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Abstract.
BACKGROUND: The vestibular-ocular reflex (VOR) integrates the vestibular and ocular systems to maintain gaze during
head motion. This reflex is often negatively affected following sport-related concussion. Objective measures of gaze stability,
a function mediated by the VOR, such as the computerized dynamic visual acuity test (DVAT) and gaze stabilization test
(GST), may have utility in concussion management. However, normative data specific to sport, sex, or concussion history
have not been established in collegiate athletes.
OBJECTIVE: The objective of this study was to establish normative values for the DVAT and GST in collegiate athletes
and explore the effect of sport, sex, and concussion history on VOR assessments.
METHODS: The DVAT and GST were completed by 124 collegiate athletes (72 male, 52 female, mean ± SD, age:
19.71 ± 1.74 years, height: 173.99 ± 13.97 cm, weight: 80.06 ± 26.52 kg) recruited from Division-I athletic teams (foot-
ball, soccer and cheerleading). The DVAT and GST were performed in the rightward and leftward directions during a single
session in a standardized environment. Normative values for DVAT and GST measures were expressed as percentiles. Non-
parametric statistics were used to compare differences between groups based on sex, sport, and concussion history. Alpha
was set a-priori at 0.05.
RESULTS: Overall, the median LogMAR unit for 124 athletes completing the DVAT was 0 (IQR = 0.17) for both leftward
and rightward. The median velocities achieved on the GST were 145 ◦/sec and 150 ◦/sec (IQR = 45 and 40) for the leftward
and rightward directions respectively. Significant differences were observed between sports (p = 0.001–0.17) for the GST
with cheerleading demonstrating higher velocities than the other sports. However, no significant differences were identified
based on sex (p ≥ 0.09) or history of concussion (p ≥ 0.15).
CONCLUSIONS: Normative estimates for the DVAT and GST may assist in the clinical interpretation of outcomes when
used in post-concussion evaluation for collegiate athletes. Although sex and previous concussion history had no effect on the
DVAT or GST, performance on these measures may be influenced by type of sport. Sport-related differences in the GST may
reflect VOR adaptations based on individual sport-specific demands.
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1. Introduction

Sport-related concussions (SRC) present a signif-
icant public health burden [6, 7]. Although the true
number of these injuries remains unknown, it is clear
that the incidence of these injuries continues to rise
[6, 7, 20, 21]. SRCs are unique injuries because they
may not always be outwardly apparent and often rely
on the patient to report their experienced symptoms.
Self-reported symptoms are often used to help in the
evaluation and diagnosis of SRCs [20, 27], however,
clinical examinations that rely solely on the patient’s
self-reported symptoms are not ideal [9, 27, 31] as
they rely on the memory and biases of the individual
report and thus only tell one part of the concussion
story. With the increasing population at risk for SRC
the need for better recognition, management, and
treatment strategies is clearly needed.

One of the sensory systems commonly involved
following concussion is the vestibular system [2, 3,
9, 10, 12, 34]. Comprised of small sensory organs
in the inner ear, the brain stem, and cerebellum, the
vestibular system is responsible for both sensory and
motor function [10, 32, 34]. Through integration with
the ocular system, the vestibular-ocular reflex (VOR)
stabilizes retinal images during dynamic head motion
[3]. Following concussion, 60% of patients report
vestibular complaints while 30% report visual prob-
lems [19]. These complaints can result in a number
of symptoms including dizziness, blurred vision and
balance dysfunction [34]. Dizziness is one of the most
commonly reported symptoms with 67–77% of col-
legiate and high school athletes who have suffered
SRC reporting these symptoms [34]. Additionally,
the presence of dizziness in the acute phase follow-
ing SRC has been associated with a 6-fold greater
risk for a prolonged recovery (greater than 21 days)
[22]. Therefore, it is imperative that vestibular func-
tion be evaluated following SRC and that function
has returned to a level equivalent to that before the
injury was sustained, or returned to baseline before
an athlete returns to full athletic participation.

