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Abstract—This was a preliminary validation study of a multi-
modal concussion assessment battery incorporating eye-tracking,
balance, and neurocognitive tests using a new hardware plat-
form, the Computerized Brain Injury Assessment System.
Using receiver-operating characteristics analyses, (1) we iden-
tified a subset of the most discriminating neurophysiological
assessment tests, involving smooth pursuit eye movement
tracking errors, corrective saccade counts, a balance score ratio
sensitive to vestibular balance performance, and two neurocog-
nitive tests of response speed and memory/incidental learning;
(2) we demonstrated the enhancement in discriminatory capa-
bility of detecting concussion-related deficits through the com-
bination of the identified subset of assessments; and (3) we
demonstrated the effectiveness of a robust and readily imple-
mented global scoring approach for both eye track and balance
assessment tests. These results are significant in introducing a
comprehensive solution for concussion assessment that incor-
porates an economical, compact, and mobile hardware system
as well as an assessment battery that is multimodal and time
efficient and whose efficacy has been demonstrated on a pre-
liminary basis. This represents a significant step toward the goal
of a system capable of making a dependable return-to-play/
duty determination based on concussion likelihood.

Key words: assessment, balance assessment, concussion, eye
tracking, mild traumatic brain injury, multimodal, neurocogni-
tive, neurophysiological, saccade count, stability.
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INTRODUCTION

Mild traumatic brain injury (mTBI), or concussion, is
an important source of morbidity for athletes, civilians,
and the military, with approximately 3.5 million mTBIs
occurring annually in the United States [1]. Attention to
acute concussions in contact sports is on the rise, in addi-
tion to the growing concern over the possible long-term,
cumulative, degenerative effects of multiple concussive
and subconcussive injuries in both athletes and the mili-
tary. mTBIs have also been termed the “signature injury”
of the conflicts in the Persian Gulf, with more than
200,000 reported between 2000 and 2013 [2]. The overall

Abbreviations: AUC = area-under-the-curve, CBIAS = Com-
puterized Brain Injury Assessment System, CSI = Cognitive
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Center.
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prevalence of concussions is likely far higher than
reported figures since many concussions go unrecog-
nized during and after sporting events, military deploy-
ments, falls in the elderly, recreational accidents, and
motor vehicle collisions. This oversight occurs because
of a number of factors, including the transient nature of
most acute symptoms, the greater attention paid to more
visible concomitant injuries (e.g., lacerations, fractures),
and the limited awareness of the common cognitive and
behavioral deficits manifest in the acute period. Critical
issues in this mTBI population are the need to make
timely, accurate diagnoses and to have meaningful
assessments to understand and monitor phases of recov-
ery after injury for better-informed clearance for a return-
to-play, school, duty, and other activities, and for metrics
to determine the efficacy of individualized management
protocols for concussions. The major obstacle to the
acute and long-term detection, monitoring of recovery,
clearance to activity, and assessment of efficacy is the
lack of a standardized, objective, multimodal system that
can accurately and consistently assess physiologic func-
tioning after concussion.

While a number of neurophysiological assessment
approaches to understand mTBI have been able to distin-
guish between groups of concussed and nonconcussed
populations [3-7], no single assessment modality has
demonstrated efficacy in diagnosing mTBI on an individ-
ual basis. An evidence-based, single-metric decision
point for an individual would be ideal for making a
dependable return-to-activity determination. Two key
factors that affect the accuracy of neurophysiological
assessments and thus make this goal elusive are (1) poten-
tial large baseline variations in neurophysiological func-
tion and (2) the presence of transient interferences, such
as learning effects, fatigue, anxiety, and unrelated states
of mental alertness or illnesses. One approach to over-
coming these obstacles is the use of a tool that includes
an integration of several testing modalities. A multimodal
approach is more likely to uncover deficits related to con-
cussion that a single modality would miss. This concep-
tual approach is beginning to be explored and utilized [8-9].

The study was designed to explore the hypothesis
that the sensitivity and specificity of mTBI detection can
be enhanced by using a multimodal, neurophysiological
assessment approach. Based on preliminary data, the
modalities chosen were computerized formats of eye-
tracking, balance and stability, and neurocognitive
assessments. While all three modalities have been indi-

vidually validated as being able to distinguish between
concussed and nonconcussed populations [10-13], the
goal of this study was to examine the enhancement in
individual test discriminatory capability through the
combination of all three assessment modality scores into
a single, integrated multimodal system score. A second-
ary goal of the research was to assess the feasibility of
developing a field-deployable system, with the com-
pressed assessment, score compilation time, and portabil-
ity that this application requires.

