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Objectives: To assess the reliability and effect of exercise on sideline dynamic visual performance measures
of ocular-motor function using a portable visual assessment system (EYE-SYNC®).

Design: Prospective cohort study.

Methods: Healthy student athletes, ages 18-25 years, performed eye-tracking six times—three times
consecutively prior to and after practice—using EYE-SYNC® goggles. Ocular-motor performance was
assessed by calculating five gaze error outcomes between target position and actual gaze position to

Key an.is" . . inform dynamic visual synchronization. We assessed reliability by calculating the intraclass correlation
Head injuries/concussion X . .

Student athletes coefficient (ICC) for each outcome (we defined the standard deviation of tangential error (SDTE) as our
Diagnostic primary outcome) and calculated differences in mean pre- and post-practice scores.

Dynamic visual schronization Results: ICCs for the SDTE score were 0.86 (95% confidence interval, CI: 0.82-0.9) and 0.88 (0.84-0.91) at
Portable pre-and post-practice, respectively. 133 (89%) and 135 (90%) of 150 athletes had at least one measurement

at pre- and post-practice, respectively. 117 (78%) and 122 (81%) athletes had more than one SDTE score at
pre- and post-practice, respectively. The absolute mean (SD) differences between pre- and post-practice
mean scores ranged from 0.02 (0.05) for horizontal gain to 0.1 (0.5) for SDTE.
Conclusions: We observed high ICC scores indicating excellent reliability of visual synchronization mea-
surements, suggesting that one measurement would be sufficient. Most athletes had similar scores before
and after practice, indicating little change in visual performance following exercise. EYE-SYNC® goggles
have the potential for use in obtaining objective visual performance measures of ocular-motor function
for sideline assessment of concussion and return to play decisions.
© 2019 Sports Medicine Australia. Published by Elsevier Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Practical implications occur annually in the United States.! In the past decade, sports-
related concussions, a type of mild traumatic brain injury, have
been recognized as a growing public health concern,?? with an
increasing incidence of sports-related concussions in student ath-
letes. From 2009 to 2014, approximately 10,500 sports-related

concussions were reported annually in collegiate athletes, with

The portable EYE-SYNC® system can be used reliably in healthy
student-athletes to obtain consistent visual performance scores.

Visual performance scores from the EYE-SYNC® goggles were
similar before and after exercise.

EYE-SYNC® goggles have the potential to be used as a tool for
obtaining objective measures for sideline assessment of concussion
and return to play.

1. Introduction

Based on data from the Centers for Disease Control and Preven-
tion, it is estimated that 1.6-3.8 million sports-related concussions
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concussion rates increasing by almost 60%, from estimates in
2004.%> Pediatric emergency department visits for sports-related
concussions have doubled in the last decade, with an estimated
300,000 children being treated in U.S. emergency departments
for sports-related concussions in 2012.5 However, these estimates
likely underestimate the true incidence of sports-related concus-
sions given that athletes may not always seek medical attention
following injury, may not be aware that they have a concussion,
or may not report their injury in hopes of uninterrupted sports
participation.”?

1440-2440/© 2019 Sports Medicine Australia. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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Despite it's extent, there is no medical consensus for concus-
sion diagnosis.'? Currently, diagnosis relies heavily on subjective
questionnaires and cognitive screening supporting physical exam-
ination and clinical judgement.!! Recovery tracking generally
monitors the severity of post-concussive symptoms over time.!?
The impact of exercise on such subjective assessments is unknown,
making it difficult to interpret test results. These factors are critical
to understanding when an athlete should be removed from play
following head injury or when an athlete should return-to-play.

In the United States, initial sideline assessment for sus-
pected concussion after an athlete has sustained an injury is
often performed by an athletic trainer and decisions regarding
return-to-play can be extremely challenging.'?-# Interpretation
of post-injury performance measures may be challenging if base-
line testing comparators were insincere or if repeated assessments
resulted in a learning effect. To avoid variability in performance
measures that may complicate trainers’ decision-making, there is
a critical need for objective sideline measures to assess concussion
and guide decisions regarding return-to-play.

