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ABSTRACT ARTICLE HISTORY
Objectives: Traumatic brain injury (TBI) is an increasingly significant health concern worldwide, com- Received 4 May 2020
pounded by the difficultly in detection and diagnosis. Fortunately, a growing body of research has Revised 1 December 2020
identified oculomotor behavior, specifically fixations, saccades and smooth pursuit eye movements as Accepted 14 December 2020
a promising endophenotype for neurotrauma. To date, limited research exists using fixation stability in KEYWORDS

a comparative study to indicate the presence of a mild TBI (mTBlI), especially in the pediatric population. Eye tracking; fixation; TBI
Methods: The present study examined data from 91 individuals clinically diagnosed with mTBI and

a further 140 age- and gender-matched controls. They all completed the RightEye fixation stability test

using a remote eye tracker. Participants were compared on five fixation metrics: Bivariate Contour Ellipse

Area (BCEA), Convergence Point, Depth, Disassociated Phoria, and Targeting Displacement.

Results: Results were analyzed using one-way univariate ANOVAs, ROC analysis, and stepwise logistic

regression. BCEA results revealed significant differences between groups with the mTBI group showing

a larger gaze spread, indicative of less ability to keep the eyes close to the target without deviating.

Conclusions: Fixation stability is detrimentally impacted by mTBI in pediatric patients, and the oculomotor

test can be used to differentiate between those with and without an mTBI.

Introduction impacts fixations and includes the substantia nigra pars reticu-
lata of the basal ganglia and the rostral pole of the Superior
Colliculus (SC) (10). Examining the neurocircuitry regulating
oculomotor behavior is valuable to understanding both normal
functioning and the pathophysiology of diseases and injuries,
including concussion (14,15).

Currently, the severity of a TBI is categorized as mild,
moderate, or severe, depending on a patient’s Glasgow Coma
Score (GCS) (1). The GCS evaluates a patient’s level of con-
sciousness using a scale that rates a patient’s best motor
response, best verbal response, and eye-opening ability
(16,17). Mild TBI (mTBI) is the most common form of TBI
and includes brain injuries from blows to the head or body that
induce neurological symptoms (17,18). The GCS is one of the
most widely used clinical classification for head injury (19);
however, it is a poor discriminator in mild cases (20) and is less
useful in pediatric measures (21). Current tests for TBI include
a physical exam with symptom reports, neurological testing
such as the Standardized Assessment of Concussion or Defense
Automated Neurobehavioral Assessment (DANA), and vestib-
ular assessments such as the Balance Error Scoring System
(BESS). A sensorimotor examination is also part of
a standard clinical assessment for concussion and may include
the King-Devick Test (KDT) which evaluates saccades or the
Vestibular/Ocular Motor Screening (VOMS) which provides
a complete assessment of eye movements to help clinicians
evaluate vestibular and ocular abnormalities after TBI (22).
The VOMS tests saccades, smooth pursuits, fixations,

Traumatic Brain Injuries (TBIs) are a public health concern
with around 1.7 million people diagnosed with one every year
(1). Ninety percent of those are classified as mild (2,3).
Oculomotor research contributes to the growing understand-
ing of TBI by providing insight into neural functioning for
clinicians and scientists (4). Oculomotor behavior is
a promising neuropsychological endophenotype, as it reflects
the abnormalities of complex neurocircuitry (4). Specifically,
oculomotor impairments can be mapped to the location of
neural dysfunction and offer an objective examination of neu-
rological health (5). Oculomotor behavior is commonly broken
down into the following eye movement categories: smooth
pursuits, saccades, and fixations (6). Smooth pursuits occur
when the eyes track a moving stimulus to stabilize the image
on the fovea, a site of high visual acuity (7-9). Saccades are
rapid movements of the fovea between fixation points (10).
Finally, fixations keep the eye position in a relatively still state
to hold the image of a stationary target on the fovea (11).
Depending on the type of eye movement, different brain
regions become activated (12). For example, fixations involve
specific cerebral and brainstem structures (11). These cerebral
structures include the Parietal Eye Field (PEF), the
Supplementary Eye Field (SEF), middle temporal and medial
superior temporal areas, and the dorsolateral prefrontal cortex
(12). Additionally, the Frontal Eye Field (FEF) neurons fire at
the beginning of and during fixations (13). The brainstem also

CONTACT Nicholas P. Murray @ MURRAYNI@ECU.EDU @ Department of Kinesiology, East Carolina University, Greensville, NC 27858, USA.
© 2020 Taylor & Francis Group, LLC


http://orcid.org/0000-0001-9968-2109
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/02699052.2020.1865566&domain=pdf&date_stamp=2020-12-23

2 M. HUNFALVAY ET AL.

convergence, and the vestibular-ocular reflex (18). Although it
can distinguish athletes with TBI from healthy controls, the
VOMS relies on subjective reports of symptoms that may
introduce error from recall bias and underreporting (23).
Also, the VOMS cannot detect specificity beyond gross eye
movement observation by the clinician (23). It is therefore
important to implement more objective and specific methods
to assist in diagnostic decision-making.