Assessments of vestibular function, specifically
the VOR, largely depend on the testing environment
that includes; the type of examination (on-field or
off), time availability, and resources. The Vestibular-
Ocular Motor Screen (VOMS) was developed to
serve as a brief clinical assessment tool to measure
symptoms in response to several domains of func-
tion [27] and serves as a screening tool developed
to identify the presence of oculomotor and vestibu-
lar deficits following concussion by assessing five

domains (smooth pursuits, horizontal and vertical
saccades, convergence, horizontal vestibular ocular
reflex and visual motion sensitivity). It also measures
the provocation of symptoms following each assess-
ment via self-report of dizziness, nausea, headache
and other related symptoms [27]. This test serves as
a brief assessment that can be administered on the
sideline to assess vestibular-ocular deficits following
concussion. While the VOMS has been shown to be a
useful clinical tool, the outcome of this test battery is
based on symptom reporting. Objective measures of
VOR function may further enhance post-concussion
evaluation by providing a performance-based mea-
sure to inform clinical decision making.

To address this gap, instrumented strategies that
objectively assess functional deficits that may exist
following SRC are the Dynamic Visual Acuity Test
(DVAT) and the Gaze Stabilization Test (GST).
To accurately measure VOR function, the DVAT
and GST require two baseline tests; the Base-
line Visual Acuity (BLVA) and Visual Processing
Time (VPT). The DVAT and GST may be used
to assess VOR function following head injuries,
specifically concussion and are able to discern or
identify corresponding deficits if they exist [8, 26].
Therefore, these assessments may serve as objective
clinical measures to monitor the VOR during SRC
management.

Current practice management strategies often lack
emphasis on the assessment of vestibular func-
tion following concussion. The DVAT and GST are
promising clinical tests that may enhance SRC eval-
uation for athletes with suspected VOR involvement.
There have been many investigations of these assess-
ment strategies in athletic populations that suggest
that these measures are reliable and valid [5, 14, 15,
18, 25, 28, 31, 33]. However, there is a lack of nor-
mative data in the athletic population using this more
recent technology; previous studies utilized older sys-
tems while the current investigation is one of the
first reported to use the Bertec® Vision Advantage™
(Bertec® Corporation, Columbus, Ohio, USA). Hav-
ing normative values for clinical tests that are specific
to the population a clinician is treating is critical
for situations where they are returning athletes to
participation without a baseline evaluation in these
measures. It is important that along with norma-
tive estimates, clinicians have evidence that helps
them understand the additional factors that may influ-
ence performance on objective VOR assessments.
Therefore, the primary purpose of this study was to
establish normative DVAT and GST values in col-
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legiate athletes. The secondary purpose of the study
was to explore the effect of sex, sport, concussion his-
tory, and baseline symptoms on the DVAT and GST
to determine if differences exist within subgroups of
athletes. The results of this study will provide base-
line, normative data on VOR functioning to enhance
the interpretation of these measures in clinical
practice.

2. Methods

A cross-sectional study design was used to estab-
lish normative estimates on the DVAT and GST in
collegiate athletes. Additionally, the effects of sex,
sport, concussion history, and baseline symptoms on
the DVAT and GST were evaluated to determine how
these variables may influence baseline assessments.
The dependent variables included DVAT and GST
scores.

2.1. Participants

All participants provided written informed consent
which was approved by the University Institutional
Review Board. Volunteers were eligible to partic-
ipate in the study if they were collegiate athletes
between the ages of 18–24, medically cleared to par-
ticipate in athletics without restrictions at the time
of data collection, and reported no history of neuro-
logical/vestibular disorders (excluding concussion),
motion sickness, vertigo, currently experiencing neck
pain, or limited cervical range of motion, or were cur-
rently using allergy medications. Participants were
recruited via access to the athletic departments and
athletic training departments. Recruitment for this
study placed a priority on football, soccer, and
cheerleading athletes due to the higher incidence of
concussion in these sports. Participants self-reported
concussion history. Participants who had corrected
vision were able to participate and completed testing
with corrected vision. Due to the athletic population,
athletes who needed vision correction wore contacts.

2.2. Instrumentation

The Bertec® Vision Advantage™ (Bertec® Corpo-
ration, Columbus, Ohio, USA) was used to administer
the DVAT and GST. The Bertec® Vision Advan-
tage system included a wireless inertial measurement
unit mounted in the center of the participant’s fore-
head using an elastic headband and a 15” Windows

laptop equipped with Bertec® Balance Advantage™
software. The inertial measurement unit was used
to quantify velocity and identify direction of head
rotation during the head turn trials, with a sampling
frequency of 175 Hz.