METHODS

After obtaining the appropriate institutional review
board approvals, individuals who had either no history of
concussion (n = 28) or a history of one or more concus-
sions (n = 28) were recruited from a freestanding trau-
matic brain injury (TBI) specialty clinic affiliated with an
academic medical center (Virginia Neurocare; Charlot-
tesville, Virginia), primary care and TBI specialty clinics
at a tertiary care Department of Veterans Affairs Medical
Center (VAMC) (Hunter Holmes McGuire VAMC; Rich-
mond, Virginia), and a military treatment facility (Kenner
Army Health Clinic; Fort Lee, Virginia). Diagnosis of
mTBI was confirmed through clinical interviews and a
review of medical records. Information on the subjects’
demographics, TBI history, and medical history were
recorded. All subjects underwent comprehensive eye
tracking and balance testing using the Computerized
Brain Injury Assessment System (CBIAS). The CBIAS is
an integrated neurophysiological tool that incorporates
state-of-the-art technology to rapidly and consistently
assess eye tracking and posturography. The CBIAS con-
sists of a head-mounted unit, a sensorized platform that
the subject stands on, and a laptop computer to collect the
sensor system data.

A subset of the subjects was also assessed with the
Headminder Cognitive Stability Index (CSI). CSI is an
Internet-based, neurocognitive measure that assesses
visual memory, response speed, attention/executive func-
tions, and visual-motor speed [14-15].

Equipment Description
Computerized Brain Injury Assessment System

The CBIAS is an integrated sensory assessment system
designed to provide a multimodal evaluation of neurologic
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condition. For this study, sensory inputs included eye
tracking, posturography, and neurocognitive evaluation.
The test battery comprised a total of 27 assessment tests,
including three different eye movement tests, six differ-
ent stance assessment tests, and the cognitive assessment
test battery. At the core of the CBIAS system is the com-
puter-based software, which coordinates the execution of
the assessment test sequence, the test-dependent target/
stimulus presentation, and the time-synched collection of
the six data inputs, two from the eye tracker and four
from the platform. The different components of the sys-
tem have different timing accuracies. While the Measure-
ment Computing analog-to-digital converter (Norton,
Massachusetts), which digitizes the voltage signals com-
ing from the four platform sensors, has a specified accu-
racy on the order of 10 us, the computer-initiated eye
target movements have a timing accuracy with a stan-
dard deviation (SD) of 5.8 ms, for the specific computer
used. This uncertainty was measured by comparing the
computer time-stamp call to the target movement func-
tion and the photodiode-measured transition correspond-
ing to the actual target movement on the computer’s
screen. Both the eye-tracking and the stance assessment
test sequences are reconfigurable because they are sub-
mitted to the software as an editable ASCII file. Each
assessment test is characterized by a set of parameter
entries. For example, a horizontal sinusoidal smooth pur-
suit eye movement (SPEM) test is characterized by its
amplitude and frequency, while a random movement test
is characterized by an ASCII file of time and position
coordinates. Stance assessment tests are characterized by
their time duration and the type of concurrent eye target
movement pattern, if applicable. At the end of a session,
the program saves the raw sensor data, the time-stamped
target movements where applicable, and a log file of the
executed test sequence and timing markers for the entire
eye movement and stance assessment sequence. The data
are stored in RAM during the session to prevent program
execution delays due to disk writing tasks.

Eye Tracking

The head-mounted unit, which is shown in Figure 1,
consists of a heads-up display, which is a modified i3PC
(I-O Display Systems; Sacramento, California), and a
custom-designed eye movement tracking module. The
display has a resolution of 800 x 600 pixels, establishing
an image size of 70 in. at 13 ft, with an update rate of
100 Hz. The eye relief is at a distance of 1 in. from the
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Figure 1.
View of the inverted head-mounted prototype unit of the Com-

puterized Brain Injury Assessment System. In the foreground,
the optical elements of the eye trackers are visible, consisting,
for each eye, of one center infrared light-emitting diode (LED)
(darker element) and two flanking photodiodes. The viewing
screens of the i3PC display system for each eye are visible
behind the eye tracking elements. Part of the forehead support
is visible in the lower left foreground. Electronics to drive the
LEDs and amplify/demodulate the photodiodes’ signal are con-
tained in the box in the upper right background.

eye, leaving enough access space for the eye-tracking
hardware to be mounted below the eye. The eye tracker
uses the principle of “limbus tracking” [16], which is
based on tracking the difference in reflection of infrared
(IR) light by the sides of the limbus margin between
sclera and iris. For each eye, one IR LED (light-emitting
diode) and two photodiodes, operating in the 850 to 950 nm
wavelength range, are used in a linear array with a length
of about 3 cm, with the photodiodes located at the ends of
the array and the LED centered. The optical array is
located about 2 cm away from the eyeball below the line
of sight.

