI scores. All values were reported with 95% confi-
dence intervals (CIs) derived by bootstrap analysis.

Analysis of visually evoked effects. Multiple corre-
spondence analysis (MCA) was used across all partici-
pants to reduce the dimensionality of seven visually
evoked effects: dizziness, headache, nausea, eyes water-
ing, eye fatigue, eyes reddening, and eye pain. The MCA
reduces the dimensionality of categorical data in Eucli-
dean space,”® which is analogous to principal component
analysis for quantitative data. Factor loadings represent
the geometrical distance between the presence or absence
of a visually evoked effect, with O being the center point
of the variation. The code used to perform MCA was
based on the indicator matrix, adapted from publicly
available code.”’

The first two dimensions represented (1) the presence
or absence of visually evoked effects and (2) whether ef-
fects were eye- or brain-predominant. These two primary
dimensions were used to separate participants into three
visually evoked effects categories: (1) no effects, defined
as a dimension 1 factor loading of -1 or less, (2) eye-
predominant effects defined as a dimension 1 factor load-
ing of greater than -1 and dimension 2 factor loading of
0.1 or less, and (3) brain-predominant effects defined as
a dimension 1 factor loading greater than -1 and a dimen-
sion 2 factor loading of greater than 0.1.

These cutoffs are based on factor loadings of the indi-
vidual visually evoked effects (Supplementary Table S1).

Table 1. Demographics of Uninjured and Concussed Groups

The combined absence of all visually evoked effects is
equal to a dimension 1 factor loading of -1.5, and the
presence of one visually evoked effect could yield a
dimension 1 loading as low as -0.7; therefore, a cut-
off of -1 separated the no effects from eye- and brain-
predominant categories effectively. The score of 0.1
was chosen to separate eye-predominant from brain-
predominant effects because ‘‘eye pain’’ had a dimension
2 factor loading slightly above 0.

The percentage of participants per visually evoked ef-
fects category was compared between uninjured and con-
cussed groups using cross-tabulation with chi-square
statistical testing. Because of differences in PCSI and
VVE between concussed and uninjured participants
based on 95% ClIs, statistical analysis for differences be-
tween visually evoked effects categories was conducted
on the concussed group only. A Kruskal-Wallis test
was used to compare visually evoked effects categories
across PCSI and VVE with H test estimated by chi-square
distribution. Multiple comparisons with the Tukey
method were used to determine significance between in-
dividual visually evoked effects categories.

Results

Data from 81 uninjured participants and 84 concussed
participants were included in analysis. Uninjured and
concussed groups did not differ significantly in age, bio-
logical sex, or racial/ethnic identity (Table 1). Our cohort
was similar in demographics to that of the state of Penn-
sylvania,30 although the demographics were notable for
an underrepresentation of participants who identify as
Hispanic. Compared with uninjured youth, a greater per-
centage of concussed youth reported a history of previous
concussion (27.1% vs. 44.0%; p=0.03) and family his-
tory of migraine (9.9% vs. 34.5%; p=5.3e~*). Concussed
youth reported significantly higher PCSI scores (2.0 vs.
25.5; H=69.9, p=6.4e~"").

Uninjured Concussed Stats
Participants (% Female) 81 (51.9%) 84 (59.5%) p=0.34
Median age (Range) 16 (13 - 19) 16 (13 - 20) H=1.3, p=0.26
Race/Ethnicity PA demographics 2018
Non-Hispanic White 64 (80.2%) 64 (76.1%) 76.1%
Non-Hispanic Black 7 (8.6%) 7 (8.3%) 10.8%
Hispanic 3 (3.7%) 1 (1.2%) 7.6%
Non-Hispanic Asian 2 (2.5%) 3 (3.6%) 3.6%
More than 1 race 4 (4.9%) 0 (0.0%) 1.7%
Other 0 (0.0%) 3 (10.7%) 0.2%
Median days post-injury - 12 [1 - 28] -
Concussion history 22 (27.1%) 37 (44.0%) p=0.03
Migraine history 5 (6.2%) 11 (13.1%) p=0.19
Median total PCSI score 2.0 (1.0 - 3.0) 25.5 (19.5 - 41.0) H=69.9, p=6.4¢ "’

Fisher exact test was used to compare percentages, and Kruskal-Wallis test was used to compare age, days post-injury, and Post-Concussion Symptom

Inventory (PCSI) scores. PA, Pennsylvania.
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Visually evoked effects

The MCA of seven visually evoked effects was performed
to identify underlying structures within the data. Close to
half of the variability (44.7%) across participants was
explained by the first two dimensions (Fig. 1a). The first
dimension, which accounted for 26.5% of the variability,
represents the absence (negative direction) or presence
(positive direction) of visually evoked effects. Concussed
participants had a higher mean dimension 1 factor loading
compared with uninjured participants: 0.78 (95% CI:
0.33,1.21) vs.-0.82 (95% CI: -1.03, -0.55) indicating con-
cussed participants reported more visually evoked effects
than uninjured participants.

