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ABSTRACT

Objective This cross-sectional study aimed to
investigate subjective and objective deficits of
neurocognitive function, balance and vestibulo-ocular
performance in athletes with sport-related concussion
(SRC) compared with healthy control athletes.

Methods 72 patients with SRC and 72 matched
healthy controls were included. All participants performed
computerised testing of neurocognitive function, device-
assisted balance testing and objective evaluation of
vestibulo-ocular function (video head impulse and dynamic
visual acuity test). Clinical symptom clusters (headache/
migraine, anxiety/mood, fatigue, cognitive, vestibular,
ocular) were determined for each patient using the

Sport Concussion Assessment Tool, 5th edition symptom
evaluation. Independent t-tests or Mann-Whitney U tests
were calculated to test for group differences in the whole
cohort and according to clinical symptom clusters.
Results When investigating the whole cohort, significant
differences between patients with SRC and control
subjects were found in one parameter of balance testing
(sway velocity double-firm), with lower performance

in the SRC group (p<0.001, r=0.345). The number of
symptom clusters assigned to the SRC patients ranged
from 0 (no definite cluster) to 6 (all clusters), and all
clusters were frequent in the investigated cohort. Patients
with vestibular, cognitive and fatigue symptom clusters
demonstrated significantly lower performance in balance
testing compared with SRC patients without those clusters
(p<0.001 to p=0.005, r=0.368-0.439). Additionally,

SRC patients presenting with symptoms of the fatigue
cluster demonstrated significantly worse performance

in vestibulo-ocular testing compared with SRC patients
without the fatigue cluster (p=0.006, d=0.781).
Conclusion SRC patients presented with variable
numbers and qualities of clinical symptom clusters.
Some subjective clusters were associated with abnormal
objective tests of other clusters (vestibular, cognitive and
fatigue with abnormal balance; and fatigue with abnormal
vestibulo-ocular performance). Clinical symptom clusters
and their overlap should be considered when examining
patients with SRC.

INTRODUCTION
Sportrelated concussion (SRC) is a
frequent injury with an estimated incidence

,' Rebecca Reeschke, Claus Reinsberger'??

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Neurocognitive function, balance and vestibulo-
ocular function can be impaired in patients with
sport-related concussion (SRC). Objective tests of
these functions may facilitate the diagnosis or mon-
itoring of recovery.

= Clinical symptom clusters can be used to systemat-
ically assess signs and symptoms in SRC patients,
including headache/migraine, fatigue, cognitive,
anxiety/mood, vestibular and ocular.

WHAT THIS STUDY ADDS

= The number and quality of symptom clusters varied
among SRC patients.

= Certain subjective symptom profiles were associat-
ed with impairments in objective tests. Specifically,
patients presenting with vestibular, cognitive and
fatigue symptom clusters showed worse perfor-
mance in balance testing, and patients with fatigue
symptoms showed decreased performance in tests
of vestibulo-ocular function.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Clinical symptom clusters and their overlap should
be considered when examining patients with SRC.

= Future research on neurocognitive, balance and
vestibulo-ocular testing should include clinical
symptom clusters to better account for the hetero-
geneity of SRC and gain a better understanding of
concussion profiles.

of 1.6-3.8million per year in the USA.
The clinical presentation of SRC is highly
heterogeneous. It can include a wide range
of clinical signs and symptoms, which may
affect the domains of headache/migraine,
fatigue, cognition, anxiety/mood, vestibular
or ocular.”” Due to the complexity and vari-
ability of the injury, the diagnosis of SRC is
challenging, and there is no objective clinical
test or marker that can be used in isolation
to diagnose concussion.” Therefore, a multi-
modal assessment that covers all potentially
affected domains is recommended.”™
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One commonly affected domain is neurocognitive
functioning, which may include deficits in reaction
time, memory or executive function.*® Many patients
also present with balance problems and/or impaired
vestibulo-ocular function, for example, objectively mani-
fested in changes in the vestibulo-ocular reflex (VOR).78
Objective tests of these functions (eg, neurocognitive test
batteries, computerised vestibulo-ocular tests, objective
balance tests) can be used in addition to the clinical
examination and may aid in facilitating the diagnosis or
monitoring recovery. However, a single test may not be
able to discriminate between SRC and healthy athletes, as
patients may not be affected in all domains.