Care was taken in the design of the driving circuitry
of the LED that the eye damage threshold, about 10 mW/
cm?, is not approached within a factor of 10. The IR LED
is driven using an amplitude-modulated current at 5.0 kHz,
making it possible to use lock-in or phase-sensitive detec-
tion techniques to improve signal to noise ratio (S/N), par-
ticularly relative to 1/f noise. Since the pulsation of the IR
LED lowers its duty cycle, it is possible to increase the
driving current relative to constant operation, increasing
SIN, while lowering overall current consumption, an
important consideration for battery-powered field assess-
ment scenarios.
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In order to extract the eye movement signal, the dif-
ferential voltage from a given photodiode pair is
obtained, which contains both the eye movement as well
as the sinusoidal signal of the LED modulator. Phase-
sensitive detection, which amounts to demodulating the
signal by beating it with the LED modulator frequency,
provides a direct current-like voltage that is the eye
movement signal, as well as higher-order harmonics of
the driver signal, which are eliminated by low-pass filter-
ing at a break frequency of 100 Hz with a roll-off of
about —10 dB/decade. With this arrangement, acquisition
rates of 500 Hz can be readily supported, which is suffi-
ciently fast to track the fastest saccades components. The
angular resolution capability of the system is approxi-
mately 0.03°. The limbus tracking approach has been
used extensively in numerous eye-tracking studies, for
example in commercial implementations such as the IRIS
system by Skalar (Breda, the Netherlands), and made the
recording of eye movements with a temporal resolution
of milliseconds possible before the advent of high-speed
video recording systems. In eye-tracking applications
requiring mobility and compact size, the approach is still
attractive because of its small footprint, use of readily
available and low-cost optical components, and simpli-
fied data acquisition/processing requirements [16].

The three eye movement tests were horizontal
smooth pursuit, circular smooth pursuit, and random hor-
izontal smooth. Each eye test was run twice with differ-
ent excursion amplitudes and movement timing/
frequency. To ensure proper alignment of the eye tracker,
a horizontal sinusoidal scan (amplitude: 15°, frequency:
0.2 Hz, time: 10 s) is performed as a calibration at the
beginning of a test session. The CBIAS graphical user
interface is set up so that the tester can visually compare
the results of the scan with a benchmark. In the event of
asymmetries in the scan, the eye trackers can be individu-
ally adjusted with set screws and/or the head mount can
be moved as a whole using the adjustable support straps.
This calibration scan was followed by five SPEM tests of
varying difficulty, two circular tests (0.8 Hz, 12° and 18°
amplitude), one horizontal SPEM (1.2 Hz, 18° ampli-
tude), and two random horizontal SPEM tests, generated
using the standard sum of sines method. The two random
tests are of different difficulty levels with principal spec-
tral component, respectively, at 0.35 Hz (12° amplitude)
and 0.80 Hz (13° amplitude).

Posturography

The structural components of the platform unit are a
2 ft x 2 ft x 0.5 in. carbon fiber platform, with Divinycell
H100 foam core (DragonPlate; Elbridge, New York) and
four corner supports, which are double-convoluted air
springs (model 2B6-530, Goodyear; Akron, Ohio) that
allow the platform to be operated in a stable and an air-
cushioned support mode. The platform is sensorized with
four piezoelectric sensors (3/4 in. PZT disks sandwiched
between silvered electrodes) that are centered on each
side. Since the bending axis of each piezoelectric sensor
is external to it, the effect of the bending as the platform
surface is displaced is to subject the piezoelectric sensor
to internal stress or strain. Amplification of the signal
established by the piezoelectric sensors is provided by a
so-called “transimpedance” amplifier that inputs current
and outputs voltage. The transimpedance configuration
clamps the voltage on the piezo-element to zero and pro-
vides an output proportional to the current produced by
the movement of charge in the element. The output is
thus proportional to the rate of strain in the piezo-element
or to the time derivative of its displacement. The benefits
of this circuit include fast recovery, about 0.01 s, and
high sensitivity to small signals. The output signals of
the four sensors are low-pass filtered (3 dB point: 500
Hz with a roll-off of 6 dB/decade) and each is digitized at
1,024 Hz using a Measurement Computing 16-bit analog/
digital converter.

The six stance tests involved three different assess-
ments for two different platform modes, stable and air-
cushioned. The first three stance assessments, performed
on a stable platform, were standing with eyes open (S1),
standing with eyes closed (S2), and standing while
observing a randomly moving target on the heads-up dis-
play (S3). The same stance assessments, performed on an
unstable platform, constituted S4, S5, and S6. Each
stance assessment test was repeated three times in ran-
dom order. We present receiver-operator-characteristics
(ROC) analyses and area-under-the-curve (AUC) calcu-
lations to demonstrate the detection specificity/sensitivity
of individual assessment metrics as well as that of sets of
metrics. The ROC analyses, which involve plotting the
true positive rate against the false positive rate, are an
effective approach to assessing the classification capability
of diagnostic tests, i.e., mTBI yes/no, where the generally
accepted AUC for an effective test is larger than 0.7, with
perfect discrimination corresponding to AUC = 1.0,
while a test with no discriminatory capability will have
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an AUC in the vicinity of 0.5. All calculations were per-
formed using the statistical module of the Origin 8.5
analysis software (OriginLab Corporation; Northampton,
Massachusetts).

