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SIGNIFICANCE: Concussions are complex injuries that require a multifaceted testing battery. Vision impairments
are common after concussion, but it is unknown exactly how eye tracking may be affected after injury and how it is
associated with other clinical concussion assessments.

PURPOSE: This study aimed to (1) examine the relationship between eye tracking performance (BOX score) and
other common concussion evaluations, (2) identify if eye tracking adds novel information that augments baseline
concussion evaluations, and (3) examine the effect of age, concussion history, and attention-deficit/hyperactivity
disorder on eye tracking and other ophthalmological measures.

METHODS: A total of 102 male high school football athletes (age, 16.0 years; 95% confidence interval, 15.8 to
16.2 years) completed a series of visual and neurocognitive tests during their pre-season baseline assessment.
The main outcome measures were BOX score, near point of convergence (NPC) distance, binocular accommoda-
tive amplitude (BAA) distance, Standardized Assessment of Concussion score, and Immediate Post-Concussion
Assessment and Cognitive Testing composite scores.

RESULTS: BOX score was not significantly associated with symptoms, Standardized Assessment of Concussion
score, NPCdistance, BAAdistance, or any Immediate Post-ConcussionAssessment andCognitive Testing compos-
ite scores. Age, concussion history, attention-deficit/hyperactivity disorder, and number of prior years playing foot-
ball were not significantly associated with BOX score or NPC distance, but there was a significant association
between concussion history and greater BAA distance (β = 1.60; 95% confidence interval = 0.19 to 3.01;
P < .03). The BOX score cutoff of 10 resulted in a 12% false-positive rate.

CONCLUSIONS: Eye tracking was not significantly associated with the commonly used clinical concussion assess-
ments. These results suggest that an objective eye tracking variable may be a valuable addition to the current con-
cussion battery.
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Concussions are complex multifaceted injuries that have clini-
cians implementing varied practice patterns beyond the examina-
tion room and encompassing the entire medical field.1,2 Although
symptom evaluation is an integral component of concussion diag-
nosis, assessment, and treatment, a true physiologic window of re-
covery has yet to be identified. Recent evidence suggests that
physiological impairments persist beyond symptom recovery.3

Therefore, clinically feasible tools that objectively evaluate physio-
logical function at baseline and during concussion recovery would
add important clinical information to treating clinicians.

Concussion evaluations traditionally consist of symptom, neuro-
cognitive, and balance assessments.Within-patient designs, where
post-injury performance is compared with an assessment before
the injury, commonly referred to as a baseline examination, have
been purported by some researchers as the best concussion evalua-
tion model.4 However, the latest International Consensus Statement
on Concussion in Sport states that neuropsychological baseline test-
ing, although advantageous, is not necessary to interpret post-injury
performance, which could be extrapolated to other assessments.5

Thus, the use of normative values has beenmet with encouraging re-
sults.6 Furthermore, establishing false-positive rates for concussion
tests helps clinicians understand test limitations. False-positive
rates have been published from other concussion assessments to
identify the specificity of a measure when interpreting the relative
value of a test. For example, one study exploring the tandem gait test
reported that current recommendations for passing the test (e.g.,
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<14 seconds) resulted in an overall false-positive rate of 2%, sug-
gesting its utility as a screening measure for post-concussion
evaluations.7

Data supporting vision and oculomotor assessments in the evalua-
tion of concussions are emerging. Clinically assessed post-concussion
visual disturbances are common among children after concussion.8

Up to 51% of adolescents presenting to a specialized concussion
clinic have accommodative insufficiency, convergence insufficiency,
and/or saccadic dysfunction, with 46%presenting withmultiple diag-
noses.8 Near point of convergence and binocular accommodative am-
plitude are two ophthalmic measures that seem to have utility in the
assessment and management of concusssion.9,10 The King-Devick
test, a timed assessment of horizontal saccades commonly used in
concussion evaluations, has been associated with other concussion
measures (e.g., concentration or reaction time), and such overlap pro-
motes a role for vision tests within multifaceted baseline concussion
batteries.11 A knowledge gap exists for the exact value of eye tracking
performance for concussion assessment, its correlation with other
concussion assessment tools, and potential augmentative value.