Eye-tracking technology quickly delivers precise, objective
eye movement recordings by surveying the eye several times
per second (5,14,15). Examining damaged circuits from TBI
with oculomotor assessments produces quantifiable data to
complement existing TBI screening methods (24,25). Visual
fixations require less complicated neural coordination than
other eye movements and eye tracking may become a simple,
reliable tool for studying oculomotor deficits from TBI (16).
Furthermore, loss of fixation is seen as a significant problem for
people with TBI. According to the research undertaken by
Lemke and colleagues (26), loss of fixation was found in 29%
of baseline testing for veterans with TBI from combat blast
exposure. A loss of fixation has significant lifestyle implications
such as falling, and impaired coordination (13). Lemke and
colleagues’ (26) baseline testing is further validated via clinical
observation. A lack of fixation stability was observed by Arbor
and colleagues (16) when studying patients with TBI in the
Intensive Care Unit (ICU). Nurses assessed visual fixation by
observing a patient’s ability to maintain mutual gaze. Patients
unable to fixate within 24 hours of ICU admission performed
poorer on attention tasks and had more volume loss in the SEF
and midbrain compared to patients able to fixate. Several other
studies have identified fixation instability in adult patients with
blast-related TBI (27,28).

In clinical examination and clinical studies using question-
naires fixation stability is a standard part of the oculomotor
exam (29). The gap between clinical practice and research
reveals the need for examination of fixation stability in
a quantifiable manner to determine if this construct helps
further differentiate patients with TBI, especially mTBI which
are the most difficult to diagnose, from those with no history of
TBI and pediatrics. This study was conducted to add another
element, specifically fixations, to the already important analysis
of oculomotor behavior for examining mTBI. Introducing
novel discriminatory measures relative to fixation assessments
provides a less complicated measure of performance and thus
represents a reliable and simple scheme of detection and ana-
lysis of oculomotor deficits associated with brain injury.
Metrics for quantifying fixations include measurements of
Bivariate Contour Ellipse Area (BCEA), Convergence Point,
Depth, Disassociated Phoria, and Targeting Displacement (30).
Due to the elliptical nature of fixation points, x and
y coordinates are used to find an ellipse that fits the central
set of x and y data points for left right and both eyes (31).
Microsaccades and drifts of the human eye cause corrections of
the eye back to a central point. These slight eye movements
form an area of dispersion in the shape of an ellipse that is
measured by the BCEA (32,33). A larger BCEA indicates a less
stable fixation. Impaired fixation stability may indicate dys-
function in brainstem lesions affecting the Nucleus Prepositus
Hypoglossi-Medial Vestibular Nucleus Region (NPH-MVN)

which is essential for neural integration and vestibular imbal-
ance (34,35).

Convergence point is the average distance between the
“point of convergence of eyes” from the stimuli location on
z-axis in a 3D plane. This can be eso (converging before the
stimuli) or exo (converging after stimuli). Depth is the ability
to see in three dimensions and arises from binocular depth
cues such as stereopsis, where differences between the images
from both eyes are combined in the cerebral cortex to produce
one 3D representation (36). Depth refers to the difference
between the point of convergence and the screen. The ideal
result is zero. A negative number shows a point of convergence
behind the screen. A positive number shows a point of con-
vergence in front of the screen. Close to zero is best.
Disassociated Phoria is the deviation of the line of sight inward
(eso +) or outward (exo -). Ideal is no deviation (ortho) and
a result of zero. Close to zero is best. Targeting Displacement
denotes the displacement between target (FS stimuli) and the
mean of gaze points corresponding to that stimuli, on X and
Y-axis.

Limited research exists using these fixation metrics to exam-
ine TBI in pediatrics, specifically patients with mTBI compared
to people with no history of TBI using eye-tracking technology.
DiCesare and colleagues (37) used eye tracking to analyze
fixations based on gaze spread. Results showed that patients
with TBI exhibited greater fixation errors between saccades
(37). In another eye-tracking study conducted by Cifu et al.
(29) all fixation data between saccades showed no differences
between patients with TBI and no-TBI. To date no studies have
used eye tracking with stimuli that does not move, therefore,
isolating fixations in a central point of gaze rather than trying
to capture them between saccadic behavior.

The purpose of this study is to add another element, speci-
fically fixations, to the already important analysis of oculomo-
tor behavior for examining mTBI. This study will use
a stationary target therefore isolating fixations, while tracking
the eyes to accurately and quantitatively determine if fixation
stability can differentiate mTBI from persons with no history
of TBIL.