Neurocognitive Assessment—Headminder Cognitive
Stability Index

The CSl is a standardized and validated web-enabled
computerized test protocol that utilizes, among other pro-
cedures, a classic visual memory paradigm in which sub-
jects, after one exposure, must remember the nature and
position of objects that are subsequently hidden behind
cabinet doors. The CSI also employs a traditional contin-
uous performance test format in computerized form to
measure attention, response speed, and multitasking
(executive function) [12]. The CSI provides rapid and
repeatable neurocognitive screenings with instantly
accessible results. Designed for longitudinal assessment,
the CSI has alternate forms to minimize practice effects
and uses the individual’s baseline assessment to detect
decline, improvement, or stability of cognitive function-
ing across time. Subject performance can also be com-
pared with normative data by age, education, sex, and
ethnicity. Individuals can be tested in a variety of set-
tings, including military theaters, even where there is no
access to neuropsychological services. It has been used
successfully in theater (e.g., Balad Air Force Base Hospi-
tal) and has been validated against the Repeatable Battery
for the Assessment of Neuropsychological Status, which
is also actively used in military treatment settings. The
CSlI, which also compared well with ImMPACT (Immedi-
ate Postconcussion Assessment and Cognitive Test) and
ANAM (Automated Neuropsychological Assessment
Metrics) in sports assessments [17], is sensitive to the
subtle neurocognitive deficits associated with concussion
and was used in this study to complement the eye track-
ing and balance assessment of neurophysiological func-
tion in the concussed and nonconcussed subject
populations.

Statistical Analyses

Eye Tracking

The SPEM analysis approach focused on the general-
ized quantification of the overlap of target motion and
eye movement. In addition, traditional measures such as
the number and amplitude of corrective saccades were
also used to parameterize eye tracking accuracy. While
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Contreras et al. developed analysis formalisms for over-
lap quantification that are intimately related to the type of
motion used, such as circular motion [13], the goal in this
study was to develop a formalism that would lend itself
to the analysis of any smooth pursuit movement. SDs on
five different time scales, specifically 0.5, 1.0, 2.0, 4.0,
and 8.0 s, were chosen as the parameterization measures
of overlap of target and eye movement track. This
approach was chosen because it (1) provides an approach
to temporally resolve tracking capability, (2) is algorith-
mically readily implemented, and (3) lends itself to the
calculation of a single score for a given eye test. Each of
these properties is critical for the development of a time-
sensitive concussion assessment methodology in mobile
settings. While small SDs would be expected at the short-
est time scales, small SDs at longer time scales will indi-
cate prolonged overlap or the ability of the subject’s eye-
tracking to follow the target in a sustained fashion.

The first step in the data preprocessing involves
obtaining the optimum overlap between the target track
and the eye-track data streams by time-shifting them rela-
tive to each other. The optimum time shift is obtained
through the cross-correlation of both signals. The second
step involves obtaining the difference of the two opti-
mally time-aligned signals. From this difference curve,
data sequences corresponding to a certain time window,
for example 0.5 s, are extracted, and the SD is calculated
for the data points in this window. Perfect tracking would
result in an all-zeros difference curve, and the SD would
therefore be zero. The window is then moved along to the
next data point, and the SD is again obtained. The pro-
cess yields an array of SDs for the entire length of the dif-
ference curve for the specified time window. The process
is repeated for five different windows: 0.5, 1.0, 2.0, 4.0,
and 8.0 s; the hypothesis being that longer windows
would better differentiate neurocognitive deficits because
they require longer-term tracking accuracy. The resulting
arrays of SDs for the stated time windows are compiled
into distributions, a process that effectively categorizes
the angular tracking errors according to count. These
distributions are further distilled by determining their
guantiles. To maintain resolution, nine quantiles were
chosen, providing a resolution in 10 percent increments
and a possible parameter set of 40 quantiles, 9 for each of
the 5 time windows. In order to identify the most sensitive
subset with regard to discriminating differences between
concussed and nonconcussed subjects within the win-
dow/quantile plane, an ROC analysis was performed
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using each of the 40 quantile parameters as the sole
assessment parameter. The circular SPEM test at 1.2 Hz
and 18° amplitude, considered the most challenging, was
used for this comparative assessment. From the ROC
analysis, the AUC was obtained. The process was
repeated for each of the 40 quantile parameters. The
results, in the form of a three-dimensional waterfall graph
that displays the AUC for each quantile/window pair, are
presented in Figure 2. The graph reveals a “ridge” of
high AUC values across time windows corresponding to
the seventh through eighth quantiles, suggesting that this
subset of quantiles has the highest discriminating capa-
bility. For this reason, the seventh through eighth quan-
tiles of the 1.0, 2.0, and 4.0 s windows were averaged.
The average of this subset of parameters was used in all
of the subsequent generalized angular tracking error cal-
culations for SPEM tests.