New technologies have enabled researchers and clinicians to
objectively track visual function using relatively portable assess-
ments. Researchers have found that an objective eye tracking assess-
ment can distinguish between concussed and control subjects12 and
detect convergence and accommodative abnormalities after concus-
sion.10 The BOX score, generated by a proprietary algorithm used by
the EyeBOX (Oculogica Inc., New York, NY), is a measure of ocular
dysmotility associated with brain injury and is useful as a diagnostic
tool in pediatric concussion.13,14 As with the King-Devick test, further
information is warranted to define relationships existing between ob-
jectively assessed visual function and other concussion tests, such
as neurocognitive functioning. In addition, patient-specific factors such
as age, history of concussion, and/or attention-deficit/hyperactivity dis-
order may affect performance on baseline concussion tests, but
their effect on visual function remains relatively understudied.

The purposes of our investigation were to (1) examine the rela-
tionship between eye tracking performance (i.e., BOX score) and
other commonly administered concussion evaluations; (2) identify
if eye tracking adds novel information that augments baseline con-
cussion evaluations; (3) examine the effect of age, concussion his-
tory, and attention-deficit/hyperactivity disorder on BOX score,
near point of convergence distance, and binocular accommodative
amplitude distance; and (4) identify the false-positive rate of differ-
ent cutoff thresholds for the BOX score among a cohort of healthy
adolescent football athletes tested before the beginning of their
season.

METHODS

Study Design and Participants

We conducted a cross-sectional study to assess concussion test
characteristics of uninjured adolescent athletes who were undergo-
ing routine pre-season baseline examinations. Participants were re-
cruited from a single high school and, upon enrollment in the study,
completed a series of visual and neurocognitive tests. Inclusion
criteria consisted of being between the ages of 14 and 18 years and
anticipated participation in football in the upcoming season. Exclu-
sion criteria included a concussion sustained within 1 year of the as-
sessment date or any unresolved concussion manifestations; any
visual disorder that would interfere with normal ability to complete
the eye tracking, near point of convergence assessments, or binocular
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accommodative amplitude assessments; and any cognitive disorder
that would interfere with traditional concussion neurocognitive evalu-
ations. Participants with correct lenses were not excluded. Before the
study started, institutional review board approval was obtained. All
participants and parents/guardians if the participant was younger than
18 years provided written informed consent to participate before
enrollment.

Clinical Examination

Participants completed the Standardized Assessment of Con-
cussion to evaluate neurocognitive functioning and neurologic sta-
tus.15 This test has been used throughout many investigations of
sport-related concussion and is used in the majority of pre-season
baseline examinations.1,2 We used the Standardized Assessment
of Concussion version included in the Sport Concussion As-
sessment Tool—Third Edition because the Sport Concussion
Assessment Tool—Fifth Edition was not available at the time
of testing.15 During the Standardized Assessment of Concussion,
participants completed evaluations of orientation (5 points), im-
mediate memory (15 points), concentration (5 points), and de-
layed memory (5 points) that result in a total composite score up
to a maximum of 30.15

To determine near point of convergence, a measure of the dis-
tance from an individual's eyes where binocular vision is main-
tained in the absence of diplopia,16 participants were instructed
to focus on a target (the letter “X” printed in size 14, Times New
Roman font) attached to the end of a tongue depressor while slowly
advancing the visual target to the tip of their nose from a distance
of roughly 30 cm. Once participants reported diplopia or if the
study administrator observed outward deviation of the eye, they
were instructed to stop moving the target. As with some previous
studies, near point of convergence was recorded, using a tapemea-
sure, as the distance from the tip of the nose to the target.9,17–19

Three separate trials were conducted consecutively, and the mean
of the three trials was used in further analysis. We also assessed
binocular accommodative amplitude, which measures an individu-
al's ability to focus as an object is slowly moved toward the eyes,
whereas near point of convergence measures the distance at which
an individual canmaintain single vision. As previously described,10

binocular accommodative amplitude is a useful component of an
ophthalmic examination and is defined as the measure of a patient
to accommodate an object as it slowly moves toward the eyes, op-
erationally defined here as the point at which clear focus on the vi-
sual target is blurred. This can be accomplished binocularly, as
opposed to monocularly, during the near point of convergence pro-
cedure. Both tests were performed on all participants by trained re-
search staff.