The measures of visual acuity were recorded in
Logarithm of the Minimum Angle of Resolution
(LogMAR) units. LogMAR units have replaced the
traditional Snellen chart and offers a more standard-
ized method of reporting visual acuity [11, 30]. The
logarithmic scale takes into account adjustments in
viewing distance during assessment and directly cor-
responds with the traditional Snellen chart [13]. The
LogMAR value of zero corresponds the 20/20 which
is also the standard for normal vision. The lower the
LogMAR, the greater the visual acuity. A negative
LogMAR unit represents better than 20/20 vision.

3. Procedures

Prior to testing, participants completed a demo-
graphic questionnaire. The questionnaire included
questions such as; age, height, weight, injury his-
tory, and previous concussion history. Participants
self-reported concussion history. The research per-
sonnel did not verify the diagnosis of the previous
concussion or how severe. Participants completed
self-report baseline symptom inventories using the
Post-Concussion Symptom Scale (PCSS) [24] and
the Dizziness Handicap Inventory (DHI) [17]. Next,
participants completed the DVAT and GST in a quiet,
well-lit, standardized testing room which was free
from distractions. The room set up was standardized
for continuity across testing dates and locations and
one assessor completed the assessments for all partic-
ipants. Participants were seated in a stationary chair,
8-feet away from a table of adjustable height with
a laptop. Based on each subject’s height the table
height was adjusted to ensure the best view of the
laptop screen.

3.1. Assessments

For each of the BLVA, VPT, DVAT and GST, the
software projected an optotype capital letter “E” on
the center of the laptop screen in black print against a
light blue background, as seen in Fig. 1. As the orien-
tation of the letter “E” changed, the participant was
responsible for verbally stating the orientation of the
open side of the “E” (left, right, up, or down) during
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Fig. 1. BVA set-up with participant seated 8-feet from laptop
screen.

each of the four tasks. The testing procedures required
two baseline assessments to measure BLVA and VPT
to individualize the dynamic assessments to the indi-
vidual being tested. These tests must be completed
before DVAT and GST may be performed. During
the BLVA, the optotype E appeared in varying sizes
to test visual acuity with the head still. For the VPT,
the optotype size remained constant while the time
the “E” remained on the screen varied to determine
processing time. These assessments were used to set
the parameters for the DVAT and GST.

3.1.1. Dynamic visual acuity test (DVAT)
The DVAT provided a measure of visual acuity

during a sustained head movement of 20◦ in each
direction, at a target velocity of approximately 100
◦/sec. The amount of time that the “E” was visi-
ble on the screen was based on the results of the
VPT. To complete the DVAT, the examiner moved
the participants head from left to right in the yaw
plane (left/right head rotation) at a target velocity of
100◦/sec on average, with a range of 15◦/sec above
or below the target velocity. The participant main-
tained their gaze on the screen and identified the “E”
in varying orientation and sizes. The optotype stim-
ulus presentation was adaptive such that it began at
a difficulty level based on individual subject baseline
measurements. Following correct subject responses,
the stimuli became smaller and more challenging.
Following incorrect responses, the stimuli became
larger and less challenging. Once the head was rotat-
ing at the appropriate speed the letter would appear.
The lowest optotype, or best level at which the par-
ticipant correctly identified the orientation of the “E”
at a rate of 60%, was identified as the cut-off point
in which the assessment ended and that was the
final score. This was completed on both the left and
right side. The DVAT, on other commercial comput-

erized systems, has demonstrated moderate to good
test-retest reliability in athletic populations with an
intraclass correlation coefficient of 0.770 in the yaw
plane [18].

3.1.2. Gaze stabilization test (GST)
For the GST, the test parameters included the

VPT value calculated in the baseline test, individ-
ual test direction (left or right), and optotype set at
0.2 LogMAR above their BLVA. To complete the
assessment the examiner moved the participants head
from left to right, in a reciprocating motion, 20◦ in
each direction, in the yaw plane. For this assessment,
the starting direction was randomly selected by the
software. Based on the population being assessed,
participants were tested using the high-performance
GST; testing velocity began at 120◦/sec, opposed
to the standard GST which begins at 80◦/sec and
does not reach velocities higher than 150◦/sec. The
velocity increased based on the individual’s ability to
accurately denote the orientation of the E at a constant
optotype. Once the participant was unable to success-
fully identify the orientation of the letter E correctly,
the highest rotational velocity the orientation of the
“E” was accurately identified at a rate of 60% was
used as the GST score. This was completed on both
the left and right side.

