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Abstract.

BACKGROUND: Disruption of visual-vestibular interaction after concussion can cause gaze instability with head move-
ments. The long-term impact of concussion on gaze stability is unknown.

OBJECTIVE: This cross-sectional comparative pilot study examined gaze stability in the chronic stage after concussion
(greater than one year). A secondary objective was to examine the relationship between gaze stability and sleep.
METHODS: Outcome measures included: 1. Gaze stability in logMAR (mean loss of dynamic visual acuity (DVA) in
the yaw and pitch planes); 2. Pittsburgh Sleep Quality Index (PSQI); 3. Epworth Sleepiness Scale (ESS). Post-Concussion
Symptom Scale (PCSS), time since injury, and number of concussions were collected for the people with concussion.
RESULTS: The study sample included thirty-four adults (mean age 23.35 4 1.3 years). Seventeen had a history of 1-9
concussions, with a mean duration of 4.4+ 1.9 years since last concussion; and 17 were age and sex-matched controls.
Mean pitch plane DVA loss was greater in the concussion group compared to the control group (p =0.04). Participants with
previous concussion had lower sleep quality based on the PSQI (p=0.01) and increased daytime sleepiness based on the
ESS (p=0.01) compared to healthy controls. Mean DVA loss in the pitch plane was significantly correlated with the PSQI
(r=0.43, p=0.01) and the ESS (r=0.41, p=0.02).

CONCLUSION: Significant differences in dynamic visual acuity may be found in young adults long after a concussion,
compared with those who have no concussion history. Furthermore, loss of dynamic visual acuity was associated with poorer
sleep quality and higher daytime sleepiness.
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1. Introduction toms can change, fluctuate, or persist for months after
the initial injury [16, 22]. In one study, persistent
Approximately 1.6 to 3.8 million concussions post-concussion symptoms were seen in 20-48% of
occur annually in youths participating in sports and military personnel, while new symptoms presented in
recreational activities [7]. Most of the attention by the 28% of individuals up to 5 years later [22]. Symptoms
medical community has focused on the acute stage like headaches, sleep disturbances, and difficulty con-
of concussion [3, 30, 37, 38], showing that symptom centrating have been shown to persist in more than
resolution and return to baseline neurocognitive sta- 50% of people, one-year post concussion [11, 43].
tus usually occurs within 7-10 days [31]. However, The vestibular system has not received much atten-
recent longitudinal studies have shown that symp- tion in the chronic stage after a concussion, possibly
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through the vestibulo-ocular reflex (VOR) maintains
gaze stability by inducing eye movements that are
equal in magnitude and opposite in direction to head
movements [40]. Dysfunction of the VOR leads to
inability to hold images steady on the retina, result-
ing in blurred vision [40]. Deficits in visual-vestibular
interaction after a concussion may occur due to
peripheral vestibular end-organ damage, vestibulo-
cochlear nerve injury, or due to axonal shearing in
the central nervous system, including the brainstem
and cerebellar pathways [21, 25, 27, 35, 45]. When
gaze stability was examined in collegiate athletes who
were 3 months to 9 years post-injury, higher asym-
metry scores on the gaze stabilization test were found
in the concussion group compared to healthy con-
trols [17]. Collegiate athletes who were examined
within 6 months of a concussion reported symptoms
of dizziness or headache after rapid head movements
(240 beats per minute), and demonstrated greater
loss of dynamic visual acuity with horizontal head
movement at speeds of 180 beats per minute when
compared to age-matched controls [45]. Alshehri et
al. performed the video head impulse test, a physio-
logical measure of the VOR, in both young and older
participants who were 4—6 months post-concussion.
While they did not detect any deficits with VOR
response in the yaw plane, participants had com-
plaints of headache, dizziness and nausea after the
testing was complete [1]. These studies show that
vestibular-related symptoms may persist for months
after a concussion, however, the presence of vestibu-
lar dysfunction, particularly gaze stability deficits, in
the chronic stage of concussion is not clear.