The number and size of corrective saccades were
used as another eye tracking score. As part of an auto-
mated analysis, saccades were detected if the amplitude
of the movement was greater than £0.6°, the duration of
the saccade fell within a predetermined minimum and
maximum time limit, and the calculated velocity and
acceleration values (based on a two-point central differ-

Figure 2.
Three-dimensional waterfall area-under-the-curve (AUC) graph

of the 40 quantile/window pairs for the circular smooth pursuit
eye movement test at 1.2 Hz and 18° amplitude. Discrimination
sensitivity increases with window size and quantile number until a
ridge is reached (7—8th quantile) beyond which sensitivity falls off.

ence method) were greater than +20 °/s and +400 °/s?,
respectively. Amplitudes in excess of 6° were discarded
as blinks and a data range extending 30 ms before and
after the event was excluded from subsequent analysis.
For any saccadic eye movement, the time, location, and
amplitude of the saccade were determined. Saccades
were categorized by size in single degree increments and
evaluated regarding their discriminatory power using the
ROC/AUC analysis.

Posturography

Stance scores for the individual balance tests, identi-
fied as S1 through S6 as previously described, were
obtained by digitally integrating the signals of the sensors
measuring posterior and anterior sway and then obtaining
their difference. This difference signal was again ana-
lyzed using the generalized overlap/SD at different time
scales, as previously described. The time scales in this case
were 0.125, 0.500, 1.000, and 4.000 s. Nine quantiles in
this case resulted in a characterizing set of 36 parameters
for each of the 6 balance tests. As in the SPEM case, a
ROC analysis was performed to identify the most sensi-
tive subset of the 36-parameter set with regard to dis-
criminating  differences between concussed and
nonconcussed subjects. In this case, the score difference
between S5 and S2, involving balance tests with eyes
closed on a stable and on an unstable platform, was used.
As before, within the window/quantile plane, a ROC
analysis was performed using each of the 36 quantile
parameters as the sole assessment parameter. The results
are presented in Figure 3. As in the optical case, a
“ridge” of highest AUC values is observed across all time
windows for the seventh and eighth quantiles. The average
over this subset of parameters was used in the subsequent
analysis of all the balance data.

To minimize the effect of individual balance capabil-
ity as well as to isolate somatosensory, visual, and vestib-
ular balance inputs, the following ratios of test scores
were calculated: S4/S1, S5/S1, and S6/S1. ROC analyses
were performed on each ratio to determine the discrimi-
natory capability of each assessment metric.

NeuroCogntive Assessment

Each of the Headminder CSI constituent tests was
analyzed analogously in order to determine the most
promising candidates for inclusion in the final composite
score.
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Figure 3.
Three-dimensional waterfall area-under-the-curve (AUC) graph

of the 36 quantile/window pairs for the score difference between
S5 (eyes closed, unstable platform) and S2 (eyes closed, stable
platform). Discrimination sensitivity increases mostly with quan-
tile number until a ridge is reached (7th—8th quantile), beyond
which sensitivity falls off.

RESULTS

A total of 56 subjects were tested, including 28 sub-
jects (27 male, mean age = 32.68 yr, SD = 11.62) with a
diagnosis of mTBI and 28 subjects with no history of
mTBI (25 male, mean age = 30.96 yr, SD = 16.16). The
Headminder CSI assessment was performed on a subset
of 30 subjects (18 with a history of mTBI). Of the 28 sub-
jects with mTBI, 12 were tested within 2.5 yr of injury
(mean testing time after injury = 1.08 yr), and 16 subjects
were tested within 5 yr of injury (mean testing time after
injury = 4.2 yr). The etiology of concussion included
blasts (25.8%), bullet-related (6.4%), blunt force (3.2%),
motor vehicle accidents (3.2%), falls (5.0%) and sports-
related (35.5%).

Individual Assessment Tests

Table 1 summarizes the results for the individual eye
tracking and posturography assessments, listing the
respective means for both populations, the AUCs, the sta-
tistical significances, and the T-scores for the horizontal,
circular, and random motion SPEM tests as well as the
three stance assessment metrics. Table 2 lists the corre-
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sponding information for the different Headminder CSI
tests.

