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ABSTRACT ARTICLE HISTORY
Background: Most post-concussion eye movement (EM) research involves predominantly male samples. Received 27 February 2020
We evaluated pro- (PRO; reflexive shift of visual attention to target) and anti- (ANTI; executive control of Revised VXX xxx xxxx
visual attention away from target) computer-based saccade task performance among female, collegiate Accepted 28 August 2020
athletes with recent concussion (CON) versus healthy-control athletes (HC). We evaluated the relationship KEYWORDS

between EM performance and post-concussion outcomes. We hypothesized ANTI performance would Sports-related concussion;
differ among CON and HC due to greater executive control demands, and that EM performance (both eye movement; oculomotor;
tasks) would be associated with clinical outcomes in CON. saccade

Methods: 16 CON (assessed 4-10 days post-injury [M = 6.87, SD = 2.15 days]) and 16 age-matched HC

athletes were recruited. General linear mixed modeling and Pearson’s correlations were used.

Results: On ANTI, CON demonstrated higher error rate [F(1,2863) = 12.650, p<.001] and shorter latency on

error trials [F(1,469) = 5.976, p=.015] relative to HC. Multiple EM measures were associated with clinical

outcomes: PRO duration predicted days to symptom remission (r=.44, p <.05); ANTI error rate was

associated with symptom burden on the day of testing (r=.27, p <.05).

Conclusion: This study demonstrates promising utility of EM measures to detect cognitive control and

sensorimotor effects of concussion among female athletes and their use as a prognostic indicators of

recovery.

Introduction movement testing is the most frequently used eye movement
measure in concussion research (15). Saccades are rapid eye
movements from one point to another and can be initiated
reflexively (i.e. when a novel stimulus appears) or voluntarily
(16). Laboratory-based saccadic eye movement tasks have been
used to probe brain dysfunction as the underlying neural
circuitry involved in the execution of saccades is well deli-
neated by human and animal anatomical and physiological
research (16). Various eye movement paradigms allow for
noninvasive, reliable and valid measurement of sensorimotor
and cognitive functioning (17,18). Widely used saccadic eye
movement tasks include the prosaccade (also referred to as
visually guided saccade) task in which the participant reflex-
ively looks toward a novel target (also termed the “visual grasp
reflex” (19)) and the anti-saccade task, in which the participant
inhibits the reflex to look toward a target and instead directs
gaze to the mirrored location of the target (20,21). Eye move-
ment tasks with increased executive demands, such as the anti-
saccade task, may be particularly sensitive to the effects of
concussion (12). Performance on such tasks that require execu-
tive control involve a diffuse network of cortical and subcor-
tical regions, including regions within the frontal cortex, the
parietal cortex, visual cortex, cerebellum, thalamus, basal

Athletes, particularly contact- and collision-sport athletes, are at
risk of sustaining concussion (1). A concussion is a brain injury
induced by biomechanical forces, “caused either by a direct blow
to the head, face, neck, or elsewhere on the body with an
impulsive force transmitted to the head”; this injury results in
temporary impairment of neurological function, such as loss of
consciousness, alteration of consciousness, disorientation or
amnesia (2). Sports-related concussion (SRC) is of particular
interest at the collegiate level as there are approximately
460,000 varsity athletes and at least two million club athletes
who compete each year, with club athletes often receiving less
surveillance and monitoring by collegiate healthcare and sports
medicine providers (3,4). The percentage of college athletes who
sustain a concussion in one season of play ranges from 0.7% to
13.8%, depending on study and sport (5-8).

Visual system functioning abnormalities are reported in up
to 65% of pediatric and adult patients following concussion (9-
11). As such, eye movement testing has gained increasing
attention as a reliable and objective assessment and monitoring
tool among individuals who sustain head trauma (12-14).
Among a variety of oculomotor measures, saccade-based eye
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ganglia, superior colliculus and reticular formation (16). The
distributed nature of brain areas associated with performance
on the anti-saccade task render the task a promising tool to
detect effects following the diffuse neural changes that can
occur acutely post-concussion (22).

Multiple studies have used saccadic eye movement testing to
evaluate group differences in performance among individuals
with a recent history of SRC versus controls. A recent systema-
tic review and meta-analysis of the use of eye movement
technology and SRC revealed increased inhibitory errors on
the anti-saccade task among athletes in the acute post-
concussion phase (<30 days following injury) relative to con-
trols (14). However, the studies examining classic anti-saccade
task performance in the meta-analysis were comprised of
a maximum of 33.3% female athletes and no sex stratified
analyses were conducted (14,23,24). Given that female athletes
comprise at least 44% of the collegiate athlete population (25),
may be at greater risk for sustaining concussion (26-28), and
may experience more adverse outcomes following concussion
(29-31), it is important to study female athletes in the investi-
gation of the use of eye movement technology among athletes
with SRC. To address the underrepresentation of females with
concussion in this body of literature, in this pilot study we
employed eye movement testing, specifically laboratory-based
pro- and anti-saccade tasks, to assess the effects of recent
concussion in a female, collegiate athlete sample.