Sleep disturbances are common after concussion,
with as many as 30-70% of affected adults report-
ing inability to fall asleep or sleeping more often
during the day [32, 44]. The relationship between
sleep and vestibular function is bidirectional. Sleep
deprivation has been shown to affect vestibular-ocular
motor control [26]; while vestibular migraine has
been shown to cause sleep disturbances [2]. Poor
sleep quality is associated with decreased information
processing [23, 42], which is particularly important
in young adults. However, the relationship between
gaze stability and sleep quality in young adults after
a concussion has not been investigated.

To determine if gaze stability deficits are present
in the chronic stage after a concussion, this study
compared dynamic visual acuity in young adults >1-
year post concussion to age-matched controls. We
hypothesized that people with a previous concussion
would demonstrate greater loss of visual acuity with

head movement compared to controls. Our second
objective was to examine the relationship between
gaze stability deficits and sleep quality. Our hypoth-
esis was that greater loss of dynamic visual acuity
would be correlated with poor sleep quality.

2. Methods
2.1. Study design

This was a cross-sectional, comparative study
using convenience sampling. This study was con-
ducted at a mid-sized university, after receiving
approval from the university’s Institutional Review
Board.

2.2. PFarticipants

Individuals were recruited by word of mouth and
flyers placed around the University. Participants were
included if they were between 20 and 30 years of age
and had a history of a physician-diagnosed concus-
sion at least 1 year prior to the study. Participants
were excluded if they had a diagnosed neurologi-
cal problem, a diagnosis of inner ear disease, cancer
with a history of chemotherapy, a history of dia-
betes, or if they worked night shifts. Exclusion criteria
were based on evidence showing that chemotherapy
and diabetes can independently affect the peripheral
vestibular system [6, 15], while working night shift
affects day time sleepiness [33]. Presence or absence
of symptoms was not an exclusion criterion. Healthy
controls were matched by age and gender and did not
have a history of a diagnosed concussion.

2.3. Study procedure

Participants completed a phone screen to ver-
ify inclusion/exclusion criteria. Once eligibility was
verified, participants were scheduled for a testing
session. They were instructed to wear or bring any
corrective lenses for the testing session. Informed
consent was completed prior to official study enroll-
ment. Baseline data collected included demographics
such as age and sex. Medical history (i.e., height,
weight, number and year of concussions, and medica-
tion list) was also collected. A physical therapist (LD)
conducted a clinical vestibular exam, which included
testing of smooth pursuit, saccades, head thrust test,
and the Dynamic Visual Acuity Test (DVAT). All
participants completed the Pittsburgh Sleep Qual-
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Fig. 1. Experimental set-up for dynamic visual acuity testing.

ity Index (PSQI), and the Epworth Sleepiness Scale
(ESS). The concussion group also completed the
Post-Concussion Symptom Scale (PCSS). Study pro-
cedures were completed in one testing session that
lasted for an hour.

Static visual acuity, perception time, and DVA in
the yaw and pitch planes were measured using the
NeuroCom InVision™ (NeuroCom International).
The computerized DVA test is verified as a sensitive
and specific assessment method for detecting periph-
eral vestibular impairment with good reliability ICC
r=0.83-0.87) [10, 14]. Participants sat in a sturdy
chair, in aroom with controlled lighting, ten feet from
the computer screen, wearing corrective eye wear as
needed (Fig. 1). Testing commenced with the assess-
ment of static visual acuity (SVA), that is baseline
visual acuity was assessed with the head stationary.
An optotype (the letter “E”) was presented on the
computer screen and participants were instructed to
identify the orientation of the E (up, down, right, left).
Based on the Parameter Estimation of Sequential Test
(PEST) algorithm, the smallest optotype that was cor-
rectly identified 60% of the time, was considered
the static visual acuity in logMAR units. Optotype
was set as 0.2 logMAR above the established SVA
baseline for further testing.

For perception time testing (PTT), the optotype
“E” appeared for varying time periods in millisec-
onds. Based on the PEST algorithm, the minimum
time required to correctly identify the optotype was

collected as the perception time. The NeuroCom
InVision software uses a variable optotype display
time, linked to the subject’s PTT score and the
selected head velocity for the test. If an individual
had a PTT score within 40msec, the display window
was set between 40—75 msec. For this study, partici-
pants had to obtain a PTT score <60 msec. Based on
the SVA and PTT values, the algorithm presented the
optotype for the DVAT.

