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Abstract Assessment of deficits in oculomotor functionmay be
useful to detect visuomotor impairments due to a closed head
injury. Systematic analysis schemes are needed to reliably quan-
tify oculomotor deficits associated with oculomotor impairment
via brain trauma. We propose a systematic, automated analysis
scheme using various eye-tracking tasks to assess oculomotor
function in a cohort of adolescents with acute concussion symp-
toms and aged-matched healthy controls. From these data we
have evidence that these methods reliably detect oculomotor def-
icits in the concussed group, including reduced spatial accuracy
and diminished tracking performance during visually guided
prosaccade and self-paced saccade tasks. The accuracy and track-
ing deficits are consistent with prior studies on oculomotor func-
tion, while introducing novel discriminatory measures relative to
fixation assessments –methodologically, a less complicatedmea-
sure of performance – and thus represent a reliable and simple
scheme of detection and analysis of oculomotor deficits associ-
ated with brain injury.
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Introduction

Assessment of oculomotor function with relatively simple and
cost-effective approaches can give powerful insight into neu-
rological deficits related to visuomotor processing and perfor-
mance (Heitger, Anderson, & Jones, 2002; Heitger et al.,
2004). It is therefore becoming more common to integrate
oculomotor assessments into evaluations of neurophysiologi-
cal and neurodegenerative (Crawford et al., 2005) disorders
and injury. Oculomotor assessments are especially useful for
detecting deficits that occur as a consequence of brain injury;
it has been established that closed head injury can result in
significant impairments in oculomotor and visuomotor func-
tion (Cifu et al., 2015; Heitger et al., 2004; Suh, et al., 2006a,
b). Specifically, these common oculomotor impairments in-
clude reductions in spatial accuracy of saccadic eye move-
ments, increased lag during smooth pursuit tracking, reduced
peak saccade velocities and accelerations (Cifu et al., 2015),
and delays and errors in planning, decision-making and other
executive functions (Heitger et al., 2002, 2004).

While impairments associated with brain injury are often
acute, many individuals exhibit subacute and chronic impair-
ments as well (Carroll et al., 2004; Heitger et al., 2006). Fur-
ther, there is heightened potential for incurring additional and
compounding injury, as well as longer recovery times, after
suffering previous concussive events (Guskiewicz et al.,
2003). It appears that head trauma reduces an individual’s
capacity for selectively discriminating between objects of in-
terest (Heitger et al., 2002;Williams et al., 1997), and this may
affect their ability to prepare for, and avoid, blows to the head
that are otherwise preventable. Because of the demonstrable
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and significant cognitive impairments that arise from closed
head injury, there is rationale for developing both effective
preventative measures and accurate diagnostic tools for de-
tecting loss of function. Quick and accurate oculomotor as-
sessments are needed to effectively detect deficits and, by
proxy, neurological impairment. Ultimately, these tools could
distinguish individuals suspected to have a closed head injury,
as well as characterize the trajectory of recovery for individ-
uals who experienced head trauma.

Effective oculomotor assessments that incorporate both
saccade and smooth pursuit tasks may be integral in
quickly and accurately detecting impairments. It is impor-
tant, therefore, to identify systematic methods of record-
ing and analyzing gaze data from these tasks that can
quantify the presence and/or extent of potential impair-
ments. In this paper, we present simple analysis schemes
for the automated optimization, reduction, and assessment
of data recorded from eye-tracking tasks designed to dis-
tinguish impaired individuals through the detection of oc-
ulomotor deficits. Additionally, we show that these
methods can detect specific deficits during both saccade
and smooth pursuit eye-tracking tasks in individuals who
recently suffered a concussive event relative to their
healthy peers. Finally, we end with a discussion of the
implications of these analyses as it pertains to closed head
in ju ry in spo r t and o the r pe r fo rmance -d r iven
environments.

