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OCULOMOTOR BEHAVIOR OF mTBI AND CONTROLS

Abstract

Importance: Children have the highest incidence of mild traumatic brain injury (mTBI) in the
United States. However, mTBI, specifically pediatric patients with mTBI, are notoriously
difficult to detect, and with a reliance on traditional, subjective measurements of eye movements,

the subtle but key oculomotor deficits are often missed.

Objective: The purpose of this project is to determine if the combined measurement of saccades,
smooth pursuit, fixations and reaction time represent a biomarker for differentiating pediatric

patients with mild traumatic brain injury compared to age matched controls

Design: This study used cross-sectional design. Each participant took part in a suite of tests
collectively labeled the “Brain Health EyeQ” to measure saccades, smooth pursuit, fixations and

reaction time.

Participants: The present study recruited 231 participants — 91 clinically diagnosed with a
single incident mTBI in the last 2 days as assessed by both the Glasgow Coma Scale (GCS) and
Graded Symptoms Checklist (GSC), and 140 age and gender matched controls (n=165 male,

n=66 female, M age= 14.20, SD = 2.78).

Results: One-way univariate analyses of variance examined the differences in performance on
the tests between participants with a mTBI and controls. ROC analysis examined the sensitivity
and specificity of the tests. Results indicated that together, the “Brain Health EyeQ” tests were
successfully able to identify participants with mTBI 75.3% of the time, providing further
validation to a growing body of literature supporting the use of eye tracking technology for

mTBI identification and diagnosis.

Key words: eye tracking, oculomotor, mTBI, concussion, Brain Health EyeQ



OCULOMOTOR BEHAVIOR OF mTBI AND CONTROLS

Introduction

Mild traumatic brain injury (mTBI) occurs about once every 15 seconds and the
excessive frequency of these injuries costs the US more than $77 billion dollars annually.'
Ninety percent of TBI’s are classified as mild.>* Clinical diagnosis of mTBI is determined by the
American Congress of Rehabilitation Medicine (ACRM) definition in which “a patient with a
mTBI is a person who has had a traumatically induced physiological disruption of brain function,
as induced by one of the following: a loss of consciousness, any memory loss, any alteration of

mental state, and/or focal neurological deficits.”

Pediatric head injury is extremely common. °> mTBI is the most common form of head
injury accounting for 75-85% of these injuries. ¢ Children have the highest incidence of mTBI. In
the United States, mTBI occurs in 692 of 100,000 children younger than 15 years of age.’
Identification of pediatric mTBI differs from adult mTBI due to age-related anatomical and
physiological differences, pattern of injuries based on the physical ability of the child, and
difficulty in neurological evaluation in children .* Evidence suggests that children exhibit a

specific pathological response to TBI with distinct accompanying neurological symptoms. 8

An important factor contributing to this epidemic is the fact that concussions are often
hard to diagnose and therefore treat.> Most symptoms are relatively subjective and easily
attributed to other conditions.® Therefore, it is important to build on established means of mTBI
detection that are both objective and reliable.> Currently, there are three accepted branches to
mTBI diagnosis: neurological, vestibular and oculomotor.’ In the past most of the oculomotor
assessment was carried out subjectively through examination by clinicians, with objective

measurements of symptoms, rare. '° Research suggests that subjective measurements of eye
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movements are more likely to miss subtle deficits, which makes the need for reliable objective
symptom detection increasingly important. One uniquely powerful method of objectively
measuring eye movements can be achieved through eye tracking technology.'® Eye tracking can
be used to study neurological function, oculomotor assessment and can detect abnormalities in

neurocircuitry and map oculomotor dysfunction to damaged sites.' %13

Oculomotor assessment can be further divided into the measurement of four specific
types of eye movements. These include saccades, smooth pursuits, fixations and reaction
time.!*!>16 Saccades are short and fast eye movements between fixed points, smooth pursuits use
predictive tracking to stabilize moving targets, fixations are even smaller movements that focus
an image on the fovea and reaction time is the time elapsed between a sensory stimulus and the
response to it.!*!>1¢ Each of these different eye movements activates different parts of the