The goal of our study was to evaluate pro- and anti-saccade
task performance among female athletes with and without con-
cussion. Compared to healthy-control female athletes (HC), we

Pre-Season Engagement

expected that female athletes with recent concussion (CON)
would perform worse than controls on the more challenging,
executive, anti-saccade task evident by higher error rate, reflect-
ing decreased inhibitory control, and longer latency on correctly
performed trials, reflecting longer time to successfully inhibit
a reflexive response and generative a voluntary directed
response. Although other studies examining individuals with
a recent concussion and controls have typically failed to detect
group differences on the prosaccade task (23,24,32), we none-
theless explored whether CON athletes perform worse than HC
on the prosaccade task (specifically, longer latency and duration,
slower velocity, and poorer spatial accuracy) in this female
sample given the lack of inclusion of post-concussion female
athletes in prior studies. Second, among CON athletes, we
expected that there would be a significant relationship between
eye movement performance (i.e. longer latency and duration,
slower velocity, poorer spatial accuracy and higher anti-saccade
error rates) and clinical outcome variables such as time to
symptom resolution, time to clearance for full return to play,
symptom severity around the time of injury, and elevated symp-
tom and mood ratings at the time of assessment.

Materials and methods
Participants and recruitment

The study was part of a larger study examining brain-based
biomarkers of concussion among female athletes; additional
components, not discussed here, included neuroimaging

Online Consent & Screening Form
Who: Sent to all femaleclub athletes

What: Demographic and screening questionnaire

Concussion (CON) Group

Diagnosis & Injury Assessments
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Figure 1. **Study staff contacted athletes every 48 hours following their in-person study assessment to assess whether the athletes perceived that their symptoms had
returned to baseline for at least 24 hours, yielding Days to Symptom Baseline variable. Abbreviations: BDI-II: Beck Depression Inventory, Second Edition; PCSS: Post-
concussion symptom scale; RTP: Return-to-play; WTAR: Wechsler Test of Adult Reading.



assessments and menstrual cycle tracking and matching. See
Figure 1 for recruitment and assessments overview. Prior to the
start of the athletic season, all Northwestern University female
club athletes between 18 and 25 years old were invited by
e-mail to complete an online consent form and screening
questionnaire for potential study enrollment should they suffer
a concussion over the course of the season or as a control
subject. Exclusion criteria for all study participants included
factors known to influence eye movement performance such as
a lifetime diagnosis of a psychotic disorder (33), a first-degree
relative with a psychotic disorder (34), history of a seizure
disorder or other neurological disorder (35), and self-
reported vision or eye abnormalities (beyond corrected vision
with glasses or contacts). Additional exclusion criteria for
healthy controls included history of concussion within
6 months prior to study participation.

During the season, female club athletes newly diagnosed
with concussion by a physician according to the criteria from
the International Conference on Concussion in Sport (4™ and
5™) (2,36) were approached by their treating sports medicine
physician or athletic trainer regarding interest in study parti-
cipation. Interested athletes who met study inclusion criteria
were scheduled for in-person informed consent and assess-
ments. Consistent with other studies of eye movement perfor-
mance in the acute post-concussion phase (23,32,37-39),
assessments occurred within 3-10 days following injury, to
maximize the chance of detecting the neurocognitive and sen-
sorimotor effects of concussion, as performance may normalize
by two weeks post-injury (23,38).

After a CON athlete completed the protocol, a healthy
female club athlete who qualified for study participation
based on the pre-season screening form and who was matched
with the CON athlete on age, race (where possible, 15/16
matches), and ethnicity was invited for in-person assessments.
Screening information was reviewed and updated as needed
with athletes if greater than one month elapsed between form
completion and study enrollment. Note, as part of the larger
protocol, HC and CON athletes were also matched on (a) the
use of hormonal contraception (yes versus no), (b) menstrual
cycle phase (follicular versus luteal) for non-hormonal

Table 1. Eye movement tasks.
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contraceptive users and (c) active versus inactive phases of
hormonal contraception for hormonal contraceptive users.

This study was approved by the Northwestern University
Institutional Review Board and all participants provided
informed consent prior to engagement in research procedures.
Participants were reimbursed for their participation in the
study, which required 4-5 hours to complete all study proce-
dures (reimbursement rate = 20 USD per hour).