Materials and methods

Participants

Seventeen individuals (12 males, five females; mean age
16.8 ± 1.2 years) who had recently experienced and had
been diagnosed with a concussion (15 participants; mean
days since concussion 7.67 ± 4.69; exact dates from two
participants were not obtained) and 17 age-matched con-
trols (ten males, seven females; mean age 16.8 ± 0.7 years)
were included in this study. The recently concussed group
were reported to have a greater severity of symptoms
compared to the control group, based on the Post-
Concussion Symptoms Inventory (PCSI), F(1,30) =
16.84, p < 0.001, η2 = 0.36 (symptoms from two partici-
pants in the patient group were not obtained). Our sample
size was based on the results of a similar study on patients
with closed head injury (Heitger et al., 2004). A power
analysis based on the reported eye-tracking measure from
the random smooth pursuit movement was conducted to
estimate the sample size to achieve 80 % power with an
alpha of .05. The analysis revealed 15 participants for
each group was adequate to provide 80 % power and
sensitive to a proposed difference of 15 ms in lag time.

Eye-tracking setup

Gaze data were collected at 60 Hz using a Tobii X2-60 Eye
Tracker (Tobii, Stockholm, Sweden). The tracker was
mounted to the bottom center of a 61-cm computer monitor
(Fig. 1) that was situated on top of a desk. Participants were
instructed to sit upright and place their arms and hands on their
thighs. Participants were seated such that the center of the
monitor was at eye level and their eyes were 65 cm away from
the monitor. Participants were initially instructed to fixate at
the center of the monitor, and their eye gaze was tracked and
the height of the monitor was adjusted as needed to ensure
their gaze was centered. Participants were then calibrated at
this position using a five-point calibration during which par-
ticipants were instructed to fixate on a target that moved ran-
domly between five pre-determined points with the target re-
maining static at each location for 2 s. The five points were
located at the center of the monitor and each of the four cor-
ners, at which the margins were 10 % of the width and height
of the monitor. Participants were instructed to restrict their
movement as much as possible throughout the assessment. If
at any point throughout the assessment the subject moved
beyond any normal postural sway necessary to maintain an
upright seated position, like a shifting of the subject’s weight
or an involuntary action like coughing or sneezing, the subject
was re-aligned with the monitor and re-calibrated.

Eye-tracking tasks

For all tasks, participants tracked a dark gray circular target
(RGB color model = [0.5 0.5 0.5]) with a black crosshair in the
center of the target against a light gray background (RGB
color model = [0.94 0.94 0.94]) using only their eyes. The
target was 4 cm in diameter, and the crosshair was 1 cm in
diameter. This target size was selected to prevent exacerbation
of symptoms for the patients with concussion. In particular, it
is well known that physical symptoms such as headache, nau-
sea, and dizziness persist in the days and weeks after acute
concussion. Because of this, we elected to display a larger
target size with a smaller crosshair in order to promote fine-
grained oculomotor behavior while still presenting a stimulus
that was tolerable for the patients (Grubenhoff, Kirkwood,
Deakyne, & Wathen, 2011; Lovell et al., 2003). Participants
completed a battery of tests that included two 30-s tests of a
prosaccade task, two 30-s tests of a self-paced saccade task
(Fig. 2B), two tests each of a smooth pursuit task at three
different angular velocities (Fig. 2C), and two tests of a
smooth pursuit task (Fig. 2C) that randomly changed angular
velocities (mean angular velocity 247.21 ± 121.73° * s−1 as
presented to concussed patients; 252.03 ± 135.32° * s−1 as
presented to healthy controls) for a total of 18 tests. A test
was defined as a given iteration of a particular task (e.g., the
prosaccade task), a task was defined as a series of trials, and a
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trial was defined as a discrete action from which dependent
variables were measured (e.g., a single step of the target dur-
ing the prosaccade task).

For the prosaccade task, participants were told that the tar-
get would randomly step along a horizontal line and were

instructed to keep their eyes focused in the center of the cross-
hairs in the target and to follow the target as it stepped. The
target was initially displayed at the center of the monitor and,
upon commencement of the task, stepped horizontally with a
randomly determined magnitude between 4° and 10°. The
target would remain static after each step for a randomly de-
termined period of time between 1 and 2 s and then step again.