In this context, grouping symptoms according to
clinical profiles may facilitate a systematic evaluation
of symptoms. These clinical profiles may include the
symptom clusters headache/migraine, fatigue, cognitive,
anxiety/mood, vestibular or ocular.> While some patients
present with a single cluster only, SRC is more commonly
associated with a combination of several clusters.” ’
Recognition of these symptom clusters can potentially
help to develop a more targeted assessment and treat-
ment of symptoms.” ' Especially for athletes, this could
be highly important and may contribute to optimising
management and rehabilitation outcomes, for example,
during the return-to-sport process. It has already been
shown that certain symptom profiles are associated with
a longer duration of symptoms or recovery,'' " but the
specific symptom clusters related to symptom/recovery
duration differed between studies. Different risk factors
may also be associated with specific symptom clusters.'*
Investigating SRC-related impairments specifically for
patients presenting with certain symptom clusters could
therefore provide more information than investigating
the whole cohort of patients. Additionally, it may provide
insight into the relationship and dependency of different
clinical clusters.

Therefore, this study investigates whether neurocogni-
tive function, balance, and vestibulo-ocular performance
are impaired in athletes with SRC, depending on clinical
symptom clusters.

METHODS

For this study, clinical data of athletes with SRC presenting
to the Institute of Sports Medicine at Paderborn Univer-
sity between 2017 and 2023 were analysed retrospectively.
Data were organised and derived from a Research Elec-
tronic Data Capture (REDCap) database' containing
records from athletes examined after SRC and healthy
athletes who underwent concussion baseline testing.

Participants

Patients with SRC and healthy control participants were
included in the study. All participants provided informed
consent prior to data collection. SRC patients were
included if they had a clinical diagnosis of concussion,
if they regularly participated in sports, and underwent at
least one objective test of the concussion testing battery.

A neurologist made the concussion diagnosis according
to the criteria of the Concussion in Sport Group.” Each
SRC patient was matched with one healthy control subject
based on sex, age and, if possible, type of sport.

Tests and outcomes

All participants’ demographic characteristics (age,
height, weight, previous SRC, type of sport) were
self-reported and assessed using questionnaires.
Additionally, the number of days between injury and
assessment was determined for the SRC patients.

Self-reported symptoms were assessed using the
symptom inventory of the Sport Concussion Assessment
Tool, 5th edition (SCAT-5).'® The symptom checklist
consisted of 22 items that were rated by the participant
on a 7-point Likert scale ranging from 0 (none) to 6
(severe). The number (0-22) and severity (0-132) of
symptoms were analysed as outcomes.

For the evaluation of neurocognitive functions, a
computerised test battery (CNS Vital Signs (CNSVS),
Morrisville, North Carolina, USA) was administered.”
The test battery involves seven clinically validated tests
(Verbal Memory, Visual Memory, Finger Tapping,
Symbol Digit Coding, Stroop, Shifting Attention and
Continuous Performance) that result in 11 raw domain
scores,17 8 Wwhich were used as outcome measures in
this study. The CNSVS scores were reported to be reli-
able and comparable to traditional neuropsychological
tests and other computerised test batteries.'’

Balance was measured using the Stability-Evaluation-
Test (SET), a computerised balance test performed on
a static force plate (VSR Sport, NeuroCom, Clackamas,
Oregon, USA). The SET has shown good to excel-
lent test-retest reliability.'? It consists of three stances
(double-leg-stance, single-leg-stance, tandem-stance)
that are first carried out on the force plate only (firm
condition) and second with an additional foam pad
(foam condition). Participants were instructed to stand
as motionless as possible for 20s in each condition, with
eyes closed and hands on the hips. The analysed param-
eters were the sway velocities (°/s) for all six conditions
and a composite score.