brain.!”!3

The Saccadic system focuses on the rapid movements of the fovea between fixation
points.'® Several different brain structures are involved in the regulation of saccades including
the brain stem, pons, midbrain, and cerebral cortex. 18 Burst neuron circuits in the brainstem are
responsible for the motor signals that control the extraocular muscles in the eyes that generate
saccades.!® There is a division of labor between the pons and the midbrain, with the pons
primarily involved in generating horizontal saccades and the midbrain primarily involved in
generating vertical saccades.'® In addition, because eye movements are closely related to
cognitive behaviors in higher mammals, the cerebral cortex also plays an important role in the
function of saccades both directly through the burst neuron circuit, and via the superior

colliculus.'®
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The smooth pursuit system is what allows humans to predictively track moving objects.
17.18 Because the complete smooth pursuit pathway is so complex, it is not yet completely
understood.'® First, visual information is relayed from the striate cortex to the extrastriate areas
which contain specialized neurons that encode both eye and object movement.'® These
extrastriate areas have connections to the brain stem which communicates information to the
cerebellum. This explains why researchers have recently found functional similarity between the
saccadic and smooth pursuit systems.'® Pursuits are controlled primarily by a network of cortical
areas including the frontal eye field and other structures including the superior colliculus and
basal ganglia.'® Vertical smooth pursuits and horizon pursuits have similar pathways differing

only at a spot in the pons, the y-group and the cerebellum.'®

Fixations hold a stationary object on the fovea while the head is not moving and prevent
the image from fading.'®!® This process is active and involves a network of brain regions
including the parietal eye field, V5 and V5A areas, supplemental eye field and dorsolateral
prefrontal cortex.!'® The brain stem is also involved including part of the basal ganglia and the
superior colliculus, though specific functions are not localized to one area. Instead, they are
distributed across several.'®!° Fixations operate like a simple negative feedback loop in which
the drifting movements of the eye (not the actual target) trigger the tracking mechanism to return
the eye to the target.!® This behavior explains the constant microsaccades characteristic of

fixations; it's simply the gaze returning repeatedly to the target.'®

Reaction time (RT) is a measure of attention.”’ However, the applications of RT
assessment are much more numerous than just measuring attention. RT has been found in
numerous studies to be a marker of CNS damage and neuropathology including mTBI.!4?1:*% RT

can also be used to evaluate a person's motor skill or to determine how well they interact with
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their environment. RT itself is the time elapsed between the presentation of stimuli and the
behavioral response.?® RT assessments can be split up into simple reaction time (SRT), choice
reaction time (CRT) and discriminate reaction time (DRT)."* SRT is a single response to a
single stimulus, CRT is multiple responses to multiple stimuli and DRT is a single response to
one of the multiple stimuli. '* Traditional measurements of RT often fail to account for eye-
specific RT metrics including saccadic latency, visual speed, and visual processing speed.!* Eye-
tracking does measure these values and this greater level of detail provides valuable information

during RT assessment.'*

Currently, pediatric mTBIs are diagnosed using a variety of measures such as level of
consciousness and length of post-traumatic amnesia.?** The Glasgow Coma Score (GCS) is
commonly used to evaluate consciousness on a 13-15 scale for mTBI that accounts for motor
response, verbal response and eye-opening ability.?¢ However, the GCS is widely used but not

necessarily the best measure of pediatric mTBI.?’

Furthermore, clinicians do not usually use
imagining for pediatric mTBI cases.?® Therefore, The Graded Symptoms Checklist (GSC) in the
Standardized Assessment of Concussion (SAC) was also used as a secondary clinical tool for
measurement of mTBI as recommended by the Journal of the American Medical Association
Pediatrics clinical guidelines. ** 3! Though numerous, current methods of concussion detection
are often subjective or lacking in their oculomotor components.*? Eye tracking is capable of

delivering precise and objective measurements to assist in mTBI diagnosis, and this is why it is

so important to consider.*?

Compromised saccades, smooth pursuits, fixations and reaction time have all been linked
to mTBI. Numerous studies have found compromised saccades in patients with mTBI including

prolonged latencies and directional errors on memory-guided and antisaccades tasks and
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impaired self-paced saccades.!>**3%3¢ Both vertical and horizontal saccades have been shown to
differ in patients with mTBI, and saccades of patients with mTBI have been found especially
deficient under conditions of high cognitive load.?’® Several studies have also found deficits in
smooth pursuits in patients with mTBI.3**° Patients with mTBI have been shown to have both

reduced prediction and more position errors, 414343

mTBI patients have also been found to have
increased error and variability in gaze position and reduced smooth pursuit velocity in tracking

tests.** Another study found that fixational errors for mTBI patients were abnormally high with
evidence of increased drift, saccadic intrusions, and nystagmus.* Though fixations do not have
as much focus in current literature, this is only further reason to continue to study them. Several

studies exist that consider the impact mTBI has on reaction time. 64748

mTBI patients have been
found to have reduced processing speed as it relates to reaction time, along with increased

reaction time overall.!**!