For the self-paced task, the participants were told that two
targets would be displayed on the screen but would not move.
They were then instructed to look back and forth between the
crosshairs in the middle of the left target and the crosshairs in
the middle of the right target as quickly and accurately as
possible. The two targets were displayed vertically at 50 %
of the height of the monitor and horizontally equidistant from
the center of the monitor, 8° apart.

For the smooth and random pursuit tasks, the partici-
pants were told that the target would be moving in a
sinusoidal wave left-to-right across the screen. They were
then instructed to keep their eyes focused on the cross-
hairs in the center of the target as closely as possible. The
three target angular velocities indicated the length of time
the target took to traverse a period of the of the sinusoidal
path; for the Bfast,^ Bmedium,^ and Bslow^ angular veloc-
ities, corresponding with angular velocities of 90° * s−1,
180° * s−1, and 360° * s−1, respectively, the target took 1,
2, and 4 s to traverse a period, respectively. The tests were
block randomized, i.e., participants would complete all
tests of a randomly selected task before moving on to a
different task. Before each task, the participant was
instructed to fixate on the target for 2 s, and the error of
this fixation was calculated and displayed immediately to
the tester. This was included as an added precaution for
the tester to ensure quality data collection; typically, this
error would increase if the participant’s head moved be-
tween tests, the participant slouched in the chair, etc. In
general, the tester only kept tests with an error of less than
1 cm and re-calibrated or had the participant redo the test
if necessary.

Gaze data analysis

All data analyses were performed using custom Matlab
scripts (Matlab, Natick, MA, USA). For all tasks, the gaze
data from both eyes were initially converted into one data
set by averaging the two-dimensional position of the gaze
point of each eye relative to the computer monitor on which
the tasks were displayed. This singular data set was then
interpolated to remove small gaps. Linear interpolation
was used to fill in missing data for gaps ≤67 ms (four sam-
ples). Afterward, the gaze data were smoothed using a non-
weighted, symmetrical moving average filter with an aver-
aging window of length 83 ms (five samples) (Olsen, 2012),
in which samples before and after the current sample were

Fig. 1 Setup of the eye-tracking assessment including positions of the
monitor, Tobii X2-60 Eye Tracker, and participant

Fig. 2 Representative figure showing target positions for each of the eye-
tracking tasks. (A) An example target step at the onset of the prosaccade
task; (B) the positions of the targets during the self-paced saccade task;
and (C) the movement of the target during the pursuit tasks
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Fig. 3 Gaze data (red)
superimposed over the stimulus
path (black) during a prosaccade
task (top) and a smooth pursuit
task (bottom). The prosaccade
task is plotted as a function of
horizontal monitor position and
time, showing each step of the
stimulus and subsequent gaze re-
sponse. The smooth pursuit task is
plotted as a function of horizontal
and vertical monitor position. The
top plot for each shows raw, un-
filtered gaze data and the bottom
shows interpolated, filtered gaze
data
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used to produce an average at that position. The filter was
adjusted in the case where fewer samples were present in the
designated window, such as following or immediately pre-
ceding a gap in the data. For example, when the filter was
applied following a gap in the data, the first frame was not
averaged at all, the second frame was averaged using three
frames – the first, second, and third frames following the
gap – and the third frame was averaged using five frames –
the first, second, third, fourth, and fifth frames following the
gap (Fig. 3). After interpolation and smoothing, the x- and
y-coordinate positions of both the target and gaze data were
converted to absolute measures of displacement (in cm) rel-
ative to the center of the monitor screen.

Saccade analysis

For saccade tasks, velocity of gaze data were determined by
first calculating the angular displacement of gaze position
over subsequent samples for N – 1 total calculations, where
N was the total number of gaze data samples recorded. This
measure was dependent on both the displacement from the
center of the monitor screen on both axes and the distance of
the eyes from the screen (Fig. 4). This angular displacement
was then converted to units per second.

Saccades were identified using a gaze velocity threshold of
30° * s−1 (Fig. 5). The beginning of the saccade was designat-
ed at the point when the gaze velocity surpassed this threshold,
and the ending of the saccade (and correspondingly, the be-
ginning of fixation) was designated at the point when the
velocity fell below this threshold. The latency of prosaccades
was determined by comparing the beginning of the detected
saccade to the corresponding change in position of the target.
The dependent variables recorded for saccade analysis includ-
ed the average latency over all saccade trials in each 30-s
prosaccade task, the total number of self-paced saccades in
each 30-s self-paced saccade task, and the average saccade
velocity over all saccade trials in each 30-s prosaccade and
self-paced saccade task.