Ocular-motor impairments have been reported extensively fol-
lowing concussion!>'6 and prior research suggests that dynamic
visual synchronization (DVS) assessments could objectively quan-
tify impairment following head injury and track its resolution
during concussion recovery.!”'8 Dynamic vision synchronization
(DVS) is a term used to describe smooth pursuit predictive eye
movements; smooth pursuit refers to the ability of the eyes to
move smoothly in order to closely follow a moving object.'?
While desktop-based (non-portable) systems for visual tracking
are available,'®20 sideline assessment requires the use of portable
devices, such as the EYE-SYNC® visual assessment system. EYE-
SYNC® includes goggles with embedded eye tracking sensors and
a high performance tablet, both enclosed in a portable aluminum
case.?! However, the reliability of the system to measure dynamic
visual synchronization is unknown. The objectives of our study
were to evaluate the reliability of the EYE-SYNC® portable sys-
tem and explore the effect of exercise on visual measurement
scores in a cohort of healthy student athletes. To address our objec-
tives, we had the following specific aims: (1) evaluate reliability
of pre-practice EYE-SYNC® goggles scores; (2) evaluate reliability
of post-practice EYE-SYNC® goggles scores; (3) assess the effect
of exercise on change in mean pre and post-practice scores; and
(4) compare pre-practice EYE-SYNC® goggles scores to the non-
portable desktop-based scores; the existing system available for
assessing DVS.

2. Methods

In this prospective cohort study, from September 2016 to March
2017, we recruited male and female student athletes, ages 18-25
years, from the athletics department at a single university for
enrollment in this study. Inclusion criteria included fluency in
English and self-reported 20/30 or better eyesight (corrected vision
allowed). Prior to a practice/game, athletes performed all three con-
secutive eye-tracking assessments using the EYE-SYNC® goggles
over approximately 5min in total. They repeated the three con-
secutive assessments within one hour of the said practice/game.
Post-practice assessments were done to assess if exercise had any
effect on the outcome measures. We used a total of 11 EYE-SYNC®
goggles with identical software.

In addition, 20 athletes underwent eye-tracking assessment
using a desktop system. The desktop system assessment was per-
formed once prior to practice/game. This system performs the same
assessment as the goggles using the same software, but with a dif-
ferent hardware system in which the athlete’s head is stabilized
using a chin- and head-rest and eye cameras track visual move-
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Fig. 1. Schematic definition of parameters. The target, moving clockwise along a
circular trajectory (dot-dashed curve), is at the 12 o’clock position. The difference
between the gaze and the target positions (gaze error) are indicated by the phase
difference and the vectoral components in the radial and tangential directions.'®
Reprinted with permission.

ment as the athlete looks at a target on a computer screen using a
desktop computer.'?

Data were collected and managed by research coordinators.
Athlete-specific information was collected and managed using
REDCap (Research Electronic Data Capture) electronic data capture
tools. REDCap is a secure, web-based application designed to sup-
port data capture for research studies.?? Goggle assessments were
collected directly by the software and goggle data were obtained
from the SyncThink Inc. company.2! Desktop data were obtained
from the PDF report provided through the system and entered by
research coordinators into Excel.

This study was approved by the University Institutional Review
Board.

To assess dynamic visual synchronization as a measure of
ocular-motor function, athletes were asked to follow a target mov-
ing in a clockwise circular trajectory at a constant speed (Fig. 1).18
The automated software algorithm analyzes the eye position versus
the target over the assessment time and produces the visual
synchronization measures listed below. These measures provide
information regarding the smooth pursuit of eye tracking and are
the calculated errors between the target position and the ath-
lete’s gaze position.'®-20 These measures were obtained for the
EYE-SYNC® goggles and desktop systems.

(a) Standard deviation of tangential error (SDTE): measures the
standard deviation (SD) of the error between the target position
and the gaze along the direction parallel to the target trajectory
and is expressed as the degrees of visual angle. The values of
this measure are non-negative with smaller values indicating
better visual tracking; prior research indicates that in healthy
young adults, mean SDTE scores range from 0.89 to 1.1 using
the desktop system.'819

(b) Standard deviation of radial error (SDRE): measures the SD of
the error between the target position and the gaze along the
direction perpendicular to the target trajectory and is expressed
as the degrees of visual angle. The values of this measure
are non-negative with smaller values indicating better visual
tracking; prior research indicates that in healthy young adults,
mean SDRE scores range from 0.62 to 8.9 using the desktop
system, 819

(c) Phase error: measures the angle formed by the gaze and a fixed
target position at the 12 o’clock direction to assess the cen-
tral tendency of the target position and gaze position and is
expressed as the “degrees of phase angle”.? The values of this
measure can be negative or positive; positive values are typi-
cally considered to represent poor performance and indicate a
situation where the gaze is ahead of the target along the circular
path.

(d) Horizontal gain (HGain) and vertical gain (VGain): measure
how well the gaze is tracking the target with respect to veloc-
ity by calculating the ratio of the average eye velocity to the
average target speed in the horizontal and vertical dimensions,
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Table 1
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Intraclass correlation coefficients (ICCs) for EYE-SYNC® visual measures pre- and post-practice.

