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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 mTBI and controls. ROC curve
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.
Keywords: eye-tracking, oculomotor, mTBI, concussion, pediateric case
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sensory stimulus and the response to it (Land and Tatler, 2009;
Leigh and Zee, 2015; Lange et al., 2018). Each of these different
eye movements activates different parts of the brain (Wong, 2007;
Møllenbach et al., 2013).
The Saccadic system focuses on the rapid movements of the
fovea between fixation points (Wong, 2007). Several different
brain structures are involved in the regulation of saccades,
including the brain stem, pons, midbrain, and cerebral cortex
(Wong, 2007). Burst neuron circuits in the brainstem are
responsible for the motor signals that control the extraocular
muscles in the eyes that generate saccades (Wong, 2007). 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
(Wong, 2007). 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 (Wong, 2007).
The smooth pursuit system is what allows humans to
predictively track moving objects (Wong, 2007; Møllenbach
et al., 2013). Because the complete smooth pursuit pathway is
so complex, it is not yet completely understood (Wong, 2007).
First, visual information is relayed from the striate cortex to
the extrastriate areas, which contain specialized neurons that
encode both eye and object movement (Wong, 2007). 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 (Wong, 2007). Pursuits are
controlled primarily by a network of cortical areas, including
the frontal eye field and other structures such as the superior
colliculus and basal ganglia (Wong, 2007). Vertical smooth
pursuits and horizon pursuits have similar pathways differing
only at a spot in the pons, the y-group, and the cerebellum
(Wong, 2007).
Fixations hold a stationary object on the fovea while the
head is not moving and prevent the image from fading (Wong,
2007; Leigh and Zee, 2015). 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 (Wong, 2007). The brain stem and part of the
basal ganglia and the superior colliculus are involved, although
specific functions are not localized to one area. Instead, they are
distributed across several (Munoz, 2002; Wong, 2007). 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 (Leigh and Zee, 2015).
This behavior explains the constant microsaccades characteristic
of fixations; it’s simply the gaze repeatedly returning to the target
(Leigh and Zee, 2015).
Reaction time (RT) is a measure of attention (Zomeren and
Brouwer, 1994). 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 (Knopman, 1991; Murtha
et al., 2002; Lange et al., 2018). RT can also be used to evaluate

INTRODUCTION
Mild traumatic brain injury (mTBI) occurs about once every
15 s, and the excessive frequency of these injuries costs the
United States more than $77 billion dollars annually (Langlois
et al., 2004; Prins et al., 2013). Ninety percent of TBI’s are
classified as mild (Langlois et al., 2004; Howell et al., 2018).
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
(Bazarian et al., 2005).”
Pediatric head injury is extremely common (Schunk and
Schutzman, 2012). mTBI is the most common form of head
injury accounting for 75–85% of these injuries (Goldstein and
Levin, 1987). 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 (Guerrero et al., 2000). 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 (Araki et al., 2017). Evidence
suggests that children exhibit a specific pathological response
to TBI with distinct accompanying neurological symptoms
(Araki et al., 2017).
An important factor contributing to this epidemic is
the fact that concussions are often hard to diagnose and
therefore treat (Howell et al., 2018). Most symptoms are
relatively subjective and easily attributed to other conditions
(Howell et al., 2018). Therefore, it is essential to build on
established means of mTBI detection that are both objective
and reliable (Howell et al., 2018). Currently, there are three
accepted branches to mTBI diagnosis: neurological, vestibular,
and oculomotor (Sussman et al., 2016). In the past, most
of the oculomotor assessment was carried out subjectively
through examination by clinicians, with objective measurements
of symptoms, rare (Bedell and Stevenson, 2013). Research
suggests that subjective measurements of eye 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
(Bedell and Stevenson, 2013). Eye-tracking can be used to study
neurological function, oculomotor assessment and can detect
abnormalities in neurocircuitry and map oculomotor dysfunction
to damaged sites (Bedell and Stevenson, 2013; Lai et al., 2013;
Johnson et al., 2015).
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
(Land and Tatler, 2009; Leigh and Zee, 2015; Lange et al., 2018).
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
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them. Several studies exist that consider the impact mTBI has
on reaction time (MacFlynn et al., 1984; Hetherington et al.,
1996; Hugenholtz et al., 1998). mTBI patients have been found
to have reduced processing speed as it relates to reaction time,
along with increased reaction time overall (Suh et al., 2006b;
Lange et al., 2018).
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 secondary purpose was to
examine the reaction time responses in a choice and discriminate
reaction time task.