Multimodal Assessment Test

The ROC analysis approach can be readily extended
to examine the cumulative effect on sensitivity/specific-
ity of including the results of several discriminatory tests.
Since the previous analyses established statistically sig-
nificant differences in the discriminatory capability of the
different assessments, those with the highest AUCs were
selected for inclusion in the multimodal analysis. In Fig-
ures 4 and 5 we present the results of combining the
scores of test combinations for the entire cohort of sub-
jects. Figure 4 displays the ROC curve obtained using
the angular tracking error of the fast circular motion eye
test as the sole assessment metric. In Figure 5, the com-
parative results are presented for the case when, in addi-
tion to the angular tracking error, the saccade count
between 1°and 2°and the S5/S1 balance score are
included as metrics.

In order to generate comparative results that included
the most effective CSI scores, the analysis was repeated
for the subset of 30 subjects who were assessed with all
three modalities. In Figures 6-8, we present the compar-
ative results. Figures 6 and 7 present the ROC curves for
the angular tracking error of the fast circular motion eye
test as the assessment metric (AUC = 0.84) and the angu-
lar tracking error as well as the saccade count between
1°and 2°and the S5/S1 balance score (AUC = 0.92),
respectively. Figure 8 presents the ROC curve for the
calculation that incorporates the effect, along with the
previous metrics, of two of the most effective CSI con-
stituent tests (response speed and memory/incidental
learning 1). The AUC now equals 0.97, indicating a very
high ability to discriminate concussed from noncon-
cussed subjects. While inclusion of additional constituent
tests would have enhanced discriminatory capability fur-
ther, the motivation with regard to a fieldable system is to
minimize the time required for each modality, and conse-
guently also the neurocognitive assessment aspect, as
much as possible.

DISCUSSION

This investigation represents the first prospective
assessment of the utility of a multimodal mTBI diagnos-
tic tool, the CBIAS. The results support a number of
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Table 1.
Eye tracking and posturography assessment tests.

Nonconcussion, Concussion,

Assessment Test AUC p-Value T-Score
mean mean
Eye Tracking
Horizontal Sinusoidal Smooth Pursuit (slow)
Angular Tracking Error 0.38 0.64 0.75 0.07 -2.30
Corrective Saccades (0.4°-1°) 8.30 10.50 0.66 0.08 -1.84
Corrective Saccades (1°-2°) 5.30 6.90 0.58 0.13 -1.03
Corrective Saccades (2°-3°) 3.70 6.30 0.63 0.08 -2.09
Horizontal Sinusoidal Smooth Pursuit (fast)
Angular Tracking Error 1.18 2.78 0.78 0.03 -2.78
Corrective Saccades (0.4°-1°) 17.50 22.10 0.75 0.03 -1.48
Corrective Saccades (1°-2°) 15.10 25.10 0.64 0.04 -1.61
Corrective Saccades (2°-3°) 6.80 12.10 0.64 0.20 -2.09
Circular Smooth Pursuit
Angular Tracking Error 1.32 2.68 0.88 0.06 -4.71
Corrective Saccades (0.4°-1°) 30.30 40.30 0.72 0.08 -0.62
Corrective Saccades (1°-2°) 25.20 34.50 0.79 0.04 -2.83
Corrective Saccades (2°-3°) 7.90 16.40 0.79 0.07 -3.84
Horizontal Random Smooth Pursuit (slow)
Angular Tracking Error 0.21 0.95 0.65 0.045 -0.65
Corrective Saccades (0.4°-1°) 10.60 11.10 0.63 0.08 -0.34
Corrective Saccades (1°-2°) 6.00 7.20 0.62 0.12 -1.26
Corrective Saccades (2°-3°) 4.30 6.55 0.74 0.08 -2.39
Horizontal Random Smooth Pursuit (fast)
Angular Tracking Error 0.41 1.07 0.79 0.06 -3.56
Corrective Saccades (0.4°-1°) 10.10 12.80 0.64 0.08 -1.70
Corrective Saccades (1°-2°) 12.60 15.80 0.62 0.009 -2.08
Corrective Saccades (2°-3°) 3.88 10.60 0.76 0.10 -2.07
Balance
Ratio: Unstable Eyes Open-Stable Eye Open (S4/S1) 0.0023 0.0129 0.74 0.005 -3.03
Ratio: Unstable Eyes Closed-Stable Eye Open (S5/S1) 0.0047 0.0263 0.78 0.02 -2.06
Ratio: Unstable Eyes Follow Random Target-Stable Eye 0.0025 0.0300 0.75 0.07 -1.69

Open (S6/S1)

AUC = area-under-the-curve, mTBI = mild traumatic brain injury.

significant findings, providing initial quantitative valida-
tion for (1) a new portable assessment system for the neu-
rophysiological identification of mTBI, (2) a new and
generalized SPEM analysis method that provides eye
tracking deficit information, and (3) a new and general-
ized posturography analysis method that provides resolu-
tion of balance deficits. These findings demonstrate the
enhanced potential of integrating several objective, phys-
iologic measures of brain functioning, instead of relying
on a single measure, to more readily identify individuals
who have demonstrate persistent evidence of mTBI. The
ability of the CBIAS to differentiate between individuals
with and without a history of mTBI, combined with its

portability makes it an assessment tool with significant
clinical utility.