Between the four eye-movements being considered, there are a plethora of studies the
look at the impact of mTBI, however none exist that consider all these components together. Nor
is there much research conducted specifically on the oculomotor behavior of pediatric patients
with mTBI. Nevertheless, these metrics can distinguish between mTBI and Controls and so it
stands to reason that all together they represent a superior method of mTBI detection. Of the four
factors considered, fixations especially are in need of more research. Further investigation is also
necessary to determine how the four metrics interact with each other, and how the combined
ability to distinguish mTBI differs from the individual capacities. The purpose of this study was
to compare Brain Health EyeQ score (a composite of saccades, smooth pursuits, fixations and

reaction time) of pediatric patients with clinically diagnosed mTBI and age matched controls. A
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secondary purpose was to examine the reaction time responses in a choice and discriminate

reaction time task.

Methods

Participants

Data from two-hundred and thirty-one participants were analyzed. One hundred and
sixteen were clinically diagnosed as having a mTBI within two days of the assessment. Twenty-
five of these participants were excluded (see procedure) leaving 91 total participants with mTBI.
One-hundred and forty participants were age and gender matched controls. Participants were
between the ages of 6-18 years (M = 14.20, SD = 2.78); 165 were males (71.4%), 66 were
females (28.6%). Of the 231 participants, 68.8% were White, 3.0% were Hispanic, .4% were
Asians, 7.4% were Black, and 20.4% opted not to report ethnicity. The groups were matched by

age (see Table 1).

Table 1: Demographic data by Age and Gender

Group (n) Mean Age Males
(£SD) Females

Control (140) 14.31 (2.48) 39 101

mTBI (91) 14.13 (2.97) 27 64

n = Number; SD = Standard Deviation

Clinical Diagnosis of mTBI for Pediatric Patients: All participants had been clinically
assessed by Board Certified neurologists with at least 5 years’ experience in diagnosing TBIs.

Clinical diagnosis of mTBI was based on the American Congress of Rehabilitation Medicine
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(ACRM) definition of mTBI. *° All participants were examined using the GCS and scored
between 13-15 on the scale. However, the GCS is widely used but not necessarily the best
measure of pediatric mTBI. 2’ Furthermore, clinicians do not usually use imagining for pediatric
mTBI cases. ?® Therefore, The Graded Symptoms Checklist (GSC) in the Standardized
Assessment of Concussion (SAC) was also used as a secondary clinical tool for measurement of
mTBI as recommended by the Journal of the American Medical Association Pediatrics clinical
guidelines.’**! Using results from Grubenhoff, Kirkwood, Gao, Deakyne and Wathen (2010)
and the American Academy of Neurology concussion grading scale pediatric patients (6-18 years
of age) were evaluated as having mTBI if their GSC score was between 7.7 to 19.3.50!
According to Grubenhoff et al., (2010) this yielded a 95% confidence interval for case-patients
with an AAN grade 1 TBI (7.7-10.7) or grade 2 TBI (11.5-19.3).%° Therefore, participants in the

mTBI group in this study scored between 13-15 on the GCS and 7.7-19.3 on the GSC.

Apparatus
Stimuli were presented using the RightEye tests on a Tobii [15 vision 15 monitor fitted with

a Tobii 90Hz remote eye tracker and a Logitech (model Y-R0017) wireless keyboard and mouse.
The participants were seated in a stationary (nonwheeled) chair that could not be adjusted in
height. They sat in front of a desk in a quiet, private room. Participants’ heads were
unconstrained. The accuracy of the Tobii eye tracker was 0.4 within the desired headbox of 32
cm X 21 cm at 56 cm from the screen. For standardization of testing, participants were asked to
sit in front of the eye tracking system at an exact measured distance of 56 cm (ideal positioning

within the headbox range of the eye tracker).
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Oculomotor Task

These included a set of oculomotor tasks, collectively called Brain Health EyeQ. These
tasks included three smooth pursuit tests, 2 saccade tests, one fixation test, two reaction time

tests.