The computerized DVAT measured the difference
between SVA and DVA when head movements were
performed in the yaw and pitch planes. Participants
wore a headband with a 3-axis integrating gyro
(InterSense Inertia Cube2 ®, Engineering Systems
Technology, Kaiserslautern, Germany) to determine
rotational head velocity in the yaw and pitch planes
(Fig. 1). Participants had to generate rotational
head movements to at least 20 degrees from mid-
line in each direction. Once the participant’s head
velocity achieved a minimum of 85 deg/sec (range
85-120 deg/sec) in the yaw plane or 60 deg/sec (range
60-85 deg/sec) in the pitch plane, the optotype “E”
appeared in the center of the screen. Based on the
PEST algorithm, DVA was recorded as the size of
the smallest optotype that the participant could iden-
tify while rotating the head at or above the minimum
velocity. The outcome variables were the mean DVA
loss in the right and left direction in the yaw plane, and
mean DVA loss in the upward and downward direc-
tion in the pitch plane in logMAR. Higher logMAR
values indicate greater loss of DVA. All participants
completed practice trials to ensure that they under-
stood the testing protocol.

All participants completed two questionnaires to
assess sleep quality and daytime sleepiness: The
Pittsburgh Sleep Quality Index (PSQI) and the
Epworth Sleepiness Scale (ESS). The PSQI is a 9-
item questionnaire to assess sleep quality over the
past month, specifically examining latency, dura-
tion, habitual sleep efficiency, sleep disturbances, use
of sleeping medications, and daytime dysfunction.
A global PSQI score ranges from 0 to 21, with a
score greater than 5 (sensitivity 89.6% and specificity
86.5%), indicating poor sleep quality requiring man-
agement by a healthcare provider [4]. The ESS is
an 8-question survey used for measuring a person’s
“average sleep propensity” across arange of activities
in their daily life. It has strong test-retest reliability
(ICC=0.81-0.93), internal consistency (Cronbach’s
alpha=0.73-0.9), and external criterion validity. In
general, ESS scores of 0-5 indicate lower normal day-
time sleepiness; 6—10 indicate higher normal daytime
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Table 1
Descriptive Statistics
Concussion (N=17) Controls (N=17) p value
Age (years) 2335+1.3 2394425 p=0.39
BMI (kg/m?) 245+3.7 231433 p=0.25
PSQI score 6.3+4.3 2.8+2.1 p=0.01*
Epworth Sleepiness Scale 8.8+3.8 55+£3.0 p=0.01*

Independent samples t-test were used to compare groups. Significant differences are indicated by
an *. BMI- body mass index; PSQI-Pittsburgh Sleep Quality Index.

Table 2
Difference between concussion and control groups in measures of gaze stability

Concussion Controls p value Effect size
Visual acuity -0.20+0.08 -0.21£0.06 0.71 0.1
Perception Time (milliseconds) 22.35+6.6 21.76 +3.9 0.76 0.1
Mean DVA loss yaw plane (logMAR) 0.18 £0.1 0.13+0.06 0.06 0.6
Mean DVA loss pitch plane (logMAR) 0.17+£0.13 0.09£0.07 0.04* 0.8

Independent sample #-tests compared differences between groups. Significant differences are denoted by *.

DVA — dynamic visual acuity.

sleepiness; 11-12 indicate mild excessive daytime
sleepiness; 13—15 indicate moderate excessive day-
time sleepiness; and 16-24 indicate severe excessive
daytime sleepiness [18].

The PCSS was used to assess post-concussion
symptoms in the group with concussion only. This
scale contains 22 self-reported symptoms (e.g. dizzi-
ness, fogginess, headache) rated on a 6-point Likert
scale with O indicating “none” and 6 indicating
“severe”. The maximum possible PCSS score is 132
[25, 39].

3. Statistical analysis

Descriptive statistics (mean, standard deviation)
were used to examine participant demographics.
Between-group differences in the concussion and
control group were determined by independent sam-
ple r-tests. Measures of between-group effect sizes
were calculated using Cohen’s d (0.2 =small effect,
0.5 =medium effect, and >0.8 =large effect). Since
this was a pilot study, no corrections were applied
for multiple comparisons, and an a level of 0.05 was
used. Correlations between gaze stability measures,
PSQI, and ESS were tested using Spearman’s cor-
relations due to inequality of variance. All analyses
were conducted using SPSS for Windows version
25.0 (SPSS Inc., Chicago, USA).