Methods
Participants

Two-hundred and thirty-one pediatric participants were ana-
lyzed. One hundred and sixteen were clinically diagnosed as
having an mTBI by a clinician within 2 days of the assessment.
Twenty-five of these participants were excluded (see proce-
dure) leaving 91 total participants with mTBI. One-hundred
and 40 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
Asian, 7.4% were Black, and 20.4% opted not to report ethni-
city. 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 TBI.



Clinical diagnosis of mTBI was based on the American Congress
of Rehabilitation Medicine (ACRM) definition (38). All partici-
pants were additionally examined using the GCS and scored
between 13 and 15 on the scale. Although the GCS is widely
used it is not necessarily the best measure of pediatric mTBI (21).
Furthermore, clinicians do not usually use imagining for pedia-
tric mTBI cases (39). Therefore, the Graded Symptoms Checklist
(GSC) in the Standardized Assessment of Concussion (SAC)
(40) 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 (39,41).
Using results from Grubenhoff, Kirkwood, Gao, Deakyne, and
Wathen (19) and the American Academy of Neurology (AAN)
(42) concussion grading scale, pediatric patients (6-18 years of
age) were evaluated as having mTBI if their GCS score was
between 7.7 and 19.3. According to Grubenhoff et al. (19), 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 GCS.

Apparatus

Stimuli were presented using the RightEye tests on a Tobii I15
vision 15” 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 (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).

Oculomotor task

The RightEye Fixation Stability oculomotor test included view-
ing six targets, presented one at a time, for 7 seconds each, with
abreak of 3 s between targets. Before each target was presented,
identical verbal instructions were given to every participant:
“Move your eyes to the center of the target. Keep your eyes as
still as possible, until the target disappears.” The tester then
asked, “Are you looking at the center of the target?” Once the
participant confirmed with a verbal “Yes” the tester pressed the
spacebar and the 7-s time began.

The same order of targets was used for each participant and
used in past fixation stability research from Bellmann and col-
leagues (33): Target 1 was a 1° cross, T2 was a 1° filled circle, T3
was a small 4-point diamond (3° point separation) using dimen-
sions as in the Humphrey Field Analyzer (Carl Zeiss Meditec,

Table 1. Demographic data by age and gender.

Group (n) Mean Age (+SD) Females Males
No-mTBI (140) 13.31 (2.48) 39 101
mTBI (91) 12.13 (2.97) 27 64

n = Number; SD = Standard Deviation
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Dublin, CA), T4 was a large 4-point diamond (7° point separa-
tion) using dimensions as in the Humphrey Field Analyzer, T5
was large-crossover whole-image diagonal with open 1° center,
T6 was a 1° letter x (Figure 1). The following metrics were used
to examine fixations; Bivariate Contour Ellipse Area (BCEA),
Convergence Point, Depth, Disassociated Phoria, and Targeting
Displacement (See Table 2 for further information).

Procedure

Participants were recruited through RightEye clinical provi-
ders. 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 parti-
cipants and all participants provided written consent to parti-
cipate. Participants were excluded from the study if they had
more than one single discrete episode of mTBI (n = 21).
Following informed consent, participants were asked to com-
plete a prescreening questionnaire and an acuity vision screen-
ing 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). Additionally, 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) (43-47). Participants were also excluded if they were
unable to pass a nine-point calibration sequence. As a result of
the pre-screening, the total participants excluded from the
study was 25.

nomoe U
' /N

Figure 1. Targets used for fixation stability testing. Adapted from Bellmann et al.
(43).

T6

Table 2. Fixation metrics.

Fixation Metrics Definition

Bivariate Contour
Ellipse Area (BCEA)

Microsaccades and drifts of the human eye cause
corrections of the eye back to a central point.
These slight eye movements form an area of
dispersion in the shape of an ellipse that is
measured by the BCEA.

The average distance between the “point of
convergence of eyes” from the stimuli location on
z-axis in a 3D plane.

The ability to see in three dimensions.

The deviation of the line of sight inward (eso +) or
outward (exo -).

Targeting Displacement The displacement between target (FS stimuli) and

the mean of gaze points corresponding to that

stimuli, on X and Y-axis.

Convergence Point

Depth
Disassociated Phoria
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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 partici-
pants 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.

Data analysis

The differences in the groups (Control vs mTBI) were analyzed
on clinically verified data using JMP PRO 14.0 (SAS Institute;
Cary, NC). The comparison was evaluated using one-way
univariate

ANOVAs on the fixation stability measures including:
Bivariate Contour Ellipse Area (BCEA),Convergence Point
(+ mm), Depth (+ mm), Disassociated Phoria, and Targeting
Displacement. The alpha level was set at p < .05 and partial eta-
squared (111,2) was used to determine effect size. In addition,
a series of ROC analysis were plotted for the fixation stability
variables. Significant area under the curve (AUC) with 95%
confidence intervals (p < .05) was used to indicate the ability of
each variable to differentiate concussed participants from non-
concussed. A stepwise multivariable logistic regression models
were used to assess the relationship between Control and mTBI
groups and fixation stability variables: BCEA, Convergence
Point (+ mm), Depth (+ mm), Disassociated Phoria, and
Targeting Displacement scores. Global effect tests were used
to determine if a predictor was significant at a = .05