The vestibulo-ocular function was assessed by video
head impulse tests (vHIT)*" *' using the ICS Impulse
System  (Otometrics, Taastrup, Denmark). Head
movements were performed in three test directions
(lateral, left-anterior to right-posterior (LARP), right-
anterior to left-posterior (RALP)). Head impulses were
performed at a velocity of 120°/s-250° /s for horizontal
and 100°/s-250°/s for vertical impulses, with an angle
of 10°-20°. The quotient of eye and head velocity
results in the test outcome VOR-gain, which can be
displayed for all six semicircular canals. The VOR-gain
has demonstrated good reliability.”*** This study calcu-
lated average values for the lateral, LARP and RALP
test directions as outcome parameters.

The dynamic visual acuity test (DVAT) was performed
as another test of VOR function using the InVision
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system (Neurocom). Participants first completed a
test for static visual acuity, followed by the DVAT
during active head movements. Head movements
were performed in the lateral testing direction (move-
ments from left to right). Velocity and angle of head
movements were predefined to 85°/s-120°/s and 20°,
respectively. Head movements were captured with the
InVision head tracker and visual feedback was provided
to ensure correct execution. The DVAT has shown good
reliability and sensitivity for vestibular deficits.** *> As a
DVAT outcome, the DVA loss (logMAR) was analysed,
which represents the difference between static and
dynamic visual acuity.

Overall, 22 outcomes from the neurocognitive,
balance and vestibulo-ocular tests were analysed.

Symptom clusters
Clinical symptom clusters were determined for each
patient using the SCAT-5 symptom evaluation. Symptom
clusters were based on the clinical profiles described by
Harmon et al.® The symptom clusters, including the indi-
vidual symptoms associated with each cluster, are shown
in table 1. As the clinical profiles overlap, some symptoms
belong to one cluster only (eg, sadness), while others are
attributed to several or all clusters (eg, don’t feel right).
For each patient, a sum score and average score were
calculated for all symptom clusters using the symptom
severity scores of the SCAT-5. All clusters where the
patient had an average score lower than the control
group’s mean were excluded from assigning clusters to
the patient. Like this, the clusters in which the patient

Table 1 Symptom clusters based on Harmon et a/?

Headache/migraine  Anxiety/mood Fatigue

Cognitive

Vestibular Ocular

Headache Headache

Pressure in head

Headache

Pressure in head Pressure in head

Neck pain Neck pain Neck pain

Nausea or vomiting Nausea or vomiting Nausea or vomiting

Dizziness Dizziness Dizziness

Blurred vision Blurred vision Blurred vision

Balance problems  Balance problems  Balance problems

Sensitivity to light Sensitivity to light Sensitivity to light

Sensitivity to noise  Sensitivity to noise  Sensitivity to noise

Feeling slowed
down

Feeling slowed
down

Feeling slowed down

Feeling like ‘in a fog’ Feeling like ‘in a fog’ Feeling like ‘in a fog’

Don’t feel right Don’t feel right Don’t feel right

Difficulty Difficulty Difficulty
concentrating concentrating concentrating
Difficulty Difficulty Difficulty

remembering remembering remembering

Fatigue or low Fatigue or low Fatigue or low energy

energy energy
Confusion Confusion Confusion
Drowsiness Drowsiness Drowsiness

More emotional More emotional More emotional

Irritability Irritability Irritability

Sadness Sadness Sadness

Nervous or anxious Nervous or anxious

Trouble falling
asleep

Nervous or anxious

Trouble falling
asleep

Headache

Pressure in head
Neck pain

Nausea or vomiting
Dizziness

Blurred vision
Balance problems
Sensitivity to light
Sensitivity to noise
Feeling slowed down

Feeling like ‘in a fog’
Don’t feel right

remembering
Fatigue or low energy

More emotional
Irritability

Sadness

Nervous or anxious
Trouble falling asleep Trouble falling asleep

Headache
Pressure in head

Headache

Pressure in head
Neck pain Neck pain
Nausea or vomiting  Nausea or vomiting
Dizziness Dizziness
Blurred vision Blurred vision
Balance problems Balance problems
Sensitivity to light Sensitivity to light
Sensitivity to noise Sensitivity to noise

Feeling slowed down Feeling slowed down

Feeling like ‘in a fog’ Feeling like ‘in a fog’

Don’t feel right Don’t feel right

Difficulty Difficulty Difficulty
concentrating concentrating concentrating
Difficulty Difficulty Difficulty

remembering remembering

Fatigue or low energy Fatigue or low

energy
Confusion Confusion Confusion
Drowsiness Drowsiness Drowsiness

More emotional More emotional

Irritability Irritability
Sadness Sadness
Nervous or anxious

Trouble falling asleep

Nervous or anxious
Trouble falling asleep

Clinical profiles and associated symptoms of the Sport Concussion Assessment Tool (SCAT-5) symptom evaluation based on Harmon

etal?
Symptoms can be assigned to a single, multiple or all six clusters.