Assessments

Eye movement testing
Eye movements were measured in a window-less room using
the Eyelink1000 system (SR Research Ltd, Ontario, Canada),
an infrared video recording system that permits for high-
resolution (1000 Hz; micro-saccade resolution of 0.05°) record-
ing of eye position. A camera situated at the base of a computer
monitor placed 76 cm from the participant recorded the reflec-
tion of an imperceptible light off the participant’s pupil while
they viewed stimuli on the monitor. A nonrestrictive chin and
forehead rest stabilized the participant’s head position, main-
taining a fixed position across subject to visual stimuli, and
improved quality of eye trace. Pupil size and corneal reflection
thresholds were adjusted for each subject to ensure consistent
trace from both eyes. Saccades were automatically detected by
the EyeLink system when eye position moved greater than 0.15
degrees from fixation and trace exceeded velocity and accel-
eration thresholds of 30 deg/sec and 8000 deg/sec’, respec-
tively (40).

Primary eye movement measurements of interest (see Table
1) on the prosaccade task included (a) latency: the time (in
milliseconds [ms]) between the appearance of the stimuli and
the initiation of a saccade, which reflects the speed of reflexive
shifts of visual attention and response execution; (b) gain: the
spatial accuracy of the saccade to the target location, which is
derived from the ratio of the saccade amplitude to the target
amplitude (gain of 1 reflects perfect spatial accuracy, < 1
indicates participant undershot the target [hypometric], and
> 1 indicates participant overshot the target [hypermetric]; (c)
accuracy: the spatial accuracy of the primary saccade, derived

Task (Duration)  Overview Primary measure(s)

Directions to Participant Design

Prosaccade An Primary saccade latency, gain,

(10 minutes) automatic accuracy, duration, and peak
or velocity.
reflexive
attention
task.

Anti-saccade An executive Anti-saccade error rate (error trials/
(10 minutes) or total trials) and saccade latency.

voluntary Errors occur when participants
attention incorrectly look toward the
task. peripheral target.

Participants are instructed to look at visual
targets when they appear.

Participants are instructed to inhibit the
automatic response to look toward the
peripheral target and instead shift their
gaze to the mirrored location (e.g. if
target appears 3 inches to the left of
center, participants look immediately
3 inches to the right of center).

96 trials that begin with a center fixation
target that remains illuminated for
1.5-2.5 seconds before peripheral targets
appear at 10° or 15° from center in the left
or right visual field; three conditions (32
trials each) are conducted to manipulate
the center fixation offset and peripheral
target onset: gap, no gap, and overlap.

96 trials that begin with a center fixation
target that remains illuminated for
1.5-2.5 seconds before peripheral targets
appear at 10° or 15° from center in the left
or right visual field; three conditions (32
trials each) are conducted to manipulate
the center fixation offset and peripheral
target onset: gap, no gap, and overlap.
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from the difference between the location of the target position
(in x-coordinate pixels) and the location of the end point of the
primary saccade; (d) duration: the time (ms) taken to complete
a saccade; and (e) peak velocity: the highest velocity reached
during the saccade, which is linearly related to the saccade
duration (41). On the anti-saccade task, the primary eye move-
ment measurements of interest were primary saccade latency,
which reflects the speed of executive shifts of visual attention,
and anti-saccade error rate (error trials/total trials), a measure
of executive inhibition and cognitive control; an error trial
occurred when the participant incorrectly looked > 20% of
the distance toward the peripheral target.

Each task consisted of 96 trials, with blocks of 32 trials for
each of the following internal experimental manipulations of
the duration between the offset of the central fixation and the
onset of the target: gap, no gap, and overlap (33). In the no gap
condition, participants fixated on a central target for
2000-3000 ms (variable to reduce anticipatory responses),
followed by the extinction of the central target and simulta-
neous onset of one peripheral target, appearing 10 or 15
degrees to the left or right of center, yielding eight trials for
each target location (+10 and +15 degrees), randomized across
the block. In the gap condition, the central fixation target was
extinguished 200 ms before the peripheral target appeared,
while in the overlap condition the central fixation remained
illuminated for 200 ms after the appearance of the peripheral
target. Typically, healthy individuals exhibit shorter latency in
the gap condition versus the no-gap condition, often referred
to as the “gap effect” (42). This is thought to occur because the
attentional engagement system is released when the central
fixation stimulus is extinguished, rendering the attentional
engagement system ready and searching for a new stimulus
(42,43). Among healthy individuals, the overlap condition
results in longer latencies relative to the gap and no gap con-
ditions, which is likely attributable to the attentional engage-
ment system remaining occupied by the central fixation
stimulus and, therefore, slowing down response to a new sti-
mulus (44). Order of condition administration within the
prosaccade and anti-saccade tasks was randomized by partici-
pant. Each task was preceded by six practice trials (anti-saccade
task practice trials were overlap condition trials).