Results

The ANOVA results for BCEA demonstrated a significant
main effect for Group [F(1, 229) = 13.453; p < .0001, 17p2
= 0.236]. The data revealed a significant difference between
mTBI group (M = 6.1648, SD = 1.060) and the Control group
(M = 5.64, SD = 1.062). The ANOVA results for Convergence
Point demonstrated a significant main effect [F(1,
229) = 21.094 p < .0001, 7,°> = 0.29] and Depth [F(1,
226) = 5.785; p < .001, 77,” = 0.153]. Further, the data demon-
strated a significant effect for Disassociated Phoria [F(1,
226) = 548 p = 017, n,° = 0.26]; however, Targeting
Displacement [F(1, 224) = 3.381 p = .067, 11p2 = 0.293] demon-
strated a non-significant difference between Control and mTBI
groups (See Table 3).

Multivariable logistic regression

A stepwise multiple logistic regression analysis was conducted
to evaluate how well the criterion variable TBI status predicted
fixation stability. The predictors were the five fixation stability
indices BCEA, Convergence Point, Depth, Disassociated
Phoria, and Targeting Displacement scores, while the criterion
variable was TBI status. The linear combination of BCEA,
Convergence Point, and Depth was significantly related to the
TBI status, x2 = 34.77; p < .0001, Nagelkerke R* = .189. The
other two predictors, Disassociated Phoria, and Targeting

Table 3. Mean and standard deviation for fixation stability variables.

Group Convergence Disassociated Targeting
(n) BCEA Point Depth Phoria Displacement
mTBl  6.16 (1.06) 621.04 -2362 0621 (2.407)
(89.96) (76.11)
~0373 (2.180) Control 564 (1.06)  574.07 (79.19)
-2.46 (57.31) —0.0571 —-0.008
(1.232) (0.704)

Table 4. Estimated results for model coefficients: B, Exp(B), confidence intervals,
and levels of significance in the logistic regression models.

B S.E. Wald Sig. Exp(B)
Step 1 Convergence Point —0.008 0.002 17.272 0.000 0.992
Constant 5333 1.191 20.062 0.000 207.026
Step 2 BCEA -0.416 0.141 8.697 0.003 0.660
Convergence Point —0.008 0.002 14.414 0.000 0.992
Constant 7463 1453 26372 0.000 1741.730
Step3  BCEA —-0.404 0.141 8.227 0.004 0.668
Convergence Point  —0.015 0.004 14.194 0.000 0.986
Depth —-0.010 0.004 4.801 0.028 0.990
Constant 11397 2408 22405 0.000 89022.838

Table 5. Sensitivity and specificity statistics of model 3 including BCEA, conver-
gence point, depth as predictors for TBI status.

Statistic Value 95% Cl
Sensitivity 65.00% 51.60% to 76.87%
Specificity 70.00% 62.11% to 76.38%
Positive Likelihood Ratio 2.14 1.59 to 2.87
Negative Likelihood Ratio 0.50 0.35 t0 0.72
Disease prevalence (*) 25.97% 20.44% to 32.13%
Positive Predictive Value (¥) 42.86% 35.88% to 50.13%
Negative Predictive Value (¥) 85.00% 79.83% to 89.03%
Accuracy (*) 68.40% 61.98% to 74.34%

Displacement scores, did not significantly contribute to the
model and were removed (See Table 4). The final model accu-
rately predicted 68.4% of TBI status, with the sensitivity of 65%
and specificity of 70% (See Table 5).

Discussion

The purpose of this study is to investigate differences in groups
(mTBI versus Control) between the fixation stability test mea-
sured by BCEA, Convergence Point, Depth, Disassociated
Phoria, and Targeting Displacement scores. BCEA results
revealed significant differences between groups with the
mTBI group showing a larger gaze spread, indicative of less
ability to keep the eyes close to the target without deviating.
A larger BCEA indicates a less stable fixation. Impaired fixation
stability may indicate dysfunction in brainstem lesions affect-
ing the Nucleus Prepositus Hypoglossi-Medial Vestibular
Nucleus Region (NPH-MVN) which is essential for neural
integration and vestibular imbalance (34,35). These results
are consistent with research from Arbor and colleagues (16)
who studied concussion patients in the ICU and observed an
inability to hold a fixation within 24 hours of admission and
DiCesare and colleagues (28) and Lemke and colleagues (29).
Results of this study expand this past research which included
only moderate and severe TBI. Furthermore, DiCesare and
colleagues (37) and Lemke and colleagues (29) examined adults
only. Nevertheless, fixation was found to be impeded in these
studies where fixation loss was reported in 29% of eyes in initial



testing. Further evidence by Brahm and colleagues (27) found
patients with mild and severe concussion identified fixation
instability as a symptom on average 8% and 10% respectively.
This study was conducted using adults, nevertheless providing
further evidence, consistent with this study, that fixations may
be impeded from a TBI. Results from the BCEA analysis were
most promising as a differentiating factor between the mTBI
and Control groups in pediatric patients.