a person’s motor skill or to determine how well they interact
with their environment. RT itself is the time elapsed between the
presentation of stimuli and the behavioral response (Shelton and
Kumar, 2010). RT assessments can be split up into simple reaction
time (SRT), choice reaction time (CRT) and discriminate reaction
time (DRT) (Lange et al., 2018). 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
(Lange et al., 2018). Traditional measurements of RT often fail to
account for eye-specific RT metrics, including saccadic latency,
visual speed, and visual processing speed (Lange et al., 2018).
Eye-tracking does measure these values, and this greater level
of detail provides valuable information during RT assessment
(Lange et al., 2018).
Currently, pediatric mTBIs are diagnosed using a variety
of measures such as level of consciousness and length of
post-traumatic amnesia (Maruta et al., 2010; Levin and DiazArrastia, 2015). The Glasgow Coma Score (GCS) is commonly
used to evaluate consciousness on a 13–15 scale for mTBI
that accounts for a motor response, verbal response, and eyeopening ability (Arbour et al., 2016). However, the GCS is
widely used but not necessarily the best measure of pediatric
mTBI (Ghaffarpasand et al., 2013). Furthermore, clinicians do
not usually use imagining for pediatric mTBI cases (Oakes,
2018). 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 (Adjorlolo,
2018; Lumba-Brown et al., 2018a,b). Though numerous, current
methods of concussion detection are often subjective or lacking in
their oculomotor components (Ventura et al., 2015). 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 (Komogortsev and Karpov, 2013).
Compromised saccades, smooth pursuits, fixations, and
reaction time have all been linked to mTBI. Numerous studies
have found compromised saccades in patients with mTBI such
as prolonged latencies and directional errors on memoryguided and antisaccades tasks and impaired self-paced saccades
(Williams et al., 1997; Heitger et al., 2002; Johnson et al., 2015;
DiCesare et al., 2017). 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 (Ettenhofer et al.,
2018; Hunfalvay et al., 2019). Several studies have also found
deficits in smooth pursuits in patients with mTBI (Heitger
et al., 2009; Hoffer et al., 2017). Patients with mTBI have been
shown to have both reduced prediction and more position
errors (Suh et al., 2006a,b; Armstrong, 2018). mTBI patients
have also been found to have increased error and variability in
gaze position and reduced smooth pursuit velocity in tracking
tests (Maruta et al., 2014). Another study found that fixational
errors for mTBI patients were abnormally high with evidence
of increased drift, saccadic intrusions, and nystagmus (Ciuffreda
et al., 2004). Though fixations do not have as much focus in
current literature, this is only further reason to continue to study
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MATERIALS AND METHODS
Participants
Data from two-hundred and thirty-one participants were
analyzed. One hundred and sixteen were clinically diagnosed
as having a mTBI within 2 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, 0.4% were Asians, 7.4% were
Black, and 20.4% opted not to report ethnicity. The groups were
matched by age (see Table 1).

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 (ACRM) definition of mTBI
(Mild Traumatic Brain Injury Committee, 1993). All participants
were examined using the GCS and scored between 13 and
15 on the scale. However, the GCS is widely used but not

TABLE 1 | Demographic data by age and gender.
Group (n)

Mean Age (±SD)

Females

Males

Control (140)

14.31 (2.48)

39

101

mTBI (91)

14.13 (2.97)