In this study, the effectiveness of the CBIAS-based
eye-tracking and balance assessments in resolving differ-
ences between the concussed and nonconcussed groups
varied significantly. As noted by Contreras et al. [13] and
Cifu et al. [10], two-dimensional SPEM tests demonstrated
the highest effectiveness (AUC = 0.88). Furthermore, more
challenging horizontal tests, such as the faster random
sinusoidal assessment (AUC = 0.79), resolved differ-
ences better than less challenging assessments, specifi-
cally the simple sinusoidal as well as the slow random
horizontal tests. While the effectiveness of the angular
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Table 2.
Headminder Cognitive Stability Index component tests.

Assessment Test Nonconcussion, — Concussion, AUC p-Value T-Score
mean mean
Factors
Processing Speed 101.1 91.6 0.65 0.14 1.52
Response Speed 1155 83.7 0.86 0.004 3.27
Memory/Learning 110.2 86.8 0.84 0.007 3.12
Attention 89.6 78.8 0.65 0.02 1.25
Processing Speed Subtests
Animal Decoding 103.2 95.6 0.63 0.15 1.46
Response Speed Subtests
Response Direction 1 103.0 80.0 0.79 0.02 2.56
Response Direction 2 104.6 89.9 0.64 0.02 1.35
Memory/Learning Subtests
Incidental Learning 1 113.8 91.8 0.82 0.01 3.19
Incidental Learning 2 115.1 91.1 0.76 0.04 2.54
Incidental Learning 3 117.2 103.6 0.78 0.03 2.27
Memory Cabinet 1 104.4 93.5 0.74 0.05 1.97
Memory Cabinet 2 101.5 814 0.78 0.03 231
Attention Subtests
Number Recall 86.9 83.9 0.55 0.14 0.61
Number Sequencing 92.0 86.9 0.57 0.20 0.84

AUC = area-under-the-curve.

tracking error parameter was good to very good for all
SPEM tests except the slow random sinusoidal test (AUC =
0.65 vs 0.75-0.88 for the other SPEM tests), the effec-
tiveness of tracking corrective saccades was largely lim-
ited to the circular motion SPEM. The effectiveness was
further concentrated toward the larger-angle saccades,
with only the 1-2° and 2-3° corrective saccades demon-
strating efficacy (AUC = 0.79 for both vs 0.72 for 0.4-1.0).
One reason for this comparative underperformance may
be the inherent granularity, or limited dynamic range, of
the method. Put differently, the number of larger-scale
corrective saccades in a 20 to 25 s scan will usually be in
the single-digit to perhaps two dozen range, except in
rare cases. This compares in the angular tracking error
case to a calculation that involves 10,000 data points for
a 20 s scan collected at 500 Hz. The increased granularity
likely increases the ability to detect differences in track-
ing accuracy.

The results of the SPEM-related quantile/window
analysis with regard to the concussed/nonconcussed dis-
crimination sensitivity of individual quantile/window
pairs appear to support the hypothesis that longer time
windows have better discriminatory capability, presum-
ably because of the more sustained effort required to
maintain tracking, which evidently resolves concussion-

related deficits better. The dynamic range of the waterfall
plot shown in Figure 2 is significant, ranging from good
to very good discrimination (0.78-0.91). Of particular
interest, however, is the fact that the sensitivity falls off
slightly for the longest window (8.0 s), likely because the
largest window is more likely to include errors such as
from residual blinks, etc., that are unrelated to concussion
but instead are due to fatigue, inattention, etc. The same
mechanism is likely responsible for the increasing sensi-
tivity response that is observed with increasing quantiles
numbers until a ridge is reached in the range of the sev-
enth and eighth quantile, after which there is a distinct
fall-off. Exclusion of the highest quantile appears to
exclude the larger error signals that evidently are less
concussion-related.

The effectiveness scores of the balance tests were
fairly tightly grouped in an AUC range, indicating unex-
ceptional discriminatory capability (0.74-0.78). Exam-
ination of the waterfall graph in Figure 3 with regard to
the different discrimination sensitivities of the individual
quantile/window pairs reveals that (1) the dynamic range
of the AUC range is comparable to that in the SPEM case,
ranging from poor discrimination (AUC = 0.68) to good
discrimination (AUC = 0.79), and (2) the discrimination
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Figure 4.
Receiver-operator-characteristics curve for fast circular motion

eye test only: 56 subjects. AUC = area-under-the-curve.
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Figure 5.
Receiver-operator-characteristics curve for angular tracking

error, the saccade count between 1° and 2°, and the S5/S1 bal-
ance score as metrics. 56 subjects. AUC = area-under-the-
curve.