Fixation analysis

Fixation error was calculated from the average, absolute
displacement in centimeters between the gaze point and
the center of the target over the duration of the fixation
(from the ending of one saccade to the beginning of the
next). The initial fixation error was designated as the error
of the first gaze sample after the conclusion of a saccade.
The dependent variables recorded for fixation analysis
included the average fixation error and the average initial
fixation error over all fixations in each 30-s prosaccade
and self-paced saccade task.

Smooth pursuit analysis

For smooth pursuit tasks, target and gaze position data were
converted to a phase angle measure relative to the period of
the sinusoidal wave over which the target traveled. The angu-
lar velocity of each was then determined by calculating the
phase angular displacement over subsequent samples forN – 1
total calculations, where N was the total number of data sam-
ples recorded. This angular displacement was then converted
to units per second. The phase lag was determined as the
absolute difference between the stimulus phase angle and the
gaze phase angle (Fig. 6). The dependent variables recorded
for smooth pursuit analysis included the average phase lag and
the average gaze angular velocity in each task of each
condition.

Statistical analysis

For all dependent variables, outliers – designated as falling
outside the range of the mean value ± 3 SD – were removed
before the final analysis. Standard t-tests assuming equal var-
iance were used to assess group differences in measures of the
number of self-paced saccades, prosaccade latency, saccade
velocity, fixation error, and initial fixation error for saccade
tasks, and phase lag and gaze angular velocity for pursuit
tasks. An alpha level of .05 was used to indicate statistical
significance.

Results

Table 1 displays the group differences between concussed
participants and healthy controls in the dependent variables
determined for the saccade tasks, as well as the t-values, p-
values, 95% confidence intervals, and effect sizes (d). There
were significant differences in fixation and initial fixation

Fig. 4 Calculation of angular displacement over subsequent gaze data
samples. The figure represents angular displacement for the y-axis only;
however, angular displacement was ultimately calculated for both axes
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error for both the prosaccade and self-paced tasks, as well as
prosaccade latency for the prosaccade tasks, with signifi-
cantly greater error and latencies, respectively, exhibited
by the concussed group compared to the healthy controls.
While not significantly different, healthy controls trended
toward having performed more self-paced saccades than
concussed participants over the same amount of time. Table
2 displays the group differences in the dependent variables
for the pursuit tasks. Notably, there were significant differ-
ences observed in the phase lag of the 180° * s−1 and 360° *
s−1 smooth pursuit task and the random pursuit task condi-
tions, with healthy controls exhibiting significantly de-
creased lag times (indicated by lower M values) in tracking

the target at those velocities. Additionally, healthy controls
exhibited significantly less tracking angular velocity for the
180° * s−1 condition.

Discussion

The results obtained in this study provide evidence that the
methods proposed are useful for the detection of oculomotor
deficits in individuals resulting from closed head injury (i.e.,
concussion) compared to their healthy peers. Specifically,
concussed individuals were significantly less accurate while
fixating on a target between saccades and exhibited impaired
performance in tracking a target along a predictable path com-
pared to the healthy controls. These results indicate that these
measures may have potential to identify adolescents who ex-
perience a concussive event. However, more research is need-
ed with larger sample sizes to fully identify the clinical signif-
icance of oculomotor performance differences in these groups.
In addition, an even more salient finding may be that follow-
ing such an injury, young athletes incur significant oculomotor
deficits that could potentially put these individuals at a disad-
vantage in settings where quick and accurate interpretation of
visual information is imperative for maintaining performance
or safety. These deficits may be associated with the high re-
injury risk following a primary concussion event (Lynall,
Mauntel, Padua, & Mihalik, 2015). These results also empha-
size that systematic analyses of recording and reducing gaze
data may be important in developing appropriate and effective
oculomotor assessments in oculomotor-driven performance
settings, such as playing a sport or operating a vehicle.