27

64

n, Number; SD, Standard Deviation.
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Reaction Time Tasks

necessarily the best measure of pediatric mTBI (Ghaffarpasand
et al., 2013). Furthermore, clinicians do not usually use imagining
for pediatric mTBI cases (Oakes, 2018). 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
(Lumba-Brown et al., 2018a,b). Using results from Grubenhoff
et al. (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 and 19.3 (Kelly
et al., 1991; Grubenhoff et al., 2010). According to Grubenhoff
et al. (2010) this yielded a 95% confidence interval for casepatients with an AAN grade 1 TBI (7.7–10.7) or grade 2 TBI
(11.5–19.3) (Grubenhoff et al., 2010). Therefore, participants in
the mTBI group in this study scored between 13–15 on the GCS
and 7.7–19.3 on the GSC.

In addition to the BHEQ, we examined separately Choice
Reaction Time (CRT) and Discriminate Reaction Time (DRT; see
Lange et al., 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.

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 h of testing (n = 1)
(Han et al., 2010; Holmqvist and Nystrom, 2011; Renard et al.,
2015; Kooiker et al., 2016; Niehorster et al., 2017). 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 ninepoint 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. The testing
lasted less than 5 min to complete.

Apparatus
The RightEye tests were presented on a Tobii I15 vision 1500
monitor fitted with a Tobii 90 Hz remote eye tracker and a
Logitech (model Y-R0017) wireless keyboard and mouse. The
participants were seated in a stationary (non-wheeled) 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 × 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 a distance of 56 cm
(ideal positioning within the virtual headbox range of the
eye tracker).

The Brain Health EyeQ Score (BHEQ)
The Brain Health EyeQ Score (BHEQ) includes a combination of
saccade, pursuit, fixation and simple 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 (Lange et al., 2018; Hunfalvay et al., 2019;
Murray et al., 2019). The metrics associated with the BHEQ score
all passed reliability standards (Murray et al., 2019). 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 circular smooth pursuit (CSP), horizontal
smooth pursuit (HSP), and visual smooth pursuit (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%
(horizontal saccade (HS): 15.57%; vertical saccade (VS): 9.38%);
and fixation test contributed 14.2% weighting of the model.
Frontiers in Behavioral Neuroscience | www.frontiersin.org

Data Analysis
The differences in the groups (control, mTBI) were analyzed
on clinically verified data using JMP PRO 14.0 (SAS Institute,
Cary, NC, United States). The comparison was evaluated using
one-way univariate ANOVAs 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 (ω2 ) was used to determine effect size. In
addition, a series of ROC curve 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
4
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from non-concussed. We set our criteria for a satisfactorily
accurate area under the curve (AUC) to the standard of least of
0.7 (Adjorlolo, 2018). We calculated cut-off points, sensitivity,
specificity, and positive and negative predictive value (PPV
and NPV, respectively) for each significant AUC. Optimal cutoff 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 < 0.001,
ω2 = 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). Further a logistic regression
analysis was conducted to evaluate how well the criterion variable
BHEQ predicted mTBI status (see Figure 2). The mTBI status
was significantly related to the BHEQ, χ2 = 27.31; p < 0.0001,
Nagelkerke R2 = 0.185.

FIGURE 2 | Dot Graph and probability curve for Control group (blue) and TBI
group (red).

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 < 0.01, ω2 = 0.35]
and Processing Speed [F(1,219) = 15.63; p < 0.001,
ω2 = 0.62]. Similar to Choice Reaction Time test, both
Visual Processing Speed [F(1,226) = 3.544; p = 0.061,
ω2 = 0.011] and Reaction Time [F(1,218) = 0.164;
p = 0.686, ω2 = 0.004] did not differentiate between mTBI
and Control groups in the Discriminate Reaction Time
test (Table 3).

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 < 0.001, ω2 = 0.074] and processing speed [F(1,226) = 4.17;
p < 0.05, ω2 = 0.44]. Further, we examined Visual Speed
[F(1, 226) = 0.182; p = 0.670, ω2 = −0.003] and Reaction
Time [F(1,224) = 0.342; p = 0.559, ω2 = 0.003] which
demonstrated non-significant differences between Control and
mTBI groups (Table 2).