All symptoms of the SCAT-5 symptom form are listed in each column. Symptoms written in black font are assigned to the
corresponding cluster. Symptoms written in grey font are not assigned to the corresponding cluster.
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reported no or very few symptoms were eliminated. In
the next step, the remaining clusters were excluded if the
average value was lower than the overall symptom average
of the respective patient to ensure that only clusters with
relatively high symptom reporting were selected. Using
this procedure, patients could be assigned to zero to six
clusters, consistent with the theoretical assumptions that
patients may present with no definite clinical profile, a
single clinical profile or multiple profiles.?’ The steps in
assigning clusters to SRC patients are illustrated in a flow
diagram (online supplemental figure S1).

Statistical analysis

All data were tested for normal distribution using the
Shapiro-Wilk test. Additionally, the data were checked for
associations between potentially confounding intrinsic
variables (sex, presence of previous concussion, days
between SRC and assessment) and any of the investigated
outcomes. To test for group differences between the
SRC and control group in demographics (age, height,
weight), symptoms (symptom sum, symptom severity)
and outcomes of neurocognitive, balance and vestibulo-
ocular tests, independent t-tests for normally distributed
variables and Mann-Whitney U tests for non-normally
distributed variables were calculated. For neurocogni-
tive, balance and vestibulo-ocular outcomes, tests were
performed for the whole group and specifically for each
symptom cluster. For each cluster, SRC patients assigned
to that cluster were first compared with their matched
controls and second to SRC patients without the respec-
tive cluster. Additionally, Spearman correlation was
calculated to investigate the relationship between the
neurocognitive, balance and vestibulo-ocular parameters
and the symptom sum scores of each cluster (the sum of
the symptom severity ratings of all symptoms assigned to
the cluster).

To correct for multiple comparisons, Bonferroni
correction was applied. Therefore, the level of signifi-
cance was set at p<0.025 for SCAT-5 parameters, p<0.0045
for CNSVS items, p<0.007 for SET data, p<0.017 for vHIT
gain and p<0.05 for DVAT parameters. Effect sizes were
determined by Cohen’s d or r (calculated as r=2/v/N
). Effect sizes of 0.2, 0.5 and 0.8 (Cohen’s d) and 0.1,
0.3 and 0.5 (r) correspond to small, medium or large
effects, respectively.”® The results of independent t-tests
are reported as: t(df), p value, effect size Cohen’s d; the
results of Mann-Whitney U tests are reported as: U, z, p
value, effect size r; and the results of Spearman correla-
tions are reported as: Spearman correlation coefficient
r, p value. Not all participants had complete data for all
tests. Reasons for this included the omission of certain
tests in early data collection, participants discontinuing
tests due to symptoms, and some participants not under-
going all testing conditions. Therefore, the number of
analysed participants (n) is reported for each outcome in
the results tables. All statistical analyses were performed
using IBM SPSS Statistics V.29.0 (IBM, Armonk, New
York).

RESULTS

72 athletes with SRC (men: n=61, women: n=11) and 72
matched healthy controls (men: n=61, women: n=11)
were included. Demographic characteristics of the SRC
and the control group are displayed in table 2. There
were no significant differences in age (U=2548, z=—0.176,
p=0.860), height (t(140)=-0.817, p=0.415) or weight
(t(71)=-1.085, p=0.282) between the groups. Online
supplemental table S1 displays demographic data sepa-
rately for males and females. We found no significant
differences between males and females and between
individuals with and without previous concussions in any
outcome of neurocognitive, balance and vestibulo-ocular
testing. There was a significant correlation between ‘days
between SRC and assessment’ and one parameter of
balance testing (single-firm: r =0.369, p=0.004), but not
with any other outcome.