Pursuit Tests: Three types of pursuit tests were run. A Circular Smooth Pursuit
(CSP), Horizontal Smooth Pursuit (HSP) and Vertical Smooth Pursuit (VSP). Participants were
asked to “follow the dot, on the screen, as accurately as possible with their eyes.” The dot is 0.2
degrees in diameter and moved at a speed of 25.13 degrees of visual angle per second. The tests
were taken with a black background with white dot and lasted 20s. The diameter of movement of
the CSP circle was 20 degrees. The visual degrees of the HSP and VSP tests was 15 degrees in

every direction from the center of the screen.

Self-Paced Saccade Tests (see Hunfalvay, Roberts, Murray, Tyagi, Kelly & Bolte,
2019 for further details). In the Horizontal Saccade (HS) test, participants were asked to look at a
countdown of three, two, one in the center of the screen before moving their eyes back and forth
between two dots. Their goal was to ‘target each dot’ on the left and right of the screen as
quickly and accurately as possible. The targets were 10 cm apart and 1 cm in diameter. The tests
were taken with a black background with white dots and lasted 10 seconds. The protocol for the
Vertical Saccade (VS) test was the same as that for the HS test. However, the VS test was in a

vertical plane.

Fixation Test: In the Fixation Test (FX), participants are asked to look at three
different optotypes for 7 seconds each with a 3 second break between. Optotype 1 is a cross of 1

degree in size. Optotype 2 is a circular dot, 1 degree in size. Optotype 3 is a small four-point

10
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diamond, that is 3 cm in size on the edge. The tests were taken with a white background with

black dots and lasted a total of 30 seconds, including the breaks

Reaction Time Tests: Two reaction time tests were given; a Choice Reaction Time test
(CRT) and Discriminate Reaction Time test (DRT; see Lange, Hunfalvay, Murray, Roberts,
Bolte, 2018 for further details). In brief, the CRT test, the participant viewed three stimuli and
was asked to provide one of three responses. In the DRT test, the participant viewed three stimuli

and was required to respond to only one stimulus

The Brain Health EyeQ Score (BHEQ) includes a combination of saccade, pursuit, fixation
and reaction time oculomotor variables. A total of 58 metrics make up the testing model.
Weights range from 0.1 to 13% across metrics. More about the individual tests and metrics can
be found in published papers mentioned above.>?>* The metrics associated with the BHEQ score
all passed reliability standards.’* Extreme gradient boosting (XGB) was used for the
classification task using the Rworker GitHub repository R language version 3.5.2. The efficacy
of the model was evaluated using accuracy of classification. This model also outputs the
importance (weights) that each variable has on the classification accuracy. These weights were
then applied to the respective metrics (variables) to calculate the percentile value of a participant
compared to his/her peers within the same age group. The percentiles are then aggregated over
all metrics that collapse into specific tests to calculate overall scores and percentile on that test;
for example, all metrics that create CSP, HSP and VSP tests were used to calculate overall
percentile and score for the test. Results revealed pursuit test weighting 60.93% (CSP: 8.4%;
HSP: 40.4%; VSP: 12.13%); self-paced saccade test weighted 24.95% (HS: 15.57%; VS:

9.38%); and fixation test contributed 14.2% weighting of the model.

11
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Procedure
Participants were recruited through RightEye clinical providers. The study was conducted

in accordance with the tenets of the Declaration of Helsinki. The study protocols were approved
by the Institutional Review Board of East Carolina University. The nature of the study was
explained to the participants and all participants provided written consent to participate.
Participants were excluded from the study they had more than a single discrete episode of mTBI
(n=21). Following informed consent, participants were asked to complete a prescreening
questionnaire and an acuity vision screening where they were required to identify four shapes at
4 mm in diameter. If any of the prescreening questions were answered positively and any of the
vision screening shapes were not correctly identified, then the participant was excluded from the
study (n = 3). Participants were excluded from the study if they reported any of the following
conditions, which may have prevented successful test calibration during the prescreening
process: this included vision-related issues such as extreme tropias, phorias, static visual acuity
of >20/400, nystagmus, cataracts or eyelash impediments or if they had consumed drugs or
alcohol within 24 hours of testing (n = 1).°>>% Participants were also excluded if they were
unable to pass a nine-point calibration sequence. Less than 1% of the participants fell into these
categories.