The second dimension, which accounted for 18.2% of
the variability, split effects qualitatively. Dizziness, head-
ache, and nausea were associated with a larger positive
factor loading, while eye fatigue, eyes watering, eyes red-
dening, and eye pain were associated with a smaller or
negative factor loading. We adopt here the shorthand
terms ‘‘eye effects’” (negative values) and ‘“‘brain ef-
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fects” (positive values) to describe the two ends of vari-
ation along this second dimension revealed by the MCA.

Concussed participants had a higher mean dimension 2
score compared with uninjured participants: 0.29 (95%
CI-0.07, 0.64) suggesting that the concussed participants
overall reported more brain effects. Uninjured partici-
pants had a negative mean factor loading of -0.30 (95%
CI -0.43, -0.19) suggesting that when visually evoked
effects were present, they were more likely to be eye
effects.

Brain-predominant visually evoked effects

are associated with concussion and higher
symptom burden

Visually evoked headache, dizziness, and nausea were
unique to concussed youth (Table 2). Eye effects were
reported more frequently in concussed compared with
uninjured youth, but these effects were reported in both
groups. The MCA dimension 1 and dimension 2 factor
loadings were used to categorize participants into three
categories: those who experienced (1) no effects, (2)
eye-predominant effects, or (3) brain-predominant effects
(Fig. 1b). There was some heterogeneity across con-
cussed participants in these groups: 27% of those in the
eye-predominant group also reported headache, and
50% of the brain-predominant group reported at least
one eye effect (Table 2).

FIG. 1. Multiple correspondence analysis (MCA) for
visually evoked effects for uninjured and concussion
groups. (a) MCA of visually evoked effects. Factor
loadings represent the geometric distance between the
presence (dotted black line) or absence (dotted gray
line) of individual visually evoked effects, with 0
representing the midpoint of variation. Dimension 1
represents the absence (negative direction) or presence
(positive direction) of visually evoked effects, and
dimension 2 divides eye-related effects (negative
direction) and brain-related effects (positive direction).
Mean MCA factor loadings are shown for uninjured
(gray) and concussed (black) youth. Error bars represent
95% confidence intervals by bootstrap analysis. (b)
Dimension 1 and dimension 2 coefficients for individual
uninjured (gray) and concussed (black) youth. Because a
finite number of factor loadings are possible given the
limited number of visually evoked effects, many of the
individual participants overlap. This is captured by
jittered data points and histograms depicting the
proportion of participants with a given factor loading
for dimension 1 (x-axis) and dimension 2 (y-axis). Boxes
represent visually evoked effects categories.
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Table 2. Percentage of Participants Reporting Visually Evoked Effects by Uninjured and Concussed Groups
across All Participants and Participants Separated by Visually Evoked Effects Categories

Total None Eye Brain
Visually Uninjured Concussed Uninjured Concussed Uninjured Concussed Uninjured Concussed
evoked effect (n=81) (n=84) (n=53) (n=27) (n=27) (n=27) (n=1) (n=30)
Nausea 0 (0%) 8 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 8 (27%)
Dizziness 0 (0%) 12 (14%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 12 (40%)
Headache 1 (1%) 27 (32%) 0 (0%) 0 (0%) 0 (0%) 7 (26%) 1 (100%) 20 (67%)
Eye pain 3 (4%) 20 (24%) 0 (0%) 0 (0%) 3 (11%) 12 (44%) 0 (0%) 8 (27%)
Eye watering 20 (25%) 32 (38%) 0 (0%) 0 (0%) 20 (74%) 21 (78%) 0 (0%) 11 (37%)
Eye reddening 8 (10%) 18 (21%) 0 (0%) 0 (0%) 8 (30%) 14 (52%) 0 (0%) 2 (7%)
Eye fatigue 3 (4%) 7 (8%) 0 (0%) 0 (0%) 3 (11%) 7 (26%) 0 (0%) 0 (0%)

The percentage of uninjured and concussed partici-
pants within each effect category differed (Fig. 2a;
}52=35.5, p=19¢"%). Most uninjured participants
reported no effects (65.4%), with fewer reporting eye-
predominant effects (33.3%), and only one participant
reporting brain-predominant effects (1.2%). There were
similar percentages of concussed participants across the
three categories (no effects 32.1%; eye-predominant
32.1%; brain-predominant 35.7%).