Whole cohort analysis

Patients with SRC reported a significantly higher number
of symptoms (median (Mdn)=11.5, IQR=10.0) compared
with controls (Mdn=5.0, IQR=8.0; U=780.5, z=-5.022,
p<0.001, r=0.464). Symptom severity was also significantly
higher in the SRC (Mdn=19.5, IQR=29.0) than in the
control group (Mdn=7.0, IQR=12.0; U=784.5, z=—4.994,

Table 2 Demographic characteristics of the SRC group
and the control group

SRC Control
(n=72) (n=72)
Mean (SD)
Min-max
Age (years) 23.0 (5.6) 22.9 (5.3)
13-34 13-37
Height (cm) 184.4 (12.4) 182.8 (10.9)
155-215 149-209
Weight (kg) 79.8 (15.4) 75.4 (17.1)
45-113 37-115
Days between SRC and  18.7 (51.2) n.a.
assessment 1-388
n (%)

Previous SRC
Yes 40 (55.6%)
No 22 (30.6%)

21 (29.2%)
43 (59.7%)

No information 10 (13.9%) 8 (11.1%)
Type of sport

Soccer 38 (52.8%) 49 (68.1%)

Basketball 16 (22.2%) 15 (20.8%)

Handball 5 (6.9%) 2 (2.8%)

American football 3 (4.2%) 0 (0%)

Ice hockey 3 (4.2%) 0 (0%)

Other 7 (9.7%) 6 (8.3%)

SRC, sport-related concussion.
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Table 3 Symptoms (SCAT-5 symptom inventory), neurocognitive function (CNS Vital Signs), balance (Stability-Evaluation-
Test) and vestibulo-ocular function (video head impulse test and dynamic visual acuity test) for the SRC group compared with

the control group

Test Outcome n (SRC/control) SRC Control P value
Median (IQR)
SCAT-5 symptom Number of symptoms* 64/53 11.5 (10.0) 5.0 (8.0) <0.001t%
inventory Symptom severity* 19.5 (29.0) 7.0 (12.0) <0.001tt
Mean (SD)

CNS Vital Signs Composite memory 53/47 97.1 (8.1) 98.6 (8.5) 0.311%
Verbal memory 51.4 (4.4) 51.9 (4.4) 0.471%
Visual memory 45.7 (5.4) 46.6 (5.8) 0.414§
Psychomotor speed 186.5 (16.7) 195.9 (21.3) 0.026%
Reaction time* 627.6 (99.8) 588.8 (61.1) 0.028%
Complex attention* 7.8 (6.0) 8.5 (6.4) 0.515%
Cognitive flexibility 49.9 (10.7) 48.8 (11.1) 0.661%
Processing speed 59.4 (9.4) 60.2 (12.3) 0.777%
Executive function 51.4 (10.1) 50.9 (10.3) 0.871%
Simple attention 38.9 (1.6) 39.2 (1.3) 0.230%
Motor speed 125.7 (14.5) 133.9 (14.1) 0.005§

Stability-Evaluation-Test ~ Sway double-firm* 63/63 0.87 (0.40) 0.66 (0.17) <0.001t%
Sway single-firm* 2.04 (1.12) 2.08 (0.81) 0.098%
Sway tandem-firm* 1.77 (1.12) 1.48 (0.53) 0.241%
Sway double-foam* 2.13 (0.84) 2.07 (0.53) 0.725%
Sway single-foam* 4.50 (2.07) 4.18 (1.65) 0.596%
Sway tandem-foam* 4.36 (2.90) 4.72 (2.87) 0.382%
Sway composite* 2.61(1.08) 2.56 (0.81) 0.805%

Video head impulse test  VOR-gain lateral 67/64 0.95 (0.06) 0.96 (0.05) 0.255%
VOR-gain LARP 62/65 0.89 (0.06) 0.89 (0.09) 0.9788§
VOR-gain RALP 60/65 0.92 (0.09) 0.93 (0.09) 0.259§

Dynamic visual acuity test DVA loss lateral* 51/52 0.15 (0.08) 0.15 (0.10) 0.7808§

All values are presented as median (IQR) or mean (SD).

n: number of analysed participants for each outcome in the SRC and control group.