ROC Curve Analysis
Among the RightEye variables, ROC curves were significant
(p < 0.0001) for Brain Health EyeQ score; DRT Saccade

FIGURE 1 | Mean Differences (with standard error) comparing BHEQ score between mTB and Control.
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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)

*p < 0.05.
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)

*p < 0.001.
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.
Variables
BHEQ

AUC

S.E.

p

Cut-off

Sensitivity

Specificity

PPV

NPV

0.704*

0.00618

0.0001

63

75.3%

68.0%

73.7%

81.2%

BHEQ subscale analysis
Fixation Stability

0.640

0.1346

0.0003

5.11

66.3%

67.8%

57.2%

75.4%

Horizontal Saccade Efficiency

0.560

0.0263

0.2691

7.31

59.0%

86.8%

30.6%

33.1%

Vertical Saccade Efficiency

0.597

0.210

0.0688

5.27

85.5%

81.1%

40.3%

65.1%

CSP Saccade percentage

0.68

0.273

0.0027

4.29

84.5%

71.8%

43.3%

73.3%

VSP Saccade percentage

0.55

0.018

0.2218

5.10

57.2%

11.5%

29.8%

31.5%

HSP Saccade percentage

0.42

0.17

0.698

18.45

98.6%

94.5%

40.3%

85.3%

Reaction Time Tasks
DRT Saccade Latency

0.724*

0.00170

0.0039

259

58.8 %

86.4%

75.0%

75.2%

DRT Processing Speed

0.692*

0.00093

0.0004

365

73.2 %

60.7%

76.3%

76.6%

CRT Saccade Latency

0.716*

0.00138

0.0001

248

53.6%

91.4%

81.3%

74.0%

CRT Processing Speed

0.623

0.00062

0.045

578

64.9%

55.7%

70.4%

69.6%

*Represents an acceptable probability that the test differentiates mTBI from no TBI.
Cut-off points (or thresholds) distinguish between a “positive” and a “negative” mTBI result and represents maximum balance between sensitivity and specificity
within each test.
Sensitivity represents confidence that a person has a mTBI or the true positive rate and specificity represents the accuracy of the test or the true negatives.

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 has a
balance of sensitivity and specificity and represents the ability
to discriminate whether a specific condition is present or not
present. It is important to note the sensitivity and specificity
are based on determining appropriate cut-off points which
distinguish between a “positive” and a “negative” outcome. We
utilized our data to determine these appropriate cut-scores,
however, with lower cut-off scores based on minimal clinically
important differences would result in better sensitivity and
specificity in the measure. Furthermore, BHEQ did better overall
considering AUC, p-value, sensitivity, and specificity of the
sub-measures including pursuit test, self-paced saccade test,
and fixation test and the BHEQ score has more precision in
distinguishing those with mTBI and without mTBI.
It is well known that independent tests, such as saccades
tests show differences between those with mTBI and those
without (Hunfalvay et al., 2019). The same is true for

Latency, DRT Processing Speed, CRT Saccade Latency, CRT
Processing Speed CRT (Table 4 and Figure 3). ROC curves
were not significant or produced low AUC score for the
remaining DRT and CRT variables (Reaction Time and
Visual Speed).

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
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FIGURE 3 | Receiver Operator Characteristic analysis predicting mTBI Status for all significant variables.

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 groups
(Farace and Alves, 2000; Brickell et al., 2017) and future research
is needed. A second limitation is that 24.7% of cases that are
potentially missed. However, mTBI describes a broad term that
describes a vast array of injuries and this test indicates visual
motor impairment due to mTBI. Potentially, the missed cases
are result from other symptoms or impairments and additional
measures are needed to account for the diversity of mTBI
especially in pediatric patients. A third limitation is the limited
age group of pediatric patients only. Lastly, very nature of mTBI
is complicated injury with completed tautology.
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 et al. (2006). In conclusion, the results of this study

pursuit eye movements (Suh et al., 2006b). 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. Furthermore,
the RightEye test only require 5 min to complete the test
and are not impacted by acute eye fatigue during the test
(Murray et al., 2019).
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 (Lange et al.,
2018). 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
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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 (Lange et al., 2018).