Results for Convergence Point and Depth and
Disassociated Phoria also proved significant. Such eye move-
ments used to converge, coordinate and hold the eyes while
maintaining fusion involve complex neurological processes
that may be impacted in persons with TBI. These metrics
result in problems with binocularity, reading problems, bal-
ance, coordination, and near-work functions. Vergence has
presented as dysfunctional between 24% and 63.6% of the
time in retrospective studies outlined in a review by
Thiagarajan, Ciuffreda & Ludlam (44). Furthermore, general
oculomotor dysfunction was found in anywhere from 40% to
90% of patients in the same retrospective review. Stereoacuity
(a related concept to the depth metric in this study) was
found to be statistically significantly poorer in patients with
mTBI compared to Controls (44). In contrast Ciuffreda,
Yadav, Ludlam, Peddle, Hulse, Walter, Han (45) found that
patients with mTBI whose symptoms of poor depth percep-
tion were not due to binocular vergence or a slightly reduced
stereoacuity and speculated that this was a problem reflecting
a higher-level cortical perceptual phenomenon related to dif-
fuse brain damage in areas dealing with visuo-spatial map-
ping. Contrasts in these results warrant further research
specifically in pairing symptoms with sensitive quantifiable
measurements such as eye tracking. Furthermore, age should
be considered in future research as Ciuffreda, Yadav, Ludlam,
Peddle, Hulse, Walter, Han (45) examined adults only.
A small sample size (n = 10) may also contribute to incon-
clusive results. Collectively these five-fixation metrics were
found to predict mTBI at 68.4% with 65% and 70% sensitivity
and specificity. Although not a highly predictive number by
themselves, when combined with other oculomotor behavior
such as saccades and pursuits this may prove to further
improve the predictive nature of oculomotor behavior as
a biomarker for mTBI. Nevertheless, results from this study
broadly concur with other research findings suggesting that
oculomotor behavior is affected by mTBI. Results of this
study are also in agreement with past research where fixations
stability as measured by BCEA and vergence (as measured by
the Convergence Point) are detrimentally impacted by an
mTBI.

This study was the first to examine fixation stability in
pediatric patients with mTBI. Future research should examine
adults, specifically those over 65 who are the second largest
group of persons who incur mTBIs and is described as the
“silent epidemic” in older adults. According to Thompson,
McCormick & Kagan (46) “the relative neglect of these vari-
ables in neuroscience research may partially explain why pre-
dicting outcomes and providing care in the older adult
population with TBI remains so problematic.” Future research
in TBI should consider fixations alongside saccades and pur-
suits to a) have a more complete assessment of oculomotor
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behavior and b) to potentially be able to differentiate the brain
location associated with such dysfunction (47,48).

Declaration of Interest

Co-author, Melissa Hunfalvay is Co-Founder and Chief Science Officer of
RightEye, headquartered in Bethesda, MD, USA. However, Dr. Hunfalvay
did not collect or analyze the data in this report.

ORCID

Nicholas P. Murray (/2) http://orcid.org/0000-0001-9968-2109

References

1. Voss PE, Diaz-Arrastia R, eds. Traumatic brain injury. West
Sussex: Wiley-Blackwell; 2015.

2. Rutland-Brown W, Langlois JA, Thomas KE, Xi YL. Incidence of
traumatic brain injury in the United States. ] Head Trauma
Rehabil. 2006;21(6):544-48. doi:10.1097/00001199-200611000-
00009.

3. Bazarian JJ, McClung J, Shah MN. Mild traumatic brain injury in
the United States 1998-2000. Brain Inj. 2005;19(2):85-91.
doi:10.1080/02699050410001720158.

4. Bedell HE, Stevenson SB. 2013. Eye movement testing in clinical
examination.  Vision = Res.  90(20):32-37.  doi:10.1016/j.
visres.2013.02.001.

5. Johnson B, Zhang K, Hallett M, Slobounov S. 2015. Functional
neuroimaging of acute oculomotor deficits in concussed athletes.
Brain Imaging Behav. 9(3):564-73. doi:10.1007/s11682-014-9316-
X.

6. Land MF, Tatler BW. Looking and acting: vision and eye move-
ments in natural behaviour. Oxford: Oxford University Press;
2009.

7. Barnes GR. 2008. Cognitive processes involved in smooth pursuit
eye movements. Brain Cogn. 68(3):309-26. doi:10.1016/j.
bandc.2008.08.020.