3.1.2.1. Statistical analysis. Distribution of the
DVAT and GST variables were examined with a
Kolmogorov-Smirnov non-parametric test (p > 0.05).
Results indicated that all variables were not normally
distributed. Therefore, non-parametric tests were uti-
lized for all statistical analyses. Descriptive statistics
including median, and interquartile range (IQR) were
used to describe DVAT and GST scores presented
in LogMAR units and ◦/sec respectively. Percentile
scores were calculated for each assessment.

Kruskal-Wallis tests were used to compare dif-
ferences across sports. When indicated, post-hoc
Mann-Whitney U tests were used to examine pair-
wise differences between sports (football, soccer,
cheerleading) and concussion history (0, 1, 2 or
more concussions). Additionally, Mann-Whitney U
tests were used to compare differences based on
sex (male, female) across all sports. Preliminary
analyses demonstrated lack of significant differ-
ences between sex, within sports, thus, sex was
explored across the entire cohort. Spearman’s rho
correlations were used to explore the relationship
between the time since the last concussion, baseline
symptoms, and DVAT and GST scores. Spearman’s
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Table 1
Descriptive Statistics for Subject Demographics, Patient Reported Outcomes, and Concussion History across Division-I Collegiate

Athletes Participating in Football, Soccer, and Cheer

Football (n = 44) Soccer (n = 45) Cheerleading (n = 35)

Sex 44 males 13 male, 32 female 15 male, 20 female
Age (years) 20.32 ± 1.44 18.91 ± 1.04 20.26 ± 1.38
Height (m) 1.86 ± 0.08 1.69 ± 0.08 1.65 ± 0.15
Mass (kg) 108.52 ± 18.49 63.87 ± 7.52 65.10 ± 20.33
Post-Concussion Symptom Scale (PCSS)- Severity 3.47 ± 6.12 3.77 ± 5.52 10.43 ± 16.20
Dizziness Handicap Inventory (DHI) 1.36 ± 6.26 0.49 ± 1.96 1.89 ± 3.18
History of Concussion 25 (56.8%) 14 (31.1%) 18 (51.4%)
Time since Last Concussion (months) 6.56 ± 31.47 5.84 ± 21.83 3.56 ± 15.09

correlations were interpreted as weak (r = 0.20–0.29),
moderate (r = 0.30–0.39), strong (r = 0.40–0.69) and
very strong (r ≥ 0.70) [4]. Alpha was set a-priori to
p < 0.05 for all analyses. IBM SPSS Statistics Version
25 (IBM, Corp., Armonk, NY, USA) was utilized for
all statistical analyses.

4. Results

A total of 124 athletes Division-I collegiate athletes
from two University athletic departments participated
in the study (Table 1). Participants were represen-
tative of intercollegiate sports including football
(n = 44), soccer (n = 45), and cheerleading (n = 35).
Cheerleaders reported higher symptom severity at
baseline (mean ± SD; 10.43 ± 16.20) than both foot-
ball (3.47 ± 6.12) and soccer (3.77 ± 5.52), however
perceived handicap as a result of dizziness was sim-
ilar across groups (range: 0.49–1.89). The results of
the PCSS and DHI suggest a relatively minimal to no
symptom burden for the sample. Within the sample,
26.6% reported a history of one concussion, 19.4%
reported a history of two or more concussions. There
was a range of 1–96 months (28.55 ± 24.61) since the
most recent concussion. Reported symptoms between
the athletes without a history of previous concus-
sion and with a history of previous concussion did
not differ, suggesting recovery of those with a previ-
ous concussion injury. One participant was unable to
complete the dynamic head movements due to lack
of neck range of motion and was removed from anal-
ysis. Two participants were unable to complete the
bilateral GST after experiencing dizziness with high
velocities but were included in the analysis. For these
participants the individual direction scores were used
for the direction that was completed because they did
not have results in each direction. However, these data
were considered valid because bilateral comparison
and asymmetries were not explored in the purpose of

this study. The percentile scores on DVAT LogMAR
units and GST ◦/sec in the rightward and left-
ward directions for all 124 athletes are displayed in
Table 2.