ETHICS STATEMENT

DATA AVAILABILITY STATEMENT

AUTHOR CONTRIBUTIONS

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Han, S. J., Guo, Y., Granger-Donetti, B., Vicci, V. R., and Alvarez, T. L.
(2010). Quantification of heterophoria and phoria adaptation using automated
objective system compared to clinical methods. Opthalmic. Physiol. Opt. 30,
95–107. doi: 10.1111/j.1475-1313.2009.00681.x
Heitger, M. H., Anderson, T. J., and Jones, R. D. (2002). Saccade sequences as
markers for cerebral dysfunction following mild closed head injury. Prog. Brain
Res. 140, 433–448. doi: 10.1016/s0079-6123(02)40067-2
Heitger, M. H., Jones, R. D., Macleod, A. D., Snell, D. L., Frampton, C. M., and
Anderson, T. J. (2009). Impaired eye movements in post-concussion syndrome
indicate suboptimal brain function beyond the influence of depression,
malingering or intellectual ability. Brain 132(Pt 10), 2850–2870. doi: 10.1093/
brain/awp181
Hetherington, C. R., Stuss, D. T., and Finlayson, M. A. J. (1996). Reaction time and
variability 5 and 10 years after traumatic brain injury. Brain Injury 10, 473–486.
doi: 10.1080/026990596124197
Hoffer, M. E., Balaban, C., Szczupak, M., Buskirk, J., Snapp, H., Crawford, J., et al.
(2017). The use of oculomotor, vestibular, and reaction time tests to assess
mild traumatic brain injury (mTBI) over time. Laryngosc. Invest. Otolaryngol.
2, 157–165. doi: 10.1002/lio2.74
Holmqvist, K., and Nystrom, M. (2011). Eye Tracking: A Comprehensive Guide to
Methods and Measures. Oxford: Oxford University Press.
Howell, D. R., Brilliant, A. N., Storey, E. P., Podolak, O. E., Meehan, W. P., and
Master, C. L. (2018). Objective eye tracking deficits following concussion for
youth seen in a sports medicine setting. J. Child Neurol. 33, 794–800. doi:
10.1177/0883073818789320
Hugenholtz, H., Stuss, D. T., Stethem, L., and Richard, M. T. (1998). How long
does it take to recover from a mild concussion? Neurosurgery 22, 853–858.
doi: 10.1227/00006123-198805000-00006
Hunfalvay, M., Roberts, C.-M., Murray, N., Tyagi, A., Kelly, H., and Bolte, T.
(2019). Horizontal and vertical self-paced saccades as a diagnostic marker of
traumatic brain injury. Concussion 4:CNC60. doi: 10.2217/cnc-2019-0001
Johnson, B., Zhang, K., Hallett, M., and Slobounov, S. (2015). Functional
neuroimaging of acute oculomotor deficits in concussed athletes. Brain Imaging
Behav. 9, 564–573. doi: 10.1007/s11682-014-9316-x
Kelly, J. P., Nichols, J. S., Filley, C. M., Lillenhei, K. O., Rubinstein, D., and
Kleinschmidt-DeMasters, B. K. (1991). Concussion in sports: guidelines for the
prevention of catastrophic outcome. JAMA 266, 2867–2869. doi: 10.1001/jama.
1991.03470200079039
Knopman, D. (1991). Long-term retention of implicitly acquired learning in
patients with Alzheimers disease. J. Clin. Exp. Neuropsychol. 13, 880–894. doi:
10.1080/01688639108405105
Komogortsev, O. V., and Karpov, A. (2013). Automated classification and
scoring of smooth pursuit eye movements 382 in the presence of fixations
and saccades. Behav. Res. Methods 45, 203–215. doi: 10.3758/s13428-0120234-9
Kooiker, M. J. G., Pel, J. J. M., Verbunt, H. J. M., de Wit, G. C., van Genderen,
M. M., and van der Steen, J. (2016). Quantification of visual function assessment
using remote eye tracking in children: validity and applicability. Acta Ophthal.
94, 599–608. doi: 10.1111/aos.13038