Pre-practice scores

Post-practice scores

1 2 3 1 2 3
Visual measure n=114 n=116 n=110 ICC (95% CI)? n=121 n=135 n=118 ICC (95% CI)?
SD tangential error 1.04 (0.7) 1.16 (0.8) 1.17 (0.8) 0.86 (0.82,0.90) 1.0(0.7) 1.0(0.6) 1.0 (0.6) 0.88(0.84,0.91)
SD radial error 0.78 (0.4) 0.84(0.4) 0.85(0.4) 0.78 (0.71, 0.84) 0.8 (0.4) 0.8 (0.3) 0.8 (0.4) 0.91(0.87,0.93)
Phase error —-0.85(3.4) —-0.73 (4.5) —-0.73(3.8) 0.83(0.77,0.87) —-0.8 (4.0) -1.4(2.5) -1.4(2.5) 0.88 (0.84,0.91)
Horizontal gain 0.9(0.1) 0.9(0.1) 0.9(0.1) 0.79(0.72,0.84) 0.9(0.1) 0.9(0.1) 0.9(0.1) 0.80(0.74, 0.85)
Vertical gain 0.8 (0.1) 0.8 (0.1) 0.8(0.1) 0.84(0.79, 0.88) 0.9(0.1) 0.8 (0.1) 0.8 (0.1) 0.87(0.82, 0.90)
2 Models were adjusted for goggle since 11 different goggles were used during the study.
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Fig. 2. Pre-practice and post-practice EYE-SYNC® goggles standard deviation of tangential error scores. This figure shows the pre- and post-practice SDTE scores for each
athlete. Each line on the x-axis represents an athlete and the values on the y-axis show the SDTE score. Each square represents a specific value at pre-practice for an athlete

and each diamond represents a specific value at post practice.

respectively. Values closer to 1 represent favorable perfor-
mance and indicate a good velocity match between the gaze
and the target with values closer to 0 indicating poor tracking.
Values substantially higher than 1 also indicate poor tracking.

We defined our primary outcome as the SDTE score measured
at the sideline prior to and after a practice/game. Our secondary
outcomes were SDRE, phase error, HGain and VGain.

To assess the reliability of EYE-SYNC® goggles visual syn-
chronization measures, we calculated the intraclass correlation
coefficient (ICC) and its 95% confidence interval for each outcome
measure.?? The ICC - which in this case can be defined as proportion
of total variation that is explained by the subject-to-subject hetero-
geneity in SDTE - describes the level of correlation between two
or more observations made on the same student athlete; a higher
ICC (closer to 1) indicates greater reliability of the measure. We
used generalized linear mixed effects models, with a fixed effects
to adjust for the 11 goggles and a random effects term for athlete,
to estimate the ICC. We also calculated the total number of assess-
ments done by each athlete at each time point to understand how
many athletes had more than one assessment available.

To assess the effect of exercise on goggle visual synchronization
measures, we calculated the difference between the mean scores

pre- and post-practice and calculated an effect size; to test for sta-
tistical differences, we used the Wilcoxon signed-rank statistic. To
evaluate the performance of the goggles’ DVS measures compared
to the desktop eye-tracking system, we used the mean values of
the goggles’ measures for each athlete at pre-practice and created
a Bland-Altman plot to describe the agreement between measure-
ments made by the different systems — EYE-SYNC® goggles and
the desktop. If the observations are uniformly clustered around the
horizontal reference line at 0, it suggests that there is no system-
atic bias in the measurements. To formally test agreement, we used
the Wilcoxon signed-rank statistic to assess whether differences by
system were significant at a two-sided alpha level of 0.05.

Analyses were conducted using Statistical Analysis Software
version 9.4 (SAS Institute, Cary, NC) and R software.2*

3. Results

We enrolled 150 athletes from 11 sports who met inclusion and
exclusion criteria. Their mean (SD) age was 20 (1.3) years and 55%
were female. Most were white/caucasian (57%) and born in the
United States (97%) (Supplementary Table 1).

The means and standard deviations (SD) for all DVS measures
were similar for the three assessments at pre-practice and post-
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practice times (Table 1). The mean values for the SDTE and SDRE
scores as well as for HGain and VGain were all close to 1. Intraclass
correlation coefficients (ICCs) for all visual score measures ranged
from 0.78 to 0.86 at the pre-practice time and from 0.80 to 0.91 at
post-practice (Table 1). For the SDTE score, the ICC (95% confidence
interval) was 0.86 (0.82, 0.90) at pre-practice and 0.88 (0.84, 0.91)
at post-practice (Fig. 2).

We obtained at least one pre-practice assessment from 133
(89%) athletes and at least one post-practice assessment from 135
(90%) athletes. We obtained all three pre-practice measurements
from 60% of athletes and all 3 post-practice measurements from
71% of athletes (Supplementary Table 2).