4.1. Effect of sex, sports participation and
concussion history

There were no significant differences based on sex
for any DVAT or GST variables (p ≥ 0.15, Table 3).
A significant main effect for sport was detected
for DVAT-R (p = 0.008), DVAT-L (0.009), and GST-
R (p = 0.010, Table 4). Cheerleading demonstrated
worse DVAT-L and DVAT-R scores compared to

Table 2
Distribution of DVAT (LogMAR) and GST (◦/sec) Percentile

Scores for All Participants

Percentile

Condition 5 10 25 50 75 90 95
DVAT-R 0.27 0.2 0.10 0 –0.07 –0.15 –0.19
DVAT-L 0.25 0.22 0.09 0 –0.07 –0.15 –0.20
GST-R 120 120 130 150 175 205 229
GST-L 120 120 130 145 170 205 231

Table 3
DVAT (LogMAR) and GST (◦/sec) Scores by Sex (median (IQR))

Male Female P-Value

DVAT- R 0 (0.15) 0 (0.17) 0.675
DVAT-L 0 (0.14) –0.03 (0.17) 0.757
GST-R 150 (50) 155 (40) 0.191
GST-L 140 (40) 150 (50) 0.275

Table 4
DVAT (LogMAR) and GST (◦/sec) Scores by Sport (median

(IQR))

Football Soccer Cheerleading P-Value

DVAT- R –0.03(0.20) 0 (0.15) 0.06 (0.16) 0.008
DVAT-L –0.03(0.14) –0.03 (0.13) 0.05 (0.24) 0.009
GST-R 150 (40) 145 (40) 157.5 (66) 0.010
GST-L 135 (50) 145 (35) 152.5 (66) 0.110
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Table 5
DVAT (LogMAR) and GST (◦/sec) Scores by Concussion

History (median (IQR))

No History of History of P-Value
Concussion Concussion

DVAT- R 0 (0.17) 0 (0.17) 0.738
DVAT-L –0.03 (0.85) 0 (0.70) 0.107
GST-R 150 (40) 150 (45) 0.819
GST-L 145 (35) 145 (50) 0.839

football (p = 0.007) and soccer (p = 0.006). Despite
worse DVAT scores, cheerleading demonstrated sig-
nificantly better GST (higher rotational velocities)
compared to soccer in GST-R (p = 0.003).

No significant differences were identified in any
DVAT or GST variables (p ≥ 0.107) based on history
of previous concussion (Table 5). Additionally, no
significant relationships were demonstrated between
the number of previous concussions and performance
on the DVAT and GST (rs ≤ 0.106, p ≥ 0.437). All
correlations between the time since last concussion
(in months) and the DVAT and GST variables were
weak and not statistically significant (rs ≤ 0.265,
p ≥ 0.053).

Similarly, the correlations between baseline symp-
toms and all other variables were weak and not
statistically significant. Specifically, there was no
relationship between the total DHI score and any of
the DVAT and GST variables (rs ≤ 0.165, p ≥ 0.068).
There were weak and not statistically significant rela-
tionships between the PCSS-symptom severity score
and DVAT and GST scores. Symptom scores were
collected prior to testing and were not repeated fol-
lowing testing.

5. Discussion

This study provides normative data for the DVAT
and GST in Division-I collegiate athletes. Addition-
ally, the effects of sex, sport, and concussion history
were explored to further understand factors which
may influence DVAT and GST performance. Norma-
tive estimates within this population were defined and
organized into percentiles. Despite the lack of statis-
tically significant differences in any of the variables
based on sex, there were differences based on sport.
Cheerleading demonstrated poorer dynamic visual
acuity and the fastest gaze stability velocities com-
pared to football and soccer athletes. Additionally,
it was determined that no significant differences in
DVAT and GST performance were present based on
concussion history and there were no significant rela-

tionships between self-reported baseline symptoms
and DVAT or GST performance.