Questionnaires

Prior to in-person study activities, all participants completed
a comprehensive, online, study questionnaire regarding
demographic, health history (including concussion history),
recent athletic participation, recent substance use (using the
30-day Timeline Followback form of recent alcohol and mar-
ijjuana use (45-47)), educational background, and parental
education and occupational history (yielding a total socio-
economic status score (48)); see Figure 1. In addition, all
athletes completed several self-report measures within
24 hours of eye movement testing to assess the influence of
physical, cognitive, and emotional symptoms on eye move-
ment performance and recovery. The Post-Concussion
Symptom Scale (PCSS) was used to assess the presence and
severity of symptoms that occur as a result of a concussion
(49). The PCSS yields two scores: (1) total symptom number
(range: 0-22) and (2) symptom severity score (range: 0-132).

The symptom severity score was used in main analyses. The
Beck Depression Inventory-II (BDI-II) was used to assess the
characteristic attitudes and symptoms of depression (50,51).
The Perceived Stress Scale (PSS) was used to evaluate ability to
handle stress (52,53). Given the high correlations among
PCSS, PSS, and BDI-II scores among the total sample
(r= .57-.68), a symptom composite score reflecting psycholo-
gical, cognitive, and physical symptoms on the day of testing
was created by transforming PCSS (on day of evaluation), PSS
and BDI-II scores into z-scores based on values from the total
sample; the resulting z-scores were averaged per participant
to create a symptom composite z-score (54).

The Wechsler Test of Adult Reading (WTAR) was adminis-
tered in-person and age-adjusted standard scores were used to
obtain an estimate of general intellectual functioning (55),
given the high correlation between WTAR standard scores
with estimated full-scale intellectual abilities (FSIQ) and with
verbal intellectual abilities (VIQ) (56).

Concussion characteristics and outcomes

Injury characteristics. Injury characteristics such as injury
description, presence and duration of loss of consciousness,
presence and duration of post-traumatic amnesia, and pre-
sence and results of neuroimaging related to the concussion
were obtained by Northwestern University athletic training
staff or sports medicine physicians as part of standard clinical
care. The information was later abstracted from the patient’s
chart and recorded by study staff.

Peak symptom severity. As part of standard clinical care, CON
athletes completed the PCSS with a physician or athletic trainer
approximately 2 days following injury (median = 2.00 days,
range = 1-6 days) and approximately every three to five days
after the initial encounter until clearance for full return to play.
The peak symptom severity score from the PCSS recorded by
athletic training staff or sports medicine physicians throughout
the recovery period was retrospectively abstracted from the
patient’s chart by study staff and used in analyses.

Days to symptom baseline (Days to SxBL). Study staff pro-
spectively contacted athletes every 48 hours following their in-
person study assessment to assess whether the athletes
perceived that their symptoms had returned to baseline for at
least 24 hours (note: two athletes reported being symptom free
for 24 hours for the first time on the day of, or day before, in-
person assessments). The date of injury was subtracted from
the date of symptom resolution for at least 24 hours to yield
Days to SxBL.

Days to full return-to-play (days to RTP). Prior to medical
clearance for return to sport following concussion, athletes
completed a standardized return-to-play protocol as part of
their standard clinical care, which consisted of gradual
increases in physical exertion, starting with light aerobic activ-
ity (e.g. stationary biking) and progressing to non-contact
athletic participation. The final clearance for full-contact ath-
letic participation was made by a sports medicine physician
after the completion of the return-to-play protocol. The
return-to-play protocol lasted a minimum of four days. Days



to RTP was calculated by subtracting the number of days
between final clearance by the physician and the date of injury.

Data analyses

Eye movement data scoring and cleaning

Eye movement data from the right eye only, for consistency
across participants, were exported using the EyeLink Data
Viewer software package (SR Research Ltd., version 3.1). For
both the pro- and anti-saccade tasks, primary saccades were
defined as the first saccade after the target appearance that
originated within + two visual degrees from center and ampli-
tude > 20% of the absolute distance toward the target measured
in degrees of visual angle. Primary saccades were excluded
from analyses if a blink occurred within 100 ms prior to the
appearance of the target. If a primary saccade contained a blink
during the saccade, the latency information was retained for
analyses, but all other saccade measurements of interest were
excluded from analyses. Unless otherwise stated, all analyses on
eye movement measurements of interest were conducted on
the primary saccade of the trial. Resulting saccade measure-
ments were trimmed to exclude values below approximately
the 2.5 percentile and above approximately the 97.5 percentile
values (cutoff values were also set upon qualitative review of
the distribution of the data with consensus among at least two
research team members) across the sample to normalize the
distribution of data.