capability displays a distinct maximum “ridge” in the 70
to 80 percentile range, with a peak along that ridge for
the 0.5 and 1.0 s windows. However, the distinct time
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Figure 6.
Receiver-operator-characteristics curve obtained using the

angular tracking error of the fast circular motion eye test as the
assessment metric only for the subset of 30 subjects assessed
with Cognitive Stability Index. AUC = area-under-the-curve.
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Figure 7.
Receiver-operator-characteristics curve for angular tracking error,

the saccade count between 1° and 2°, and the S5/S1 balance
score as metrics for 30 subject subset. AUC = area-under-the-curve.

window dependence that is observed in the lower quan-
tiles in the SPEM test case is not evident here, i.e., sensi-
tivity increases primarily with quantile number until the
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Figure 8.
Receiver-operator-characteristics curve for angular tracking

error, saccade count between 1° and 2°, S5/S1 balance score
and two Cognitive Stability Index constituent tests (response
speed and memory/learning). AUC = area-under-the-curve.

ridge is reached. The ridge feature suggests, however,
that exclusion of the largest balance errors is prudent
because these are likely due to balance shifts unrelated to
cognitive deficits and common to both populations. The
mild peak feature for the central window lengths supports
this notion since it is reasonable to hypothesize that
(1) low balance errors for short time windows are less
likely to have discriminatory power unless severe bal-
ance deficits are present and (2) long time windows are
more likely to again include balance shifts unrelated to
effects due to concussion.

Another result of this study is that the majority of
eye-tracking and balance assessment tests did not show
exceptional discriminatory ability. This is likely due to
two factors: (1) the tests in question were not sufficiently
challenging and (2) the significant time since injury for
the majority of the tested cohort.

Regarding the challenge of the tests, comparison of
the relative AUC results establishes the circular SPEM
tests as standouts, with the one-dimensional SPEM tests
having very poor discriminatory ability.

To increase the overall effectiveness of the battery,
the challenge level of the tests can be increased (higher
frequency, larger amplitude) or other tests, such as mem-
ory guided saccades, antisaccades, etc., can be substi-

BARUCH et al. Eye tracking concussion assessment battery

tuted. There are similar concerns regarding the S6/S1
tests (observing a randomly moving object [unstable plat-
form]/eyes open [stable platform]) and the S5/S1 tests
(eyes closed [unstable platform]/eyes open [stable plat-
form]). While both test vestibular function, the S6/S1
combination should presumably be more challenging
because of the added tracking task. Yet it displayed less
discriminatory power than the S5/S1 combination, which
may have been because the actual field of view provided
the subject spatiovisual clues that negated the desired
testing condition. Another reason may also have been
that the presented stimulus motion was not sufficiently
captivating so as to engage the subject throughout. The
other factor that likely affected discriminatory capability
was time since injury. The overall mean time since injury
was 4.2 yr (SD = 4.9 yr). This compares to, for example,
the study cohorts of Cifu et al. [10], where the mean time
since the most recent mTBI was 8.5 mo (SD = 6.58 mo)
and Contreras et al. [8] (2.2 yr £ 1.8 yr). One of the for-
ward-looking results is the further enhancement of the
sensitivity of the CBIAS through the modification and
incorporation of other eye tests as well as the incorpora-
tion of neurocognitive tests into the CBIAS battery.
Options include a computerized version of the N-back
test [18] and the Paced Auditory Serial Addition Task
[19], which are relatively brief and sensitive tests of neu-
rocognitive functions involving new and rapid problem-
solving requiring learning and flexibility of thinking.

CONCLUSIONS

Preliminary validation results were obtained using a
multimodal assessment battery incorporating eye-tracking,
balance, and neurocognitive tests on a new hardware
platform, the CBIAS. Using ROC analyses, the following
conclusions were reached: (1) a subset of the most dis-
criminating neurophysiological assessment tests, involv-
ing SPEM tracking errors, corrective saccade counts, a
balance score ratio sensitive to vestibular balance perfor-
mance, and two neurocognitive tests (response speed and
memory/incidental learning), was identified; (2) the
enhancement in discriminatory capability of detecting
concussion-related deficits through the combination of
the identified subset of assessments was demonstrated;
and (3) the effectiveness of a robust and readily imple-
mented global scoring approach was demonstrated for
both eye track and balance assessment tests. These results
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are significant in introducing a comprehensive solution
for concussion assessment that incorporates an economi-
cal, compact, and mobile hardware system and an assess-
ment battery that is multimodal and time efficient and
whose efficacy has been demonstrated on a preliminary
basis. As such, it presents a significant step toward the goal
of a system capable of making a dependable return-to-
play/duty determination based on concussion likelihood.
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