Eye Tracking Protocol

To objectively assess eye tracking performance, participants
viewed a brief (220-second) video while their eye movements were
recorded. This procedure has been described in depth previously
and has demonstrated utility to identifying post-concussion vision
problems with an acceptable level of test-retest reliability among
uninjured adolescents.10,12,13,20 During the assessment, an Eyelink
1000 (SR Research, Ontario, Canada) eye tracker recorded contin-
uous eye movement at a fixed distance of 55 cm between the par-
ticipants' eyes and the computer monitor (aspect ratio 4:3), and
eye position data were recorded at 500 Hz. For each trial frame,
the horizontal and vertical pupil positions were tracked to create
a box trajectory that subsequently created a BOX score. This is a
1; Vol 98(7) 827
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TABLE 1. Demographic and medical history characteristics

Variable Values

Age (y), mean (95% confidence intervals) 16.0
(15.8–16.2)

Sex (male), n (%) 102 (100)

ADHD, n (%) 13 (13)

Concussion history, n (%) 18 (18)

Race*, n (%)

White 78 (78)

Hispanic/Latino 11 (11)

White and Hispanic/Latino 4 (4)

White and American Indian 3 (3)

African American 1 (1)

American Indian 1 (1)

White and African American 1 (1)

Middle Eastern 1 (1)

Years playing football, mean (95% confidence
intervals)

1.8 (1.3–2.2)

*Two participants did not respond to questions pertaining to race.
ADHD = attention-deficit/hyperactivity disorder.
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novel approach in which the system is temporarily calibrated based
on the timing of the eye tracking to the moving visual target. The
pupils are individually captured by the eye tracker before the start
of the task, but the eye tracking measurements are based on the
position of the pupil relative to the timing of themoving visual stim-
ulus and its known position in the space within the monitor. This
provides a novel opportunity to capture themovement of each pupil
individually, which allows for a comparison between eyes to deter-
mine the level of conjugacy during the eye tracking task. The stim-
ulus video was one-ninth of the computer monitor area and played
while moving clockwise around the outer edges of the computer
monitor. Participants sat in a height-fixed chair and rested their
chin on a chin rest situated in a height-adjustable table to adjust
for the seated height of participants and to limit movement during
the test to the extent possible. Both the afferent stimulus presenta-
tion and eye tracking were binocular, and pupil position was
tracked via automated software (Oculogica Inc., New York, NY) to
plot horizontal and vertical movements during the trial. The stimu-
lus traveled in distinct horizontal and vertical components during
the visual task as the target traveled around the perimeter of the
monitor at a pre-determined velocity. From this, several variables
were then calculated automatically to facilitate further analy-
sis.10,12–14,20 This analysis calculated how the eyes moved in rela-
tion to one another over time together as opposed to accuracy
relative to a target.12,21 No operator intervention occurred during
the test procedure.

Neurocognitive Evaluation Protocol

To assess neurocognitive function, participants completed the
computerized Immediate Post-Concussion Assessment and Cogni-
tive Testing. During this commonly used clinical concussion test,1

participants complete a series of different tests described previ-
ously22 to produce a set of composite outcome scores. The test bat-
tery was originally designed to reduce practice effects through
randomizing stimulus presentation. Furthermore, to measure addi-
tional clinical features of study participants, participants com-
pleted a concussion symptom checklist within the computerized
neurocognitive assessment, where self-reported symptom severity
was rated on a 0-to-6 scale for 22 common symptoms of concus-
sion. Any individuals who received an invalid computerized neuro-
cognitive test were excluded.