Fig. 5 Time-series curve
showing gaze velocity for a self-
paced saccade task. The dotted
red line indicates the threshold
(30° * s−1) used to detect saccades

Fig. 6 Calculation of smooth pursuit lag as a function of phase angle.
The red arrow represents the phase angle of the target, and the blue arrow
represents that phase angle of gaze
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Saccades have commonly and generally been linked to atten-
tion (Hutton, 2008); they allow individuals to quickly and selec-
tively discriminate between objects of interest pertaining to the
specific environments or contexts that characterize the visual
field (Deubel & Schneider, 1996) and, accordingly, precede the
efficient and accurate fixation of those objects (Kowler,
Anderson, Dosher, & Blaser, 1995). Saccades also serve as a
corrective behavior when fixation accuracy is low; specifically,
saccades are used to establish visual tracking of a target, with
subtle corrections taking place to improve fixation precision. In
the case of poor fixation accuracy, an individual would compen-
sate through a greater number of saccades, for example, and this
may lead to increased reaction times and less efficient visual
search and attention behavior. Smooth pursuits are mechanisti-
cally similar, involving a combination of smooth tracking and
saccadic movements. Successful pursuit tracking, however,
places a greater emphasis on attention, working memory, and
predictive processes (Barnes, 2008). Specifically, in tracking a

target that is following a predictable and periodic trajectory, suc-
cessful pursuit is constrained by the individual’s ability to obtain
and process information relative to the target’s trajectory and
velocity. In environments where successful performance is dic-
tated by efficient uptake of visual information, as well as the
individual’s ability to generate an appropriate behavioral re-
sponse, deficits in oculomotor function due to injury place the
individual at risk for diminished performance (Capo-Aponte,
Urosevich, Temme, Tarbett, & Sanghera, 2012), and possible
additional injury. Smooth pursuit, prosaccade, and fixation eye
measures have been previously shown to be highly reliable
within-session (Ettinger et al., 2003); moreover, in the present
study, eye-tracking measures were found to be reliable between
tests as no significant differences existed among all participants
for each task.

That concussed individuals were less accurate in their fix-
ations indicated a diminished saccade performance or capabil-
ity of attending to important objects, or some combination of

Table 1 Mean, standard deviation, p-values, t-statistics, and 95 % confidence intervals (CIs) of group differences in dependent variables determined
for the saccade tasks

Concussions Healthy controls

Measure Task Mean SD Mean SD p t-stat. CI Lower CI Upper d

Number of saccades Prosaccade - - - - - - - - -

Self-paced 57.38 12.88 64.18 15.91 .061 −1.906 −13.91 0.32 0.47

Saccade latency (ms) Prosaccade 165.24 40.72 149.09 29.58 .003* 3.044 5.55 26.74 −0.45
Self-paced - - - - - - - -

Saccade velocity (° * s−1) Prosaccade 56.52 12.36 57.69 11.60 .316 −1.011 −3.50 1.15 0.10

Self-paced 87.27 17.10 89.75 10.92 .070 −1.840 −5.17 0.21 0.07

Fixation error (cm) Prosaccade 1.11 0.35 0.86 0.26 .006* 2.846 0.08 0.44 −0.84
Self-paced 1.25 0.47 0.89 0.26 .002* 3.228 0.14 0.58 −0.98

Initial fixation error (cm) Prosaccade 1.14 0.37 0.93 0.32 .022* 2.334 0.03 0.39 −0.61
Self-paced 1.40 0.60 0.99 0.35 <.001* 3.371 0.19 0.62 −0.84

Note. * Indicates statistical significance.