8. Duchowski A. Eye tracking methodology: theory and practice.
London: Springer; 2007.

9. Poole A, Ball L]. Eye tracking in human-computer interaction and
usability research: current status and future prospects. In:
Ghaoui C, editor. Encyclopedia of human-computer interaction.
Hershey: Pennsylvania Idea Group; 2005.

10. Mpllenbach E, Hansen JP, Lillholm M. 2013. Eye movements in
gaze interaction. ] Eye Mov Res. 6(2):1-15. doi:10.16910/
jemr.6.2.1.

11. Komogortsev OV, Karpov A. 2013. Automated classification and
scoring of smooth pursuit eye movements in the presence of fixa-
tions and saccades. Behav Res Methods. 45(1):203-15. doi:10.3758/
§13428-012-0234-9.

12. Wong AMF. Eye movement disorders. Oxford: Oxford University
Press; 2008.

13. Leigh RJ, Zee DS. The neurology of eye movements. Oxford
University Press; 2015.

14. Murray N, Kubitz K, Roberts C-M, Hunfalvay M, Bolte T, Tyagi A.
An examination of the oculomotor behavior metrics within a suite
of digitized eye tracking tests. Vision Dev Rehabil.

15. Hunfalvay M, Roberts C-M, Murray N, Tyagi A, Kelly H, Bolte T.
2019. Horizontal and vertical self-paced saccades as a diagnostic
marker of traumatic brain injury. Concussion. 4(1):CNC60.
doi:10.2217/cnc-2019-0001.

16. Arbour C, Baril AA, Westwick HJ, Potvin M, Gilbert D, Giguere J,
Lavigne GJ, Desautels A, Bernard F, Laureys S, et al. Visual fixation
in the ICU: A strong predictor of long-term recovery after
moderate-to-severe traumatic brain injury. Crit Care Med.
2016;44(12):€1186-€1193. doi:10.1097/CCM.0000000000001960.


https://doi.org/10.1097/00001199-200611000-00009
https://doi.org/10.1097/00001199-200611000-00009
https://doi.org/10.1080/02699050410001720158
https://doi.org/10.1016/j.visres.2013.02.001
https://doi.org/10.1016/j.visres.2013.02.001
https://doi.org/10.1007/s11682-014-9316-x
https://doi.org/10.1007/s11682-014-9316-x
https://doi.org/10.1016/j.bandc.2008.08.020
https://doi.org/10.1016/j.bandc.2008.08.020
https://doi.org/10.16910/jemr.6.2.1
https://doi.org/10.16910/jemr.6.2.1
https://doi.org/10.3758/s13428-012-0234-9
https://doi.org/10.3758/s13428-012-0234-9
https://doi.org/10.2217/cnc-2019-0001
https://doi.org/10.1097/CCM.0000000000001960

6 . M. HUNFALVAY ET AL.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ventura RE, Balcer L], Galetta SL, Rucker JC. Ocular motor assess-
ment in concussion: current status and future directions. ] Neurol
Sci 361. 2016;361:79-86. d0i:10.1016/j.jns.2015.12.010.

Ventura RE, Jancuska JM, Balcer L], Galetta SL. 2015. Diagnostic
tests for concussion: is vision part of the puzzle? ] Neuroophthalmol.
35(1):73-81. d0i:10.1097/WNO.0000000000000223.

Grubenhoff JA, Kirkwood M, Gao D, Deakyne S, Wathen J. 2010.
Evaluation of the standardized assessment of concussion in
a pediatric emergency department. Pediatrics. 126(4):688-95.
doi:10.1542/peds.2009-2804.

Shukla D, Devi BIL. 2010. Mild traumatic brain injuries in adults.
] Neurosci Rural Pract. 1(2):82-88. doi:10.4103/0976-3147.71723.

Ghaffarpasand F, Razmkon A, Dehghankhalili M. Glasgow Coma
Scale score in pediatric patients with traumatic brain injury; lim-
itations and reliability. Bull Emerg Trauma. 2013;1(4):135-36.
Moran RN, Covassin T, Elbin R], Gould D, Nogle S. 2018.
Reliability and normative reference values for the Vestibular/
Ocular Motor Screening (VOMS) tool in youth athletes. Am
J Sports Med. 46(6):1475-80. doi:10.1177/0363546518756979.
Mucha A, Collins MW, Elbin RJ, Furman JM, Troutman-Enseki C,
DeWolf RM, Marchetti G, Kontos AP. A brief Vestibular/Ocular
Motor Screening (VOMS) assessment to evaluate concussions. Am
J Sports Med. 2014;42(10):2479-86. doi:10.1177/0363546514543775.
Maruta J, Lee SW, Jacobs EF, Ghajar J. 2010. A unified science of
concussion. Ann N'Y Acad Sci. 1208(1):58-66. doi:10.1111/j.1749-
6632.2010.05695.x.