Outcome Variables

To facilitate a multifaceted approach to baseline concussion
testing, we calculated several variables from the assessments de-
scribed previously for use in further analyses. Within the eye track-
ing protocol, we used the BOX score metric, a binary classifier
(<10, normal; ≥10, abnormal) based on the sensitivity and speci-
ficity relative to a clinical reference standard of concussion.14

The BOX score was developed using a best subset regression
model, and normalized and adjusted by a constant that has been
used previously for diagnostic purposes in pediatric concussion
with sound reliability and uses metrics such as how well the eyes
move together and how quickly the eyes move in concert.10,13,14

From the clinical visual examination, we used near point of conver-
gence breakpoint distance, measured in centimeters, and binocu-
lar accommodative amplitude distance, measured in centimeters,
as our outcome variables of interest in subsequent analyses. The
Standardized Assessment of Concussion total score ranged from 0
to 30, and the total symptom score obtained from the computerized
neurocognitive test report ranged from 0 (no symptoms) to 132
www.optvissci.com Optom Vis Sci 202
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(maximum severity on all symptoms). Finally, the neurocognitive do-
main scores of interest included verbal memory composite score,
verbal memory composite score, visual motor speed composite
score, and reaction time composite score.
Statistical Analysis

Continuous outcome variables are reported asmeans (95%con-
fidence intervals), and categorical variables are reported as the
number includedwith corresponding percentage.We first calculated
summary descriptive statistics for each of our outcome variables of
interest. To accomplish our first objective, we constructed a linear
multivariable regression model. Our outcome variable was the BOX
score, and predictor variables included total symptom severity score,
Standardized Assessment of Concussion score, near point of conver-
gence distance, binocular accommodative amplitude distance, and
the four neurocognitive composite variables of interest (verbal mem-
ory, visual memory, visual motor speed, and reaction time). To ac-
complish our second objective, we constructed another series of
multivariable linear regression models. The outcome variables in-
cluded the eye tracking variables included in our investigation
(BOX score, near point of convergence distance, and binocular ac-
commodative amplitude distance), and predictor variables included
age, history of concussion, attention-deficit/hyperactivity disorder,
and years playing football. Finally, to accomplish our third purpose,
investigating different pass/fail cutoff threshold values for the BOX
score, we calculated the percentage of healthy athletes who failed
to complete the objective eye tracking examination at the specified
thresholds (i.e., false-positives). Because the recommended BOX
score cutoff is 10, we evaluated the following cutoff thresholds: 4,
6, 8, 10, and 12. Any missing data were treated as such, and no im-
putations were performed. All statistical tests were two-sided and
performed using Stata version 15 (StataCorp, College Station, TX).
1; Vol 98(7) 828
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TABLE 2. Summary of performance on clinical measures and
neurocognitive test performance

Variable Mean (95% confidence interval)

Clinical test variables

Symptom severity 2.7 (1.2–4.2)

SAC 25.3 (24.7–25.8)

NPC (cm) 3.3 (2.8–3.8)

BAA (cm) 6.5 (6.0–7.0)

Neurocognitive test variables

Verbal memory composite 80.3 (77.9–82.7)

Visual memory composite 73.4 (70.7–76.1)

Visual processing speed composite 35.1 (33.7–36.5)

Reaction time composite 0.61 (0.59–0.63)

Objective eye tracking variable

BOX score 4.7 (3.8–5.6)

BAA = binocular accommodative amplitude; NPC = near point of con-
vergence; SAC = Standardized Assessment of Concussion.
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RESULTS

A total of 102 male high school football athletes participated in
the study. Participants were 16 years of age on average, and a small
FIGURE 1. Results from the multivariable regression model describing the rela
(predictor variables) and BOX scores (outcome variable). There were no pred
mance. BAA = binocular accommodative amplitude; CI = confidence interva
Concussion.
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proportion reported being diagnosed with attention-deficit/
hyperactivity disorder or a history of concussion (Table 1). The ma-
jority (63%) reported having played football for at least 1 year be-
fore the evaluation. During the baseline examination, symptom
severity was within normal limits, and mean Standardized Assess-
ment of Concussion, near point of convergence, and binocular ac-
commodative amplitude values were within expected ranges for
this population (Table 2).