The PCSI scores differed significantly across the visu-
ally evoked effects category for concussed participants
(1*=15.39, p=4.5¢~*). The median PCSI score (95%
CI) of concussed participants was 9.0 (7.0, 13.0) for no
effects, 33.0 (13.0, 47.0) for eye-predominant effects,
and 45.5 (25.0, 56.5) for brain-predominant effects
(Fig. 2b). Analysis of individual PCSI question scores
showed that multiple symptoms were elevated in the
brain-predominant effects group to a greater extent than
the other two groups. Symptoms that were elevated
(95% CIs excluded zero) for the brain-predominant effects
group included headache, light sensitivity, sound sensitiv-
ity, balance, dizziness, fatigue, drowsiness, slowed think-
ing, answering slowly, difficulty concentrating, mentally
foggy, and visual problems (Supplementary Fig. S1).

There were no significant differences in migraine his-
tory, migraine family history, age, days post-injury, or
biological sex across visually evoked effects categories
for concussed youth (Supplementary Table S2). Con-
cussed youth with no effects were more likely to have
had a history of concussion than those in the eye-
predominant effects and brain-predominant effects groups
(=94, p=9.1e7%).

Concussion and brain-predominant visually

evoked effects are associated with worse
performance on saccadic, VOR,

and VMS repetitions

Concussed youth performed fewer repetitions than unin-
jured youth on multiple VVE metrics (Fig. 3). There was
a significant effect of visually evoked effects category in
concussed youth on horizontal (H=11.4, p=3.4e )
and vertical (H=20.0, p =4.4e73 ) saccades, horizontal

(H=13.5, p=1.2e"%) and vertical (H=12.8, p=1.7¢ )
VOR, and VMS (H=7.3, p=0.026) repetitions, but not
smooth pursuit repetitions (H=0.97, p=0.62) or near-
point convergence (H=1.6, p=0.44). Concussed youth
who experienced brain-predominant effects displayed
the worst performance on multiple VVE tasks.

Discussion

Our study identified a relationship between the experi-
ence of negative somatic effects evoked by flickering
light, the presence of concussion, and other characteris-
tics of concussive injury among a cohort of concussed
and uninjured adolescents. We found that participants ex-
posed to patterned flickering light differ along two pri-
mary axes: the presence or absence of evoked effects
and the degree to which these effects reflect predom-
inantly eye-localized or more constitutional ‘‘brain”’
effects.

Unsurprisingly, uninjured participants were most
likely to experience no effects. Nearly a third of the
uninjured and concussed groups experienced -eye-
predominant effects. The similar proportion in both
groups suggests that such effects may not be directly re-
lated to concussion, but rather evidence of a common pre-
morbid sensitivity. This is consistent with the finding that
24% of uninjured neurologically normal children present-
ing to an emergency department were found to have ab-
normalities in visio-vestibular testing.*?

Brain-predominant effects were uniquely associated
with concussion. These effects were also associated
with a greater symptom burden including multiple phys-
ical, fatigue, and cognitive post-concussion symptoms.
Those with brain-predominant effects also showed the
greatest deficits on visio-vestibular tasks that produced
rapidly changing visual and/or vestibular input, like a
flickering visual stimulus. Interestingly, the specificity
and sensitivity of saccadic and VOR repetitions for iden-
tifying concussion has been optimized at 20 repetitions.’
We measured 30 repetitions for both tasks and found that
only the brain-predominant group consistently had a
mean repetition count of less than 20 before symptoms
halted testing.
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FIG. 2. (a) Comparison of % of uninjured (gray)
and concussed (black) youth by visually evoked
effects category. (b) Median total Post-
Concussion Symptom Inventory (PCSI) values by
visually evoked effects category for uninjured
and concussion youth. Error bars represent 95%
confidence intervals by bootstrap analysis. “X"
indicates the single uninjured participant in the
brain-predominant effects category. Multiple
comparisons using the Tukey method found a
significant difference in total PCSI scores
between no effects and brain-predominant
effects categories (**p=3.0e ).