4. Results

Thirty-four individuals completed the study (See
Table 1 for participant demographics); 17 in the con-

cussion group (5 males, 12 females) and 17 age
and sex-matched healthy controls. All participants
were students at the university and most of them
held part-time jobs either on or off campus. Con-
cussions were either sports-related or due to motor
vehicle accidents. Participants with a previous con-
cussion had between 1 to 9 diagnosed concussions,
of which 59% (n=10) had between 1 to 3 concus-
sions, 35% (n=06) had between 4 to 6 concussions,
and 6% (n=1) had 9 concussions. The mean dura-
tion between the last concussion and testing was
4.4 4+ 1.8 years (range: 2—7 years). The mean PCSS
score in the concussion group was 16.6 £ 18.8 (range:
0-61). The most common complaints identified
were headaches and difficulty concentrating (52.9%);
drowsiness (47%); fatigue, trouble falling asleep, sen-
sitivity to light, and difficulty remembering (41%).
Clinical examination showed no abnormalities in
smooth pursuit, saccades, and head thrust in all
participants.

All participants had PTT scores of 40msec or less.
Mean DVA loss in the pitch plane was significantly
different between the concussion and control group
(»p=0.04) (Table 2 and Fig. 2), while DVA loss in
the yaw plane between groups was not significant
(p=0.06).

The concussion group had lower sleep quality
based on the PSQI (»p=0.01) and increased daytime
sleepiness based on the ESS (p=0.01) compared
to healthy controls (Table 1). Component scores on
the PSQI that were significantly different between
groups included sleep quality (p = 0.02), sleep latency
(»=0.03), habitual sleep efficiency (p=0.03), and
sleep dysfunction (p =0.04).
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Fig. 2. Differences between groups in dynamic visual acuity loss
in the yaw and pitch planes. DVA loss is measured in logMAR
values. Significant differences between groups is indicated by *
(p=0.04), DVA — dynamic visual acuity.
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Fig. 3. Correlations between DVA loss in the pitch plane and the
Epworth Sleepiness Scale.

4.1. Correlations between gaze stability and
sleep

Mean DVA loss in the pitch plane was corre-
lated with the PSQI (r=0.45, p=0.01) and the ESS
(r=0.44, p=0.01) (Fig. 3 shows the correlations for
the concussion and control group separately).

5. Discussion

The primary purpose of this study was to deter-
mine if gaze stability deficits are present more than
one year after a concussion. We found significant dif-

ferences in DVA loss in the pitch plane between the
concussed group (mean logMAR 0.17 £0.13) and
the control group (mean logMAR 0.09 % 0.07). Kauf-
man et al. examined gaze stability in high school and
college football players using the DVAT and found
no differences in DVA loss in either the pitch or yaw
planes between those who had suffered concussions
and controls [19]. However, all the subjects in their
study were reported to be asymptomatic. Although
the presence or absence of current symptoms were
not exclusion criteria for our study, most participants
in the concussion group reported symptoms on the
PCSS (16.6 £ 18.8; range 0-61). In a study examin-
ing athletes within 6 months of a concussion, Wright
etal. found significant differences in DVAT in the yaw
plane at speeds of 180 beats/minute. The group with
concussion had a significantly higher decline in gaze
stability with head movement [mean DVA loss for
concussion group 2.43 +0.43 compared to controls
1.45+0.19 (p=0.03)]. Although participants were
similar in age in both studies, the main difference was
that DVAT was conducted in standing and was not
computerized in the Wright et al. study [45]. These
studies show that gaze stability deficits in the concus-
sion population may be influenced by factors such as
presence of symptoms, time since injury, as well as
the equipment and testing protocol used.