Contreras R, Ghajar J, Bahar S, Suh M. 2011. Effect of cognitive
load on eye-target synchronization during smooth pursuit eye
movement.  Brain  Res. 1398(29):55-63.  doi:10.1016/j.
brainres.2011.05.004.

Lemke S, Cockerham GC, Glynn-Milley C, Lin R, Cockerham KP.
2016. Automated perimetry and visual dysfunction in blast-related
traumatic  brain injury. Ophthalmology. 123(2):415-24.
doi:10.1016/j.0ophtha.2015.10.003.

Brahm KD, Wilgenburg HM, Kirby J, Ingalla S, Chang CY,
Goodrich GL. 2019. Visual impairment and dysfunction in
combat-injured service members with traumatic brain injury. Optom
Vis Sci. 86(7):817-25. doi:10.1097/OPX.0b013e3181adff2d.

Mani RM, Asper L, Khuu SK. 2018. Deficits in saccades and
smooth-pursuit eye movements in adults with traumatic brain
injury: A systematic review and meta-analysis. Brain Inj. 32
(11):1315-36. d0i:10.1080/02699052.2018.1483030.

Cifu DX, Wares JR, Hoke KW, Wetzel PA, Gitchel G, Carne W.
2015. Differential eye movements in mild traumatic brain injury
versus normal controls. ] Head Trauma Rehabil. 30(1):21-28.
doi:10.1097/HTR.0000000000000036.

Fragiotta S, Carnevale C, Cutini A, Rigoni E, Grenga PL,
Vingolo EM. 2018. Factors influencing fixation stability area:
A comparison of two methods of recording. Optom Vis Sci. 95
(4):384-90. d0i:10.1097/OPX.0000000000001201.

Amore FM, Fasciani R, Silvestri V, Crossland MD, de Waure C,
Cruciani F, Reibaldi A. 2013. Relationship between fixation stabi-
lity measured with MP-1 and reading performance. Ophthalmic
Physiol Opt. 33(5):611-17. doi:10.1111/0p0.12048.

Crossland MD, Culham LE, Rubin GS. 2004. Fixation stability and
reading speed in patients with newly developed macular disease.
Ophthalmic Physiol Opt. 24(4):327-33. doi:10.1111/j.1475-
1313.2004.00213.x.

Morales MU, Saker S, Wilde C, Pellizzari C, Pallikaris A, Notaroberto N,
Rubinstein M, Rui C, Limoli P, Smolek MK, et al. 2016. Reference clinical
database for fixation stability metrics in normal subjects measured with
the MAIA microperimeter. Transl Vis Sci Technol. 5(6):6. doi:10.1167/
tvst.5.6.6.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Cho HJ, Choi HY, Kim YD, Seo SW, Heo JH. The clinical syn-
drome and etiological mechanism of infarction involving the
nucleus prepositus hypoglossi. Cerebrovasc Dis. 2008;26:178-83.
do0i:10.1159/000145325.

Seo SW, Shin HY, Kim SH, Han SW, Lee KY, Kim SM, Heo JH.
Vestibular imbalance associated with a lesion in the nucleus pre-
positus  hypoglossi area. Arch Neurol. 2004;61:1440-43.
doi:10.1001/archneur.61.9.1440.

Miller L], Mittenberg W, Carey VM, McMorrow MA, Kushner TE,
Weinstein JM. 1999. Astereopsis caused by traumatic brain injury.
Arch Clin Neuropsychol. 14(6):537-43. doi:10.1016/S0887-
6177(98)00048-1.

DiCesare CA, Kiefer AW, Nalepka P, Myer GD. 2017.
Quantification and analysis of saccadic and smooth pursuit eye
movements and fixations to detect oculomotor deficits. Behav Res
Methods. 49(1):258-66. d0i:10.3758/s13428-015-0693-x.

Kay T, Harrington DE, Adams R, Anderson T, Berrol S,
Cicerone K, Dahlberg C, Gerber D, Goka R, Harley P, et al.
Definition of mild traumatic brain injury. ] Head Trauma
Rehabil.  1993;8(3):86-87.  d0i:10.1097/00001199-199309000-
00009.

Lumba-Brown A, Yeates KO, Sarmiento K, Breiding MJ,
Haegerich TM, Gioia GA, Turner M, Benzel EC, Suskauer SJ,
Giza CC, et al. Centers for disease control and prevention guideline
on the diagnosis and management of mild traumatic brain injury
among  children. JAMA  Pediatr. 2018;172(11):e182853.
doi:10.1001/jamapediatrics.2018.2853.

Barr WB, McCrea M.Sensitivity and specificity of standardized
neurocognitive testing immediately following sports concussion.
JINS. 2001;7(6):693-702. d0i:10.1017/s1355617701766052.
Lumba-Brown A, Yeates KO, Sarmiento K, Breiding M],
Haegerich TM, Gioia GA, Turner M, Benzel EC,
Suskauer SJ, Giza CC, et al. Diagnosis and management of
mild traumatic brain injury in children: A systematic review.
JAMA Pediatr. 2018;172(11):e182847. doi:10.1001/
jamapediatrics.2018.2847.