Qualified participants who successfully passed the nine-point calibration sequence
completed the eye tracking tests. The calibration sequence required participants to fixate one at a
time on nine points displayed on the screen. The participants had to successfully fixate on at least
eight out of nine points on the screen to pass the calibration sequence. Written instructions on
screen and animations were provided before each test to demonstrate appropriate behavior

required in each of the tests.

12
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Data Analysis

The differences in the groups (Control, mTBI) were analyzed on clinically verified data
using JMP PRO 14.0 (SAS Institute; Cary, NC). The comparison was evaluated using one-way
univariate ANOV As on the Brain Health EyeQ score, Choice Reaction Time measures (saccadic
latency, visual speed, processing speed, and reaction time), and Discriminate RT measures
(saccadic latency, visual speed, processing speed, and reaction time). The alpha level was set at p
< 0.05 and Omega squared (w?) was used to determine effect size. In addition, a series of ROC
analysis were plotted for the Oculomotor variables. Significant area under the curve (AUC) with
95% confidence intervals (p <0.05) was used to indicate the ability of each variable to
differentiate concussed participants from non-concussed. We set our criteria for a satisfactory an
area under the curve at least of 0.7. We calculated cut-off points, sensitivity, specificity, and
positive and negative predictive value (PPV and NPV, respectively) for each significant AUC.
Optimal cut-off points were determined by visually assessing which score combines maximum

sensitivity and specificity.

Results
The ANOVA results for Brain Health EyeQ Score demonstrated a significant main effect

for Group [F(1, 229) = 21.906; p <.001, > = 0.89]. The data revealed a significant difference
between mTBI group (M = 53.98, SD = 20.75) and the Control group (M = 67.52, SD =21.92;

Figure 1).

***Place Figure 1 Here***

13
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Choice Reaction Time (CRT)

The ANOVA results for Choice Reaction Time test demonstrated a significant main
effect for Saccade Latency [F(1, 229) = 19.53; p <.001, ®»* = 0.074] and processing speed [F(1,
226) =4.17; p <.05, ®*> = 0.44]. Further, we examined Visual Speed [F(1, 226) = .182; p =
670, w*> = -0.003] and Reaction Time [F(1, 224) = .342; p = .559, ®* = -0.003] which
demonstrated non-significant differences between Control and mTBI groups (Table 2).

Table 2: Mean and Standard Deviation for Choice Reaction Time Variables.

Group (n) Saccade Latency Processing Speed Visual Speed Reaction Time
Control 364.95 (139.83) 609.44 (227.56) 149.01 (143.20) 1123.93 (383.98)
mTBI 288.35 (109.41) 669.91 (203.61) 141.10 (126.54) 1095.77 (304.76)

Discriminate Reaction Time (DRT)

The ANOVA results for Discrimination Reaction Time test demonstrated a significant
main effect for Saccade Latency [F(1, 226) = 9.483; p <.01, *> = 0.35] and Processing Speed
[F(1,219) = 15.63; p <.001, ®* = 0.62]. Similar to Choice Reaction Time test, both Visual
Processing Speed [F(1, 226) = 3.544; p =.061, > = 0.011] and Reaction Time [F(1,218)=.164;
p =.686, ®*> = -0.004] did not differentiate between mTBI and Control groups in the

Discriminate Reaction Time test (Table 3).

14
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Table 3: Mean and Standard Deviation for Discriminate Reaction Time Variables.

Group (n) Saccade Latency  Processing Speed Visual Speed Reaction Time

Control 336.81 (108.39) 379.39 (152.68) 142.32 (154.34) 856.98 (290.43)

mTBI 286.62 (136.58) 478.01 (218.24) 106.46 (117.56) 873.75 (316.35)
ROC analysis

Among the RightEye variables, ROC curves were significant for Brain Health EyeQ
score; DRT Saccade Latency, DRT Processing Speed, CRT Saccade Latency, CRT Processing
Speed CRT (Table 4, Figure 2). ROC curves were not significant or produced low AUC score for
the remaining DRT and CRT variables (Reaction Time and Visual Speed).

Table 4: Summarization of outcomes at the ROC curve analysis including: area under the
curve (AUC) with standard error (S.E.), p values; cut-off points; sensitivity and specificity

percentages; positive and negative predictive values (PPV and NPV), respectively.