Multivariable linear regression results indicated that symptoms,
Standardized Assessment of Concussion score, near point of conver-
gence distance, binocular accommodative amplitude distance, and
any of the computerized neurocognitive composite outcome variables
were not significantly associatedwith theBOX score (Fig. 1). Although
age, concussion history, attention-deficit/hyperactivity disorder, and
prior years of playing football were not significantly associated with
BOX scores or near point of convergence distance (Figs. 2A, B), con-
cussion history was significantly associated with greater binocular ac-
commodative amplitude distance (Fig. 2C). The average BOX score
among all participants was 4.7. The BOX score pass/fail threshold of
10 resulted in a 12% false-positive rate (Table 3). As the BOX score
cutoff values increased beginning at 4, the false-positive rate de-
creased (Table 3).
DISCUSSION

Our results suggest that objective eye tracking methodology
evaluates a distinct physiological domain independent from those
commonly assessed at baseline. Therefore, eye tracking may be a
tionship between clinical measures and neurocognitive test performance
ictor variables that were significantly associated with BOX score perfor-
l; NPC = near point of convergence; SAC = Standardized Assessment of
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FIGURE 2. The association between patient characteristics and visual examination outcomes: (A) BOX score, (B) near point of convergence (NPC) dis-
tance, and (C) binocular accommodative amplitude (BAA) distance. *Concussion history was significantly associated with a greater BAA distance
(β = 1.60; 95% confidence interval, 0.19 to 3.01; P = .03).

Eye Tracking Performance in High School Football — Oldham et al.
useful addition to the current clinical concussion battery. Con-
cussion history and attention-deficit/hyperactivity disorder
were not associated with the BOX score; however, concussion
history was significantly associated with binocular accommo-
dative amplitude distance. This finding suggests that certain
www.optvissci.com Optom Vis Sci 202
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domains of visual function either remain impaired beyond con-
cussion recovery or are perhaps associated with an increased
risk of sport-related concussion. The cross-sectional design of
this study, however, limits our ability to tell which of these pos-
sibilities is most likely.
1; Vol 98(7) 830
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TABLE 3. False-positive rate of the BOX score, a binary classifier for
determining the likelihood of disconjugate eye movements, set at
various threshold levels

BOX score cutoff
threshold

Higher than cutoff threshold
(n/N)

% False-positive
rate

4 38/102 37

6 23/102 23

8 17/102 17

10 12/102 12

12 9/102 9

Eye Tracking Performance in High School Football— Oldham et al.
The BOX score was not significantly associated with symptoms,
Standardized Assessment of Concussion, or computerized neuro-
cognitive outcomes, all of which are frequently used concussion
clinical assessments. In addition, there was no significant relation-
ship between BOX score and the vision-based clinical variables
(near point of convergence, binocular accommodative amplitude)
measured in this investigation. This lack of overlap suggests that
eye tracking may address a unique physiological domain not cur-
rently evaluated by other commonly used concussion assessments.
Furthermore, eye tracking has successfully and reliably identified
abnormal convergence and accommodation in a concussed adoles-
cent population.10 Therefore, an objective eye tracking marker,
such as BOX score, may be considered as a useful addition to a
baseline multifaceted concussion examination.

A similar investigation of the King-Devick test also found few sub-
stantial relationships between measures in collegiate athletes.11

There were significant associations between the King-Devick and
cognitive components (Standardized Assessment of Concussion
concentration, computerized neurocognitive visual motor speed,
and computerized neurocognitive reaction time) but not with symp-
toms, psychological distress, or balance.11 The relationship between
faster King-Devick performance and better scores on the computer-
ized neurocognitive visual motor speed and reaction time has been
observed in a number of populations11,23; however, we did not find
this to be the case with BOX score. This lack of association between
the BOX score and neurocognitive composite scores suggests that
eye tracking is assessing a construct that is independent of neuro-
cognitive function and may be a valuable addition to the existing
clinical battery.