We did not obtain any measurements from 11% and 10% of ath-
letes pre- and post-practice, respectively. Reasons for inability to
obtain measurements were overheating of the goggles, the program
quitting unexpectedly, or athlete inability to complete the assess-
ment due to sleepiness or inability to focus on the target. We were
able to conduct assessments on average, for 10 (SD 6.3) athletes
per hour, with a maximum of 25 athletes being assessed on a given
day.

The mean (SD) SDTE score at pre-practice was 1.2 (0.79) and at
post-practice was 1.09 (0.75) (Supplementary Table 3). The abso-
lute mean (SD) differences between the pre- and post-practice
mean scores ranged from 0.02 (0.05) for horizontal gain (p <0.01) to
0.1 (0.5) for SD tangential error with statistically significant differ-
ences between pre- and post-measures (p <0.01) but small effect
sizes for most of the measures (Supplementary Table 3).

Twenty athletes underwent DVS assessment using the desk-
top eye-tracking system; of these, goggle measurements were
not available for three athletes due to technical issues. SDTE
(p<0.0001), SDRE (p<0.0001) and horizontal gain (p=0.0002)
measures were significantly higher for the goggles compared to
the desktop; the mean (SD) difference in the SDTE scores was 0.58
(0.66). There was no significant difference in phase error and verti-
cal gain by system (Supplementary Table 4). The difference in scores
did not appear to be related to magnitude of the score (Supplemen-
tary Fig. 1).

4. Discussion

Our study included a large cohort of male and female student
athletes of diverse ethnicities and playing a variety of sports. While
we did not include traditionally high-impact sports such as foot-
ball, other sports with high rates of concussion such as wrestling
and soccer were included. We found high ICC scores for all gaze
error outcomes indicating the reliability of the EYE-SYNC® goggle
measurements for dynamic visual synchronization (DVS) in healthy
student athletes. Additionally, the consistency of the measures sug-
gests that a single assessment by the goggles is adequate for DVS
assessment. We were able to collect data for one set of measure-
ments from most athletes at pre- and post-practice times. Multiple
assessments from EYE-SYNC® goggles at sidelines was limited;
however, a majority of athletes had at least two pre or post-practice
measurements to contribute toward the reliability assessment. In
practice, visual testing would likely only be performed one time at
the sideline and our findings indicate that the EYE-SYNC® goggles
system can be used reliably for assessing DVS at the sideline.

We found that mean visual performance scores ranged from 0.8
(0.1) for gain scores to 1.2 (0.8) for the SD tangential error score.
These results are similar to prior studies using desktop assessment
of visual performance in normal adult subjects.'8 A few (8%) of our
athletes had high SDTE scores (for example, SD tangential error
score greater than 2.5) indicating poor tracking which is consistent
with previously reported measures in normal adults.'®

An important consideration for any concussion assessment tool
is the ability to differentiate between the effect of exercise and

concussion in athletes who sustain an impact. If measurements
are affected after exercise, determining if the observed measure-
ment after an impact indicates concussion or exercise effect can
be challenging. Prior studies assessing cognitive functioning before
and after exercise have found mixed results regarding the effect
of exercise.>>~27 We found that exercise did not have a clinically
meaningful effect on EYE-SYNC® goggles mean dynamic visual per-
formance scores, as indicated by the small effect sizes observed in
most of the pre-post practices measures. Despite a statistically sig-
nificant difference in pre/post exercise scores, we found minimal
changes in DVS measures pre-to-post practice, with absolute mean
changes ranging from 0.02 (0.05) for horizontal gain to 0.1 (0.5) for
SD tangential error.

We also found that most visual outcome scores from the EYE-
SYNC® goggles were significantly higher than those observed from
the desktop system, irrespective of magnitude of scores. This dif-
ference in scores is most likely a function of the differences in
hardware between the two devices such that lower values in eye-
target variance would typically be observed from the desktop
system. As such, our findings indicate that the same system should
be used in athletes to compare visual scores after sustaining an
impact as the one used to obtain the baseline visual scores.

A limitation of this study is that it did not include athletes from
traditionally high concussion sports such as football. While we did
include other high contact sports, it would be important to investi-
gate the impact of these measures at different training intensities.
Future research will assess if dynamic visual synchronization mea-
sures change after concussion and if and how DVS can be used to
support a diagnosis of concussion and to track recovery.

5. Conclusion

In conclusion, we found that the portable EYE-SYNC® goggles
system can be used reliably in healthy student athletes to obtain
consistent DVS assessments. Our findings suggest that EYE-SYNC®
goggles can provide objective sideline assessment of DVS and have
the potential to be used as an adjunct tool for concussion diagno-
sis and recovery tracking; clinically significant differences in DVS
assessment post-injury as compared to baseline may support a
concussion diagnosis. Additional research is required for a better
understanding of the feasibility and reliability of the EYE-SYNC®
portable system in athletes sustaining an impact.
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