Gaze stability is a function of the vestibular sys-
tem and the visual “following” system [9, 13] and
has combined input from the vestibulo-ocular reflex
(VOR), the cervico-ocular reflex (COR), optoki-
netic reflex, and pursuit and saccadic eye movements
[8, 41]. Because the vestibular and visual systems
play an important role in calibrating eye and head
movements, disruption in either the vestibular sys-
tem, visual system, or pathways that integrate both
systems can result in retinal slippage during head
movements. As little as 2—4 degrees per second of
retinal slip is enough to degrade visual acuity [36].
Our study found a significant difference between
the concussion and control groups on the DVAT.
The mean DVA loss in the concussion group in the
yaw plane (logMAR 0.18£0.1) and in the pitch
plane (0.17 £ 0.13) were higher than controls; how-
ever, all groups were below the clinical cut-off of
0.2 logMAR. There is limited research examining
gaze stability in young adults between 20 to 30
years of age who have had previous concussion.
More work is needed to examine the relationship
between gaze stability metrics in this age group
with performance of visual scanning during dynamic
activity.
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Our secondary objective was to examine the rela-
tionship between gaze stability and sleep deficits. Our
hypothesis was that persistent gaze stability deficits
would be correlated with poor sleep quality. We saw
a moderate correlation between gaze stability mea-
sures and sleep in the concussion group, that is 41%
of participants reported difficulty falling asleep and
47% had increased daytime sleepiness. Sleep dis-
turbances have been described as one of the most
debilitating symptoms post-concussion [28]. A study
by Tkachenko et al. examined people 2 days-2 years
after a concussion injury with the Sports Concus-
sion Assessment Tool-3 (SCAT-3), showing that sleep
problems like drowsiness and difficulty falling asleep
became worse with time [43]. In people with chronic
symptoms after a concussion, insomnia was reported
by 65.3% of patients and sleep disturbances were
present in 23.7% at least five years post-injury [12].

The vestibular system is known to synchronize cir-
cadian rhythms [2]. In animal models, the vestibular
system through the otoliths was shown to influ-
ence the induction of sleep based on the amount
of daily activity [5]. Astronauts are known to have
decrease in sleep time due to the gravity elimi-
nated effect on the otoliths [34], and severe sleep
disorders are seen in people with central vestibu-
lar conditions, such as vestibular migraine [20].
Since neuroplasticity occurs during sleep, vestibu-
lar compensation may be influenced by the quality
of sleep [2], which may hasten recovery follow-
ing vestibular damage. This study was not designed
to study the causal relationship between a stable
gaze and sleep; however, we have shown correlations
between visual-vestibular deficits in the chronic stage
(>1 year after last concussion) and sleep dysfunc-
tion. Addressing vestibular deficits through vestibular
rehabilitation and promoting healthy sleep habits
after a concussion may help to mitigate chronic
issues.

5.1. Limitations

We acknowledge that a major limitation of this
study is the small sample size. Because recruitment
into the concussion group was based on verbal report
of a physician diagnosed concussion, we may have
had some participants in the control group with con-
cussions which may not have been diagnosed by a
physician. The PCSS was used to identify current
symptoms in the concussion group; however, we did
not have the control group complete the PCSS. Hav-
ing a comparison between the 2 groups would be

meaningful because symptoms on the PCSS includ-
ing fatigue, anxiety, and drowsiness are commonly
seen in students regardless of concussion history. All
testing was conducted during the same time of day, in
the mornings between 9-noon; however, some partic-
ipants were tested close to scheduled exams during
the semester which may have affected their responses
on the PSQI. We used slower speeds when testing the
DVA with a velocity range between 85-120 deg/sec
for the horizontal DVA and 60-85 deg/sec for the
vertical DVA compared to other laboratories. It is pos-
sible that slow speeds would allow inclusion of the
oculomotor system to help with gaze stability rather
than isolating VOR function. We used a convenience
sample to enroll participants from one university set-
ting; hence, the results may not be generalizable to
other populations. It is possible that the students who
did participate may have done so because they had
Ssymptoms.

5.2. Future directions

Studies examining the relationship between DVA
and specific symptoms on the PCSS like headaches
would further elucidate the role of vestibular dysfunc-
tion in persistent symptoms.

6. Conclusion

Among young adults, significant differences in
DVA loss were found in the chronic stage after con-
cussion, compared to those without a concussion
history. Higher loss of dynamic visual acuity was
correlated with poor sleep quality and higher day-
time sleepiness. Future studies are needed to examine
the benefit of vestibular rehabilitation and early sleep
education in this young adult population with con-
cussion.
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