While there is some inherent ambiguity in separating
visually evoked effects into categories because their ori-
gins likely involve complex and intertwined neural path-
ways, the clusters are intriguing. Eye pain, tearing,
and conjunctival injection have been associated with

trigemino-vascular and trigemino-autonomic reflexes
that involve trigeminal nerve afferents and brainstem nu-
clei.® Visually evoked eye effects may not require further
activation beyond the reflex arch.

The presence of multiple symptoms across different
domains and impaired performance on multiple VVE
tasks supports the idea that visually evoked brain ef-
fects reflect broader neurological dysfunction. Indeed,
constitutional somatic sensations including headache,
dizziness, and nausea involve multiple cortical and sub-
cortical brain regions®' > and thus likely require contri-
butions from both bottom-up and top-down processes.

Communication between trigeminal reflexes and thala-
mocortical circuitry is bidirectional: activation of tri-
geminal afferents provides input to thalamocortical
circuits,® which has been used to explain the multiple
sensory and cognitive symptoms accompanying migrain-
ous headache.>® Thalamocortical circuits can also pro-
mote activation of trigeminal nociceptive pathways
through disruption of inhibitory descending pain modu-
lation and cortical spreading depression, which are also
both proposed to underlie post-traumatic headache.*~>®

Activation of trigeminal nociceptive pathways has
been extensively studied in migraine pathogenesis and
may help explain why there is symptom overlap between
migraine and concussion. 273 Indeed, multiple studies
have proposed a migrainous concussion phenotype that
has been associated with high symptom burden and pro-
longed recovery.**** The brain-predominant group in
our study reported elevation of headache and light and
sound sensitivity, which are cardinal features of mi-
graine.*> In addition, fatigue, dizziness, and cognitive
complaints are common in individuals with chronic
migraine.%’47

We did not find a significant difference in distribution
of visually evoked effects categories for youth with a
family or personal history of migraine. The higher per-
centage of participants with a family history of migraine
in the concussed participant group, however, may sug-
gest these individuals were predisposed to having symp-
toms necessitating concussion evaluation. Alternatively,
high symptom burden and impairment on VVE in the
brain effects category may simply reflect more wide-
spread neural dysfunction as opposed to a particular
concussion phenotype. Indeed, one of the most con-
sistent predictors of prolonged recovery is overall
symptom burden,?”*” and high correlation across all
symptoms is present even in studies that identified con-
cussion phenotypes.***8

Our study included youth who were between one
and 28 days post-concussion, yet biological mechanisms
of concussion, including post-traumatic trigeminal sen-
sory sensitivity, likely evolve within the first days to
weeks. 4?0 Interestingly, we did not find a relation-
ship between days post-concussion and visually evoked
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FIG. 3. Mean smooth pursuit repetitions, near perfect convergence (NPC), horizontal and vertical saccade
repetitions, horizontal and vertical vestibulo-ocular reflex (VOR) repetitions, and visual motion sensitivity
(VMS) repetitions for uninjured (gray) and concussed (black) youth. Light gray dotted line represents target
number of repetitions, or threshold for NPC insufficiency based on visio-vestibular examination criteria.
Error bars represent 95% confidence intervals by bootstrap analysis. “X” indicates the single uninjured
participant in the brain-predominant effects category.

effects (Table 2). Further research is needed to eluci-
date the relationship between migraine, concussion time
course, and visually evoked effects.

Conclusions and Future Directions

This study demonstrates an intriguing relationship be-
tween brain-predominant visually evoked effects, symp-
tom burden, and reduced visio-vestibular performance
after concussion. Although the study was limited by
retrospective design, these strong associations warrant
further exploration. The presence of visually evoked ef-
fects has great potential as an inexpensive, easily im-
plemented, real-time psychophysical metric that could

be used on the sideline of a sports field, the emergency
department, or outpatient setting to supplement other
concussion assessments.

Prospective longitudinal studies are needed to vali-
date this tool. It is not known whether visually evoked
effects are a prognostic indicator of prolonged recovery
or whether they can predict treatment response to dif-
ferent therapies. In addition, it should be determined
whether other neurological conditions like chronic
migraine are associated with visually evoked brain
effects. It may be that visually evoked brain effects
are a biomarker of broad activation of the trigeminal
nociceptive pathway across a range of neurological
conditions.
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