The studies involving human participants were reviewed and
approved by East Carolina University IRB. Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

Adjorlolo, S. (2018). Diagnostic accuracy, sensitivity, and specificity of executive
function tests in moderate traumatic brain injury in Ghana. Assessment 25,
498–512. doi: 10.1177/1073191116646445
Araki, T., Yokota, H., and Morita, A. (2017). Pediatric traumatic brain injury:
characteristic features, diagnosis, and management. Neurol. Med. Chir. (Tokyo).
57, 82–93. doi: 10.2176/nmc.ra.2016-0191
Arbour, C., Baril, A. A., Westwick, H. J., Potvin, M.-J., Gilbert, D., Giguère, J.-F.,
et al. (2016). Visual fixation in the ICU: a strong predictor of long-term 404
recovery after moderate-to-severe traumatic brain injury. Crit Care Med. 44,
e1186–e1193.
Armstrong, R. A. (2018). Visual problems associated with traumatic brain injury.
Clin. Exp. Optometry 101, 716–726. doi: 10.1111/cxo.12670
Bazarian, J. J., Mc Clung, J., and Shah, M. N. (2005). Mild traumatic brain
injury in the United States1998–2000. Brain Inj. 19, 85–91. doi: 10.1080/
02699050410001720158
Bedell, H. E., and Stevenson, S. B. (2013). Eye movement testing in clinical
examination. Vis. Res. 90, 32–37. doi: 10.1016/j.visres.2013.02.001
Brickell, T. A., Lippa, S. M., French, L. M., Kennedy, J. E., Bailie, J. M., and Lange,
R. T. (2017). Female service members and symptom reporting after combat
and non-combat-related mild traumatic brain injury. J. Neurotr. 34, 300–312.
doi: 10.1089/neu.2016.4403
Ciuffreda, K. J., Han, Y., and Kapoor, N. (2004). Oculomotor fixation and its
rehabilitation in acquired brain injury. Invest. Ophthalmol. Vis. Sci. 45:2325.
DiCesare, C. A., Kiefer, A. W., Nalepka, P., and Myer, G. D. (2017). Quantification
and analysis of saccadic and smooth pursuit eye movements and fixations to
detect oculomotor deficits. Behav. Res. Methods 49, 258–266. doi: 10.3758/
s13428-015-0693-x
Ettenhofer, M. L., Hershaw, J. N., Engle, J. R., and Hungerford, L. D. (2018).
Saccadic impairment in chronic traumatic brain injury: examining the influence
of cognitive load and injury severity. Brain Injury 32, 1740–1748. doi: 10.1080/
02699052.2018.1511067
Farace, E., and Alves, W. M. (2000). Do women fare worse: a meta-analysis
of gender differences in traumatic brain injury outcome. J. Neurosurg. 93,
167–191.
Ghaffarpasand, F., Razmkon, A., and Dehghankhalili, M. (2013). Glasgow coma
scale score in pediatric patients with traumatic brain injury; limitations and
reliability. Bull. Emerg. Trauma 1, 135–136.
Goldstein, F. C., and Levin, H. S. (1987). Epidemiology of pediatric closed head
injury: incidence, clinical characteristics, and risk factors. J. Learn. Disabil. 20,
518–525. doi: 10.1177/002221948702000903
Grubenhoff, J. A., Kirkwood, M., Gao, D., Deakyne, S., and Wathen, J. (2010).
Evaluation of the standardized assessment of concussion in a pediatric
emergency department. Pediatrics 126, 688–695. doi: 10.1542/peds.20092804
Guerrero, J. L., Thurman, D. J., and Sniezek, J. E. (2000). Emergency department
visits associated with traumatic brain injury: United States, 1995–1996. Brain
Inj. 14, 181–186. doi: 10.1080/026990500120835

Frontiers in Behavioral Neuroscience | www.frontiersin.org

8

November 2020 | Volume 14 | Article 581819

Hunfalvay et al.