Previous investigations in the literature support the
findings in this study and provide further information
that is useful for clinicians treating these popula-
tions following concussion. Additionally, uniqueness
of the performance in athletes has been highlighted.
Similar to what our data suggested, Massingale et
al., [25] demonstrated differences in gaze stability
velocities between elite baseball athletes and the gen-
eral population. Thus, normative values from healthy
individuals cannot be applied to athletic popula-
tions who have demonstrated superior performance,
even unique to sport, as demonstrated in the current
study.

Kaufman et al., examined the reliability of the
DVAT and GST in collegiate and high school foot-
ball athletes. While these computerized assessments
were completed on a different system, many of the
results from the first testing session follow the same
trends noted in the football cohort of the current study.
The results of the DVAT in the collegiate athlete group
were an average of –0.04 ± 0.13 LogMAR units com-
pared to the current group with a median performance
of –0.03(0.20) LogMAR units. Similarly, the GST
reported in the yaw plane was 187 ± 39 deg/sec com-
pared to a velocity of 147.5 deg/sec. The superior
performance reported in the previous investigation
may be attributed to the practice provided while
the current study did not include a familiarization
opportunity but rather reported on the initial perfor-
mance. Additionally, Kaufman et al. [18], completed
the DVAT at a different velocity than the current
study which in addition to the instrumentation, may
explain the slight variations. The GST scores pre-
sented in this study also closely match those presented
by Honaker et al. [14], in collegiate football athletes,
with mean velocities of 147 and 150 deg/sec, fur-
ther providing confidence in the results of the current
study.

Sport-related differences in DVAT and GST per-
formance may reflect VOR adaptations based on
the individual demands as a result of sport-specific
activities. While cheerleaders exhibited the fastest
rotational velocities on the GST, they demonstrated
the worst dynamic visual acuity evaluated using
the DVAT. This is supported by previous research
which demonstrated figure skaters’ sports-specific
adaptations in VOR function [1]. Additionally, differ-
ences in performance in DVAT have been identified
between athletes and non-athletes further identify-
ing the need for population specific norms [16].
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Between sport differences are important to acknowl-
edge when applying these results clinically so that
appropriate standards are used when assessing func-
tion of athletes from different sports participation.
While percentiles provide a general interpretation of
GST and DVAT norms in an athletic population, it is
apparent that these values may vary based on sport.

While there were no significant differences iden-
tified based on sex or concussion history, these are
both important findings with clinical application.
The lack of any differences based on sex poten-
tially suggests that these measures are not affected
by this biological factor. Thus, any observed dif-
ferences may be attributed to specific training, or
adaptations and habituation as a result of other activ-
ities. However, these results differ from previous
reports. Dunlap et al., found significant differences in
GST performance between sexes (p = 0.02, p = 0.01)
in individuals’ post-concussion [6]. Given the dif-
ferences in the populations examined, there may be
factors that contributed to the concussion and recov-
ery that explain these differences in performance by
sex. Similarly, there were no observed differences
based on concussion history or the number of pre-
viously experienced concussions and no significant
relationships between athletes who had a history of
one or more concussions and those without a his-
tory of concussion. It is important to note the wide
range of time since previous concussion and the low
level of symptoms in this group. With no differ-
ences between the group with a history of previous
concussion and those without a history of previous
concussion, it is possible that the group with previous
history of concussion has fully recovered from con-
cussion. Full recovery could include full resolution of
symptoms and returning to previous levels of com-
petition, making this a healthy cohort. While there
were not differences based on concussion history,
without understanding baseline performance, we are
unable to definitively conclude whether or not this
may demonstrate that athletes who have sustained a
concussion may regain GST and DVAT performance
within normal limits of their counterparts who have
not sustained a concussion. While the current study
did not evaluate asymmetries, a previous investiga-
tion of asymmetries elucidated differences based on
concussion history [14].

Finally, there were no notable relationships
between the self-report symptom scores on the PCSS
and DHI, and the DVAT and GST. This means that
self-reported symptoms and scores on functional
assessments at baseline are two independent mea-

sures without significant correlations. However, it is
important to recognize the potential bias introduced
using self-report measures in the current investiga-
tion. There was limited variability within the number
of symptoms reported and the overall severity or
symptom impact via the PCSS (mean: 5.67 ± 10.42).
Similarly, the DHI scores were low with very low
variability (≤1.89 ± 3.18). This low variability in
DHI scores was also evident in a cohort of football
athletes without a history of concussion (0.64 ± 1.70)
[14]. This may suggest that experienced symptoms
effect GST performance.