Individuals diagnosed with attention-deficit/hyperactivity disor-
der,24 as well as a previous history of concussion,25 seem to be at
risk for prolonged concussion symptoms. In addition, attention-
deficit/hyperactivity disorder and concussion history have been associ-
ated with vision problems.26 However, attention-deficit/hyperactivity
disorder was not associated with any of our visual metrics (BOX, near
point of convergence, binocular accommodative amplitude), which is
consistent with prior work showing no significant relationship between
BOX score and healthy adolescents diagnosed with attention-deficit/
hyperactivity disorder or thosewith a concussionhistory.13This is an im-
portant distinction, as young athletes with attention-deficit/hyperactivity
disorder have shown differences in baseline computerized neurocogni-
tive scores.27 Therefore, the eye tracking battery described in this study
may comprise a more effort-independent analysis when com-
pared with other frequently used concussion clinical assess-
ments. Ophthalmologic impairments are not uncommon in a
child/adolescent population, and otherwise healthy adolescent
www.optvissci.com Optom Vis Sci 202
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athletes diagnosed with attention-deficit/hyperactivity disorder
have displayed alterations in left eye movements (left eye skew,
left eye movement variance) during eye tracking tasks28; how-
ever, those specific eye tracking variables were not analyzed in
this investigation.

Collegiate hockey players with a lifetime history of concussion
did not seem to differ in their accommodative amplitude compared
with the players with no concussion history; however, the concus-
sion history group did have a significantly larger near point of fixa-
tion disparity, a measure of convergence insufficiency.29 Although,
in our study, concussion history had no association with BOX score
or near point of convergence, we did find a significant association
between concussion history and greater binocular accommodative
amplitude distance (Fig. 2C). Successful accommodation occurs
when an individual can maintain focus on an object of interest,
and it is frequently impaired in patients with a concussion because
of the number of neural pathways associated with the accommodative
system that are disrupted after injury.30 Abnormal accommodative
amplitude was found to be a predictor of prolonged concussion recov-
ery in a pediatric cohort.31 Although we investigated a healthy adoles-
cent population, the association between concussion history and
binocular accommodative amplitude could be indicative of subclini-
cal, unresolved ophthalmic dysfunction or subclinical visual dysfunc-
tion thatmay increase the risk for injury. Football is a collision sport, so
it is also possible that this association results from exposure to repet-
itive head impacts. Similarly, near point of convergence has been
shown to be a sensitive indicator of subclinical damage and recovery,
independent of symptoms, in high school football players.32 However,
both the effect of head impact exposure on binocular accommodative
amplitude and the effect of binocular accommodative amplitude on
concussion risk are unknown and warrant further exploration.

A cutoff of 10 is considered the pass/fail threshold for the BOX
score, with a BOX score <10 being classified as normal and a BOX
score ≥10 considered abnormal. In this investigation, we found a
cutoff of 10 to have a 12% false-positive rate (Table 3). Lowering
the BOX score cutoff threshold down to 8 could compromise the
specificity, as it resulted in a false-positive rate of 17%. Conversely,
increasing the BOX threshold up to 12 dropped the false-positive
rate down to 9%.Nonetheless, all three false-positive rates are below
what has been previously reported for other concussion assess-
ments, including common neurocognitive tests, which range from
22 to 46% in collegiate athletes.33 Male and female athletes have
shown to differ in their false-positive rates on other clinical concus-
sion measures.7 Therefore, future investigations are necessary to ex-
amine the false-positive rates of the BOX score in female athletes, as
we only investigated male athletes in our study.

This studywas not without limitations. The data are cross-sectional
and from a single high school and therefore may not be generalizable
to other populations (e.g., post-concussion, college athletes, and
youth athletes). Furthermore, the participants in this study were all
male football players, so future research should aim to investigate
any eye tracking differences between sexes and differences between
sport types (collision/contact/noncontact). As such, our findings can-
not be extrapolated to other populations. Our study only measured
near point of convergence from the tip of the nose, whereas others
have measured from the forehead.34,35 Therefore, our findings may
not be generalizable to other measurements of near point of conver-
gence. Head impact exposure over the course of a single season did
not seem to impair oculomotor performance in youth football players,
but additional research is necessary to investigate the role of sport type
in visual outcomes.36
1; Vol 98(7) 831
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In conclusion, eye tracking was not significantly associated with any
of thecommonly currently usedclinical concussionassessments inhigh
school football players. These findings suggest that an objective eye
tracking variable, like the BOX score, is effort independent and could
www.optvissci.com Optom Vis Sci 202
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be a useful addition to the current concussion battery, providing cli-
nicians with an objective tool to identify visual impairments that
are not currently being evaluated. Future research is needed to
examine the utility of eye tracking in other populations.
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