Oculomotor Behavior of mTBI and Controls

Oakes, K. (2018). CDC Releases Guidelines for Pediatric mTBI. Parsippany, NJ:
Clinical Neurology News.
Prins, M., Greco, T., Alexander, D., and Giza, C. C. (2013). The pathophysiology
of traumatic brain injury at a glance. Dis. Models Mech. 6, 1307–1315. doi:
10.1242/dmm.011585
Renard, D., Ferraro, A., Lorenzini, M.-C., Jeanjean, L., Portal, M. −C., Llinares,
E., et al. (2015). Orthoptic and video oculographic analyses in oculopharyngeal
muscular dystrophy. Muscle Nerve 52, 554–558. doi: 10.1002/mus.24600
Schunk, J. E., and Schutzman, S. A. (2012). Pediatric head injury. Pediatr. Rev. 33,
398–411. doi: 10.1542/pir.33-9-398
Shelton, J., and Kumar, G. P. (2010). Comparison between auditory and visual
simple reaction times. Neurosci. Med. 2010, 30–32. doi: 10.4236/nm.2010.11004
Suh, M., Basu, S., Kolster, R., Sarkar, R., McCandliss, B., and Ghajar, J. (2006a).
Increased oculomotor deficits during target blanking as an indicator of mild
traumatic brain injury. Neurosci. Lett. 410, 203–207. doi: 10.1016/j.neulet.2006.
10.001
Suh, M., Kolster, R., Sarkar, R., McCandliss, B., and Ghajar, J. (2006b). Deficits in
predictive smooth pursuit after mild traumatic brain injury. Neurosci. Lett. 401,
108–113. doi: 10.1016/j.neulet.2006.02.074
Sussman, E. S., Ho, A. L., Pendharkar, A. V., and Ghajar, J. (2016). Clinical
evaluation of concussion: the evolving role of oculomotor assessments.
Neurosurg. Focus 40:E7. doi: 10.3171/2016.1.focus15610
Thompson, H. J., McCormick, W. C., and Kagan, S. H. (2006). Traumatic brain
injury in older adults: epidemiology, outcomes, and future implications.
J. Am. Geriatr. Soc. 54, 1590–1595. doi: 10.1111/j.1532-5415.2006.
00894
Ventura, R. E., Jancuska, J. M., Balcer, L. J., and Galetta, S. L. (2015). Diagnostic
tests for concussion: is vision part of the puzzle? J. Neuroophthalmol. 35, 73–81.
doi: 10.1097/WNO.0000000000000223
Williams, I. M., Ponsford, J. L., Gibson, K. L., Mulhall, L. E., Curran, C. A., and
Abel, L. A. (1997). Cerebral control of saccades and neuropsychological test
results after head injury. J. Clin. Neurosci. 4, 186–196. doi: 10.3758/s13428-0120234-9
Wong, A. M. F. (2007). Eye Movement Disorders. Oxford: Oxford University Press.
Zomeren, A. H., and Brouwer, W. H. (1994). Clinical Neuropsychology of Attention.
Oxford: Oxford University Press.