*Lower values indicate better scores.

TSignificant differences between SRC group and control group after correcting for multiple comparisons (p<0.025 for SCAT-5 symptom
inventory, p<0.0045 for CNS Vital Signs, p<0.007 for Stability-Evaluation-Test, p<0.017 for video head impulse test and p<0.05 for dynamic

visual acuity test parameters).
FMann-Whitney U test.
§Independent t-test.

SCAT-5, Sport Concussion Assessment Tool, 5th edition; SRC, sport-related concussion.

p<0.001, r=0.462) (table 3). The most frequent SRC
symptom was ‘fatigue’ (reported by 84.4%), followed by
‘pressure in head’ (81.3%) and ‘headache’ (79.7%).

Results of neurocognitive, balance, and vestibulo-ocular
testings are presented in table 3. The SRC group showed
significantly worse performance compared with control
participants in the neurocognitive domains psychomotor
speed, reaction time and motor speed, but this did not
stay significant after correcting for multiple comparisons
(psychomotor speed: U=924, z=-2.221, p=0.026, r=0.222;
reaction time: U=928, z=-2.193, p=0.028, r=0.219; motor
speed: t(98)=2.868, p=0.005, d=0.575).

In balance testing, patients with SRC demonstrated
significantly higher sway values than control partici-
pants in the double-firm condition (U=1203, z=-3.868,
p<0.001, r=0.345).

There were no significant differences between the SRC
and control group for any vestibulo-ocular parameter.

Symptom clusters analysis

The SCAT-5 symptom evaluation was completed by 64
SRC patients. 9 patients could not be assigned to a defi-
nite symptom cluster (14%), 8 patients demonstrated
symptoms in one cluster (13%), 11 in two clusters (17%),
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11 in three clusters (17%), 14 in four clusters (22%),
6 in five clusters (9%) and 5 patients in all six clusters
(8%). The most frequent cluster was anxiety/mood with
33 patients reporting symptoms of this cluster, followed
by headache/migraine, fatigue, vestibular (each n=32),
cognitive (n=30) and ocular (n=20). The most frequent
combinations of clusters were anxiety/mood-fatigue
(SRC patients presenting with both clusters: n=28),
cognitive-vestibular (n=27), fatigue-vestibular (n=23)
and fatigue-cognitive (n=22). A detailed description of
the combinations and overlap of clusters can be found in
online supplemental table S2.

Results of pairwise comparisons between SRC patients
within a cluster and their matched controls, pairwise
comparisons between SRC patients within a cluster
and SRC patients without the cluster, and Spearman
correlations between symptom cluster sum scores and
test performance are presented in online supplemental
tables S3-Sb.

In neurocognitive testing, SRC patients presenting
with symptoms of the anxiety/mood cluster demon-
strated significantly lower motor speed scores than their
matched controls (t(44)=3.511, p=0.001, d=1.039). No
significant neuropsychological differences were detected
between patients of a particular cluster and patients
without this cluster.

When investigating balance, patients within the clus-
ters anxiety/mood (U=275, z=—-2.936, p=0.003, r=0.373),
fatigue (U=199, z=—2.907, p=0.004, r=0.396), vestibular
(U=248, z=—2.724, p=0.006, r=0.358) and ocular (U=71.5,
z=-2.897, p=0.004, r=0.483) demonstrated significantly
higher sway velocities in the double-firm condition
compared with their respective control group (online
supplemental table S3). When compared with SRC
patients without the respective cluster, there were signif-
icant differences in balance outcomes for SRC patients
with symptoms in the vestibular cluster (single-firm:
U=199, z=-3.314, p<0.001, r=0.439; single-foam: U=215.5,
z=-3.042, p=0.002, r=0.403; composite score: U=199.5,
z=-3.297, p<0.001, r=0.437), fatigue cluster (single-foam:
U=208, z=-3.150, p=0.002, r=0.417; composite score:
U=212, z=-3.085, p=0.002, r=0.409) and cognitive cluster
(single-foam: U=229.5, z=-2.781, p=0.005, r=0.368;
composite score: U=204, z=-3.189, p=0.001, r=0.422)
(online supplemental table S4). Additionally, significantly
positive correlations between sway velocity in single-foam
and the symptom sum scores of all six symptom clusters
with large correlations for fatigue (r=0.505, p<0.001)
and vestibular (r=0.503, p<0.001), were detected. Sway
composite scores correlated significantly with symptom
cluster sum scores of all clusters except for headache/
migraine (online supplemental table S5).