Kelly JP, Nichols JS, Filley CM, Lillehei KO, Rubinstein D,
Kleinschmidt-DeMasters BK. Concussion in sports: guidelines for
the prevention of catastrophic outcome. JAMA. 1991;266:2867-69.
d0i:10.1001/jama.1991.03470200079039.

Bellmann C, Feely M, Crossland MD, Kabanarou SA, Rubin GS.
Fixation stability using central and pericentral fixation targets in
patients with age-related macular degeneration. Ophthalmology.
2014;111:2265-70. doi:10.1016/j.ophtha.2004.06.019.

Thiagarajan P, Ciuffreda KJ, Ludlam DP. Vergence dysfunction in
mild traumatic brain injury (mTBI): a review. Ophthalmic Physiol
Opt. 2011;31:456-68. doi:10.1111/j.1475-1313.2011.00831.x.
Ciuffreda KJ, Yadav NK, Ludlam DP, Peddle A, Hulse P, Walter S,
Han J. Distance perception in mild traumatic brain injury (mTBI).
Optometry. 2012;84(4):127-36.

Thompson HJ, McCormick WC, Kagan SH. 2006. Traumatic brain
injury in older adults: epidemiology, outcomes, and future
implications. ] Am Geriatr Soc. 54(10):1590-95. doi:10.1111/
j.1532-5415.2006.00894 x.

Hunfalvay M, Roberts C-M, Murray NP, Tyagi A, Barclay KW,
Bolte T, Kelly H, Carrick FR. 2020. Vertical smooth pursuit as
a diagnostic marker of traumatic brain injury. Concussion. 5(1):
CNC69. doi:10.2217/cnc-2019-0013.

Hunfalvay M, Murray NP, Roberts CM, Tyagi A, Barclay KW,
Carrick FR. Oculomotor behavior as a biomarker for differ-
entiating pediatric patients with mild traumatic brain injury
and age matched controls. Front Behav Neurosci. 2020;14:196.
doi:10.3389/fnbeh.2020.581819.


https://doi.org/10.1016/j.jns.2015.12.010
https://doi.org/10.1097/WNO.0000000000000223
https://doi.org/10.1542/peds.2009-2804
https://doi.org/10.4103/0976-3147.71723
https://doi.org/10.1177/0363546518756979
https://doi.org/10.1177/0363546514543775
https://doi.org/10.1111/j.1749-6632.2010.05695.x
https://doi.org/10.1111/j.1749-6632.2010.05695.x
https://doi.org/10.1016/j.brainres.2011.05.004
https://doi.org/10.1016/j.brainres.2011.05.004
https://doi.org/10.1016/j.ophtha.2015.10.003
https://doi.org/10.1097/OPX.0b013e3181adff2d
https://doi.org/10.1080/02699052.2018.1483030
https://doi.org/10.1097/HTR.0000000000000036
https://doi.org/10.1097/OPX.0000000000001201
https://doi.org/10.1111/opo.12048
https://doi.org/10.1111/j.1475-1313.2004.00213.x
https://doi.org/10.1111/j.1475-1313.2004.00213.x
https://doi.org/10.1167/tvst.5.6.6
https://doi.org/10.1167/tvst.5.6.6
https://doi.org/10.1159/000145325
https://doi.org/10.1001/archneur.61.9.1440
https://doi.org/10.1016/S0887-6177(98)00048-1
https://doi.org/10.1016/S0887-6177(98)00048-1
https://doi.org/10.3758/s13428-015-0693-x
https://doi.org/10.1097/00001199-199309000-00009
https://doi.org/10.1097/00001199-199309000-00009
https://doi.org/10.1001/jamapediatrics.2018.2853
https://doi.org/10.1017/s1355617701766052
https://doi.org/10.1001/jamapediatrics.2018.2847
https://doi.org/10.1001/jamapediatrics.2018.2847
https://doi.org/10.1001/jama.1991.03470200079039
https://doi.org/10.1016/j.ophtha.2004.06.019
https://doi.org/10.1111/j.1475-1313.2011.00831.x
https://doi.org/10.1111/j.1532-5415.2006.00894.x
https://doi.org/10.1111/j.1532-5415.2006.00894.x
https://doi.org/10.2217/cnc-2019-0013
https://doi.org/10.3389/fnbeh.2020.581819

	Abstract
	Introduction
	Methods
	Participants
	Clinical diagnosis of mTBI for pediatric patients

	Apparatus
	Oculomotor task
	Procedure
	Data analysis

	Results
	Multivariable logistic regression

	Discussion
	Declaration of Interest
	ORCID
	References