Lai, M.-N., Tsai, M.-J., Yang, F.-Y., Hsu, C.-Y., Liu, T.-C., Lee, S. W.-Y., et al.
(2013). A review of using eye- tracking technology in exploring learning
from 2000 to 2012. Educ. Res. Rev. 10, 90–115. doi: 10.1016/j.edurev.2013.
10.001
Land, M., and Tatler, B. (2009). Looking and Acting Vision and Eye Movements
in Natural Behavior. Oxford: Oxford University Press, doi: 10.1093/acprof:
oso/9780198570943.001.0001
Lange, B., Hunfalvay, M., Murray, N., Roberts, C. M., and Bolte, T. (2018).
Reliability of computerized eye-tracking reaction time tests in non-athletes,
athletes, and individuals with traumatic brain injury. Optom Vis. Perf. 6,
165–180.
Langlois, J. A., Rutland-Brown, W., and Thomas, K. (2004). Emergency Department
Visits, Hospitalizations, and Deaths. Available online at: https://stacks.cdc.gov/
view/cdc/12294 (accessed January 10, 2020).
Leigh, R. J., and Zee, D. S. (2015). The Neurology of Eye Movements. Oxford: Oxford
University Press, doi: 10.1093/med/9780199969289.001.0001
Levin, H. S., and Diaz-Arrastia, R. R. (2015). Diagnosis, prognosis, and clinical
management of mild traumatic brain injury. Lancet Neurol. 14, 506–517. doi:
10.1016/s1474-4422(15)00002-2
Lumba-Brown, A., Yeates, K. O., Sarmiento, K., Breiding, M. J., Haegerich,
T. M., Gioia, G. A., et al. (2018a). Centers for disease control and prevention
guideline on the diagnosis and management of mild traumatic brain injury
among children. JAMA Pediatr. 172:e182853. doi: 10.1001/jamapediatrics.20
18.2853
Lumba-Brown, A., Yeates, K. O., Sarmiento, K., Breiding, M. J., Haegerich, T. M.,
Gioia, G. A., et al. (2018b). Diagnosis and management of mild traumatic
brain injury in children: a systematic review. JAMA Pediatr. 172:e182847. doi:
10.1001/jamapediatrics.2018.2847
MacFlynn, G., Montgomery, E. A., Fenton, G. W., and Rutherford, W. (1984).
Measurement of reaction time following minor head injury. J. Neurol. 47, 1326.
doi: 10.1136/jnnp.47.12.1326
Maruta, J., Heaton, K. J., Maule, A. L., and Ghajar, J. (2014). Predictive visual
tracking: specificity in mild traumatic brain injury and sleep deprivation. Mil.
Med. 179, 619–625. doi: 10.7205/MILMED-D-13-00420
Maruta, J., Lee, S. W., Jacobs, E. F., and Ghajar, J. (2010). A unified science of
concussion. Ann. N. Y. Acad. Sci. 1208, 58–66. doi: 10.1111/j.1749-6632.2010.
05695.x
Mild Traumatic Brain Injury Committee (1993). Definition of mild traumatic brain
injury. J. Head Trauma Rehabil. 8, 86–87.
Møllenbach, E., Hansen, J. P., and Lillholm, M. (2013). Eye movements in gaze
interaction. J. Eye Mov. Res. 6, 1–15. doi: 10.16910/jemr.6.2.1
Munoz, D. P. (2002). Commentary: saccadic eye movements: overview of Neural
Circuitry. Prog. Brain Res. 140, 89–96. doi: 10.1016/s0079-6123(02)40044-1
Murray, N., Kubitz, K., Roberts, C.-M., Hunfalvay, M., Bolte, T., and Tyagi, A.
(2019). An examination of the oculomotor behavior metrics within a suite
of digitized eye tracking tests. Vis. Dev. Rehabil. 5, 269–284. doi: 10.31707/
vdr2019.5.4.p269
Murtha, S., Cismaru, R., Waechter, R., and Chertkow, H. (2002). Increased
variability accompanies frontal lobe damage in dementia. J. Int. Neuropsychol.
Soc. 8, 360–372. doi: 10.1017/s1355617702813170
Niehorster, D. C., Cornelissen, T. H. W., Holmqvist, K., Hooge, I. T. C., and
Hessels, R. S. (2017). What to expect from your remote eye-tracker when
participants are unrestrained. Behav. Res. Methods 50, 1–15. doi: 10.1016/j.cps.
2009.07.003

Frontiers in Behavioral Neuroscience | www.frontiersin.org

Conflict of Interest: MH is Co-founder and Chief Science Officer of RightEye,
headquartered in Bethesda, MD, United States. However, MH did not collect or
analyze the data in this report. AT, a data scientist for RightEye, assisted in the
analysis of the aggregated, deidentified data set, but was not involved in data
collection.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2020 Hunfalvay, Murray, Roberts, Tyagi, Barclay and Carrick. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

9

November 2020 | Volume 14 | Article 581819