Patients with the fatigue cluster demonstrated the
lowest VOR-gain values of all clusters. No significant differ-
ences existed between the SRC and control groups in any
cluster, but significant differences were found between
patients with the fatigue cluster and patients without the
fatigue cluster in VOR-gain LARP (t(53)=2.873, p=0.006,

d=0.781). No significant correlations between vHIT
parameters and symptom sum scores were found.

Correlation analysis revealed significant positive
correlations between DVA loss and symptom sum scores
of the fatigue cluster (r=0.298, p=0.047) and cognitive
cluster (r=0.335, p= 0024) while no differences were
found in the respective pairwise comparisons.

DISCUSSION

This study investigated whether neurocognitive function,
balance, and vestibulo-ocular performance are impaired
in athletes with SRC, depending on clinical symptom
clusters. For the whole cohort of patients, we found signif-
icant differences between SRC and control subjects in the
double-firm condition of balance testing only. Patients
with the vestibular, cognitive and fatigue symptom clus-
ters demonstrated significantly lower performance in
balance testing than SRC patients without the respective
cluster. Also, SRC patients presenting with symptoms
of the fatigue cluster demonstrated significantly worse
values in vestibulo-ocular testing compared with SRC
patients without the fatigue cluster.

Whole cohort analysis
Analysing the whole cohort of SRC patients, only balance
testing in the double-firm condition revealed significantly
worse performance in patients than in matched control
subjects. Higher postural sway in five balance parameters
failed to reach significance, but overall, it may contribute
to the assumption that postural control is predominantly
impaired in athletes with SRC. Regardless of clinical
symptoms, this observation may align with previous
studies showing lower performance in balance tests in
concussed athletes compared with healthy athletes.”” ™
Computerised testing of the whole SRC cohort revealed
a trend towards significance of SRC-associated decrease
in motor speed, psychomotor speed and reaction time.
Reduced psychomotor speed has been reported to be one
of the most relevant domains for traumatic brain injury'®
and several studies found decreased performance in
psychomotor speed and reaction time in patients with mild
traumatic brain injury.”' * Our cross-sectional analysis may
have failed to produce significant differences due to the
potentially low effect size in this cohort, the relatively mildly
affected patients (SCAT-5 symptom severity Mdn=19.5), or
the relatively long time between injury and assessment.
Similarly, no significant differences in vestibulo-ocular
tests were found when all SRC patients were analysed.
Previous studies had reported heterogeneous results
regarding vHIT and DVAT in concussion patients.*’
However, studies examining patients with persistent
symptoms™ or balance problems®” have described abnor-
malities in vestibulo-ocular tests, which might suggest
that these tests are more sensitive in patients with more
severe or persistent symptoms than in our cohort.

Symptom clusters analysis
To investigate the specificity of objective test results with
respect to clinical presentation, patients were grouped
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according to clinical symptom clusters. The number of
clusters in our cohort of patients ranged from 0 (no defi-
nite cluster) to 6 (all clusters). This confirms that patients
may present with one clinical profile, but more often with
symptoms of multiple profiles that may overlap.?'” The
six clusters were represented relatively equally among
patients with anxiety/mood, headache/migraine, fatigue
and vestibular, shown in 30-33 patients and ocular as
the least frequent clinical cluster (20 patients). There-
fore, assessing all potentially affected clinical domains is
recommended for the assessment of SRC.