Table 2 Mean, standard deviation, p-values, t-statistics, and 95 % confidence intervals (CIs) of group differences in dependent variables determined
for the pursuit tasks

Concussions Healthy controls

Task Angular velocity (° * s−1) Measure Mean SD Mean SD p t-stat. CI lower CI upper d

Smooth pursuit 90 Phase lag (°) 15.23 13.79 12.09 12.36 .090 1.721 −.50 6.79 0.24

Gaze velocity (° * s−1) 132.42 146.36 123.08 111.36 .253 1.153 −6.83 25.51 0.07

180 Phase lag (°) 15.84 13.67 11.57 9.24 <.001* 3.939 2.10 6.43 0.37

Gaze velocity (° * s−1) 231.98 203.84 208.02 125.14 .013* 2.554 5.22 41.70 0.15

360 Phase lag (°) 22.45 16.90 16.41 11.83 <.001* 3.960 2.99 9.09 0.42

Gaze velocity (° * s−1) 410.65 323.50 408.31 239.00 .775 0.288 13.89 18.56 0.01

Random pursuit - Phase lag (°) 17.89 15.04 14.37 11.00 .013* 2.548 0.76 6.27 0.27

Gaze velocity (° * s−1) 263.83 250.94 261.38 214.83 .822 0.226 19.33 24.24 0.01

Note. * Indicates statistical significance.
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both. Patients who had recently incurred head trauma have
been shown previously to exhibit fewer self-paced saccades
in a 30-s test (Williams et al., 1997), an association that was
trending in the similar task we employed. We did observe a
discrepancy in prosaccade latency, which has also been shown
in patients with head trauma for a visually guided and memory
guided task (Williams et al., 1997). For most individuals, their
saccades typically overshoot a target initially, proportionate to
distance, and are accompanied by a smaller, corrective sac-
cade to fixate more accurately on the target (Kapoula, 1985).
Incidentally, this exhibits a compounding effect on oculomo-
tor function; concussed individuals exhibited a higher initial
saccade error, necessitating a larger (and longer) corrective
saccade and resulting in a diminished capacity to selectively
attend to objects in the visual field. Figure 7 illustrates this
scenario for a representative healthy control and concussed
participant of the current study. Similarly, in the smooth pur-
suit tasks, discrepancies in phase lag were observed only at the
faster target speeds; given that the number and size of sac-
cades needed to re-align the eyes with the target during a
pursuit task increases as a function of target speed (Becker
& Fuchs, 1985), fixation accuracy likely has implications for
smooth tracking. Impaired individuals may be less successful
than healthy controls at tracking relevant objects moving at
sufficient speeds in their visual fields and especially predicting
the motion of those objects: a deficit that has been established
in individuals with brain injury (Suh et al., 2006b). The ran-
dom pursuit task, arguably the most cognitively demanding of
the pursuit tasks in terms of attention and cognitive process-
ing, also showed a significant discrepancy, which is consistent

with previous findings (Heitger et al., 2004), despite the
shorter duration of the tasks in the current study compared to
those used in previous studies (Heitger et al., 2004).

Of the methods employed in this study, there were some
potentially significant limitations that should be addressed.
The filtering process may have affected some of our depen-
dent measures – particularly saccade velocity. Although the
filtering process we employed was used to assist in more ac-
curate detection of saccades of interest, it is possible that the
averaging window we used (five frames) might have over-
dampened the data. Consequently, the discrepancy in peak
saccade velocity between the concussed and healthy controls
may have been reduced. It is also important to note that the eye
tracker used in the present study only sampled at 60 Hz, as
opposed to higher-sampling eye trackers that are typically
employed for tasks such as these. In order for this approach
to have applicability in clinical settings, it is necessary to pro-
vide a low-cost, highly portable system. Therefore, we are
encouraged by the current findings given their sensitivity to
the differences between groups despite the lower sampling
rate, compared to traditional equipment used in similar studies
(Heitger et al., 2002, 2004, 2006; Suh et al. 2006a, b).

Conclusion

This paper presents a reliable way to detect and measure ocu-
lomotor deficits in individuals who have recently suffered a
closed head injury. For impaired individuals who are slower to
respond to, or are less accurate in tracking, visual stimuli –
especially those that are critical to performance or safe execu-
tion of a task – the presence of these deficits may have a
negative effect on their well-being and warrant further inves-
tigation. A systematic eye-tracking analysis scheme such as
the one proposed may prove beneficial for those appointed to
ensure the accurate diagnosis and prognosis of these individ-
uals, including physicians and other practitioners.
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