Variable AUC S.E. p Cut-off Sensitivity Specificity PV~ NPV
BHEQS 0.704* 0.00618 0.0001 63 75.3% 55.0% 76.2%
3.7% 7
DRT Saccade 0.724* 0.00170 0.0039 259 58.8 % 86.4% 75.20
Latency 5.0% e
DRT Processing 0.692* 0.00093 0.0004 365 73.2% 60.7%
76.6%
Speed 6.3%
CRT Saccade Latency 0.716  0.00138 0.0001 248 53.6% 91.4%
74.0%
1.3%
CRT Processing 0.623  0.00062 0.045 578 64.9% 55.7%
69.6%
Speed 0.4%

15
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***Place Figure 2 Here****
Discussion

The purpose of this article was to examine the oculomotor behavior of pediatric patients
with clinically diagnosed mTBI versus controls. This was done using a combination of saccade,
pursuit, fixation and reaction time oculomotor variables that together made up a BHEQ Score.
Results revealed a significant difference between groups, with the mTBI group showing lower
(poorer) oculomotor behavior than the control group. A mean difference of 13.54% (67.52-
53.98) was found. This result shows that oculomotor behavior of those with mTBI is poorer, as
they scored lower, than those of the control group. It also shows that the BHEQ linear
combination score effectively detects such differences by examining all the major oculomotor
behaviors (fixations, pursuits and saccades). Furthermore, the BHEQ score showed a significant
0.7 AUC with a sensitivity of 75.3%. These scores indicate that the BHEQ score correctly

identifies patients with mTBI 75.3% of the time.

It is well known that independent tests, such as saccades tests show differences between
those with mTBI and those without.?” The same is true for pursuit eye movements.*! However, to
date there has not been one combination score of all the major eye movements that a clinician
can review as part of the clinical workflow to determine if there is a global oculomotor
difference for a patient compared to an age matched control. One global score, one standard of
reference in clinical practice is an important benchmark for which to determine if further, more

in depth examination is required.

16
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A secondary purpose of this article was to examine choice and discriminate reaction time
tests and associated oculomotor variables between the two groups. Two variables, saccadic
latency and processing speed were found to be significantly different in both the CRT and DRT
test. mTBI group had faster saccadic latency and slower processing speed than the Control
group. This is consistent with past research where saccadic latency and processing speed where
found to show differences between mTBI versus controls and mTBI versus athlete groups. '
Interestingly the previous research showed much larger standard deviations even with a larger
sample size (N = 651) compared to the current research (N = 91). It is possible that the 10-day
time limit for mTBI patients in the current study reduced the variability in results. Nevertheless,
the same results were replicated. Both CRT and DRT Saccadic Latency values show a high
specificity 86.4% and 91.4% respectively. Furthermore, they showed high positive predictive
values (75.0% and 81.3%). DRT and CRT Processing Speed showed high sensitivity 73.2% and
64.9% respectively. Taken together, these metrics indicate a high predictive value, sensitivity
and specificity for differentiating patients with and without mTBI. Such results further validate

the use of eye movements as a biomarker for identification of mTBI.

Limitations of this study include an unequal distribution of males and females in the
sample populations. Past research has found conflicting evidence of gender differences in mTBI

60,61

groups and future research is needed. A second limitation is the limited age group of

pediatric patients only.

This study was the first to examine a combined Brain Health EyeQ score in mTBI
pediatric patients. Future research should examine adults, specifically those over 65 who are the
second largest group of persons who incur mTBIs and is describe as the “silent epidemic” in

older adults according to Thompson, McCormick & Kagan (2006).5? In conclusion, the results of

17
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this study show that a) oculomotor behavior differs between pediatric patients with mTBI and
age matched controls; b) the BHEQ score, that combines the major categories of oculomotor
behavior, differentiates pediatric patients with mTBI from controls and, c¢) the CRT and DRT
tests results were replicated from past research supporting the need for RT to be part of a mTBI

assessment. 4

18



OCULOMOTOR BEHAVIOR OF mTBI AND CONTROLS
Figure Captions:
Figure 1 — Mean Brain Health EyeQ Score between mTBI and Control groups.

Figure 2 — Receiver Operator Characteristic analysis predicting mTBI status for all significant

variables.

19
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Figure | — Mean Brain Health EyeQ Score between mTBI and Control groups.
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