Patients with symptoms within the vestibular cluster
demonstrated considerably poorer balance perfor-
mance in the SET, as indicated by significant differences
to controls in doublefirm (in comparison to control
subjects) and in single-firm, single-foam and composite
score (in comparison to SRC patients without vestibular
symptoms), confirming the contribution of the vestibular
system to balance performance. Significant differences
in balance testing were also found in the SRC groups
with cognitive and fatigue clusters (compared with SRC
patients without symptoms in the respective cluster).
Although these results might be less expected, the rela-
tionship between fatigue and balance,” and between
cognition and balance,” has already been shown in other
populations. As recommended in the latest SRC guide-
line, a broader application of dual task testing for balance
and cognition may further elucidate this connection and
overlap of different clusters.”

Furthermore, SRC patients with the fatigue cluster
demonstrated significant differences from patients
without the fatigue cluster in vestibular testing (VOR-gain
LARP) and an almost significant correlation between the
fatigue symptom sum score and VOR-gain LARP. In addi-
tion, higher fatigue symptoms correlated significantly
with higher DVA loss. Both lower VOR-gain and higher
DVA loss indicate poorer VOR function, which can be
impaired after a concussion due to disruptions of the
central or peripheral vestibular system.” * On the one
hand, it might be surprising that VOR the function may
not correlate with high symptom scores of the ocular and/
or vestibular cluster. On the other hand, the correlation
of fatigue with vestibular performance has already been
described in patients with other neurological diseases
like multiple sclerosis* and should not be overlooked
in the clinical assessment of athletes with SRC. Further-
more, patients with affection of the anxiety/mood cluster
may also be evaluated carefully in other clusters, as motor
speed and balance were also reduced in these patients.

Overall, these results confirm that the presentation of
SRC can beveryvariable, and notevery patient may present
with abnormalities in all clinical areas. Although some
tests may have been impaired across several clusters (eg,
sway double-firm) and could therefore be potentially suit-
able for screening purposes, establishing the full clinical
picture of SRC requires an assessment of all clusters. The
results further emphasise that it is important to consider
the overlapping of clinical clusters/profiles, for example,

fatigue symptom cluster and vestibulo-ocular function.
Therefore, all domains should be investigated initially,
and based on this, further examinations or targeted reha-
bilitation strategies can possibly be initiated. For example,
individualised cognitive-motor training could be applied
to target the symptoms/domains affected in the patient.
This may be based on the specific deficits found in the
assessment, for example, exercises combining specific
cognitive domains with coordination/balance demands
for patients presenting with a combination of cognitive
and vestibular profiles.

Limitations

Several limitations of this study have to be considered.
The included cohort of patients was heterogeneous,
especially regarding symptom severity and time between
injury and examination, which was not considered in
the statistical analysis. This could influence the results,
as SRC-related symptoms can improve quickly, and tests
are most sensitive in the first 72 hours.? Furthermore,
influencing factors such as performance level could not
be controlled for in matching, but could also affect the
investigated functions.”” ** Future studies are necessary
to confirm the reported results using larger datasets
and controlling for possible confounders, such as the
number of days between injury and assessments. Addi-
tionally, the study included a high number of outcomes
and comparisons. Although the Bonferroni correction
was applied to correct for multiple comparisons, this also
resulted in small alpha levels and decreased statistical
power. Finally, baseline data were not available for most
patients. However, performance is individual,” ** and
even though the control group was matched as accurately
as possible, the comparison to individual baseline values
could provide more insights than the comparison to a
control group.

CONCLUSION

This study investigated neurocognitive function, balance
and vestibulo-ocular performance in athletes with SRC,
specifically focusing on clinical symptom clusters. The
included SRC patients presented with variable numbers
and types of clinical symptom clusters. When analysing
the whole cohort (regardless of symptom clusters), only
balance testing in the doublefirm condition revealed
significantly lower performance in SRC patients than in
matched control subjects. When analysing symptom clus-
ters specifically, certain subjective clusters were associated
with abnormal objective tests of other clusters (vestibular,
cognitive and fatigue symptom profiles with abnormal
balance; and fatigue symptom profiles with abnormal
vestibulo-ocular performance). The results of the study
confirm the heterogeneous clinical presentation of SRC
and emphasise the importance of considering clinical
profiles and their overlap in the assessment and treat-
ment of SRC.
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