5.1. Limitations

This study is not without limitations. This study
explored the normative estimates of the DVAT and
GST using the Bertec® Vision Advantage™ sys-
tem and passive head movements. At the current
time, the reliability of the system has not yet been
explored. This presents a significant limitation for
the understanding of the system and its psychometric
properties. Additionally, the study explored the effect
of previous concussions on the assessment scores.
However, this presented a potential limitation as the
information regarding concussion history, number of
previous concussions, and time since concussion was
collected based on retrospective recall of the partic-
ipants. Thus, it is possible that this information was
susceptible to recall bias. Additionally, it is possible
that the athletes had previous concussions that were
unreported or undiagnosed, and athletes may have
experienced concussions that were not reflected in
the data collected.

The lack of generalizability of this study serves
as an additional limitation. Due to the limited num-
ber of sports included in this study and the identified
differences based on sports, these findings cannot be
generalized to other sports. However, these findings
provide clinical significance in the advancement of
concussion evaluation and management through the
definition of normative values and baseline function
in a specific athletic population. These data can be
used for comparisons if baseline data is not avail-
able for concussed individuals as they recover and
attempt to meet return to participation levels and cri-
teria. It is important to emphasize that these findings
are limited to baseline data and may not be general-
ized to post-concussion function. At this point, it is
not possible to determine how sport-specific differ-
ences will manifest post-concussion. Future research
should expand normative baseline measures to deter-
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mine if the same baseline benchmark values can be
used for other sports.

Further analyses within sport should be conducted
with information regarding handedness, position
played within their sport and other factors that
would allow for further stratification and analysis.
This information may provide explanation to better
understand more specific VOR adaptions based on
sport-specific activities. An additional limitation to
this study was that specific player position within
their sport was not recorded. Previous research has
identified that “position players” in football scored
higher than their lineman counterparts in an explo-
ration of gaze stability in football athletes [23, 29].
This exploration could be replicated within football
and other dynamic sports and activities.

5.2. Clinical implications

It has been well documented that the vestibular and
ocular systems are vulnerable to injury as a result of
concussions and the consequences manifest in func-
tional deficits as well as physical symptoms [2, 8, 19,
34]. It has also been recognized that current concus-
sion management practices lack quality assessments
of the vestibular system, most specifically the integra-
tion of the vestibular and ocular systems via the VOR
[26]. The normative data provided by this study are a
foundation for clinicians to interpret these measures
within collegiate athlete patient populations. Addi-
tionally, it also highlights the need for individualized
care and the recognition of sports participation and
its effect on these measures. Thus, athletes who com-
pete in sports with a higher rotary component may
require different return to participation values than
those who do not. For example, based on the cur-
rent findings, cheerleaders may require their GST to
return to a higher level compared to a football player
to ensure a safe return to that sport.

5.3. Future directions

While normative estimated for the DVAT and GST
have been reported based on a cohort of colligate ath-
letes, further research could expand these findings by
reporting on larger sample sizes with a wider vari-
ety of sports included. Additionally, these measures
should be used to evaluate athletes in the acute and
return to participation phases following SRC to better
understand the clinical recovery of gaze stabilization.

6. Conclusion

This study presents normative estimates on objec-
tive VOR testing in Division-I collegiate athletes
and the effect of different variables including, sex,
sports participation and concussion history on these
measures. Additionally, this study explored the
relationships between self-reported symptoms and
measures of dizziness and objective measures of
vestibular function. The results of this investigation
suggested that while there were no differences based
on sex or concussion history, there are differences
based on sports participation. Additionally, there
are no significant relationships at baseline between
self-reported symptoms and measures of function
at baseline. While baseline performance data are
not always available, the organization of normative
data, and understanding the effect of these variables
on performance, may provide clinicians with use-
ful information to inform decision making based
on post-injury data. Furthermore, contextual factors,
such as sex, concussion history, and baseline symp-
toms, do not appear to influence performance on these
assessments.
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