On the anti-saccade task, saccades were coded as self-
corrective saccades if they followed an anti-saccade error within
238.00-675.00 ms (parameters established upon review of data
distribution) and the amplitude of the saccade was > 40.00% of
the absolute distance toward the correct position (i.e, reflecting
a shift of gaze that passed center and toward the correct
hemifield).

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 25.0 (57). The Kolmogorov-Smirnov
test of normality was used to evaluate the normality of contin-
uous demographic, clinical history, and outcome variables
among groups. Descriptive analyses were conducted to evalu-
ate group differences in demographic, clinical history, and
outcome variables; specific tests included one-way analyses of
variance for parametric data, Mann-Whitney U-tests for non-
parametric data, and chi-square tests.

General linear mixed modeling was used to evaluate group
differences on eye movement measurements of interest within
task. For prosaccade latency, anti-saccade latency (correct trials
and incorrect trials analyzed separately), and anti-saccade error
rate, main effects of interest included group (CON vs. HC),
condition (gap, no gap, overlap), and a two-way interaction
effect (group-by-condition). Given that the experimental
manipulation of the offset of the central fixation target primar-
ily affects latency and anti-saccade error rate, all other group
analyses were conducted on no gap condition trials only.
Therefore, for prosaccade gain, accuracy, duration, and peak
velocity analyses, only no gap trials were analyzed to examine
group differences.
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To evaluate the associations among eye movement perfor-
mance and clinical outcomes (i.e. days to symptom baseline,
days to clearance for full return to play, peak symptom severity,
and symptom composite z-score on the day of testing),
Pearson’s one-tailed correlation coefficients (r) were calculated
between clinical outcome variables and participants’ eye move-
ment performance on the prosaccade (latency: all conditions;
gain, accuracy, duration, peak velocity: no gap condition only)
and anti-saccade (latency, error rate: all conditions) tasks.

Results
Demographic, injury, and symptom data

Approximately 31.25% of CON participants were members of
the ultimate frisbee team, 25.00% rugby, and 6.25% each for
basketball, cheer, crew, lacrosse, soccer, triathlon, and volley-
ball teams; 37.50% of HC participants were members of the
triathlon team, 18.75% crew, 18.75% ultimate frisbee and
6.25% each lacrosse, tennis, track, and volleyball teams. CON
did not differ from HC in hours of sports participation in
30 days prior to assessment (total sample M = 18.44,
SD = 9.60 hours), total number of alcohol drinks in the
30 days prior to assessment (total sample M = 13.13,
SD = 12.99 drinks), or total grams of marijuana consumed in
the 30 days prior to assessment (total sample M = 0.41,
SD = 1.11 grams). CON athletes were assessed between 4 and
10 days following injury (M = 6.87, SD = 2.15 days).

As demonstrated in Table 2, the CON group did not sig-
nificantly differ from the HC group regarding demographic
factors or health history (with the exception of prior concus-
sion). Consistent with prior literature demonstrating increased
risk of a subsequent concussion among athletes with previous
concussion (58), CON participants had higher rates of previous
concussion, excluding the current injury related to study par-
ticipation, relative to HC. Post-hoc testing was conducted in
which prior history of concussion was added to main analyses
that yielded significant group findings; significance of group
effects remained unchanged. There was no reported history of

Table 2. Sample demographic and health history information.

Group
CON
(n=16) HC(n=16) p
Age [M(SD)] 19.94 19.81 ns®
(1.48) (1.28)
Race (% Caucasian) 88% 94% ns
Ethnicity (% Hispanic or Latino) 13% 13% ns
Socioeconomic status [Hollingshead 4-factor 145.54 139.47 ns
M(SD)] (27.46) (30.06)
Years of education [M(SD)] 13.13 13.13 ns®
(1.20) (1.09)
Weschler Test of Adult Reading standard 113.75 116.88 ns
score [M(SD)] (10.70) (7.70)
Hx of anxiety or depression 13% 0% ns
Hx of one or more previous concussions 50% 7% 0.022

Hx = history; M = mean; ns = group comparisons are not significant at the p <.05
level; p = statistical significance value for group comparisons (Pearson’s Chi-
square for categorical data, analyses of variance tests for parametric continuous
data, and °®Mann-Whitney tests for non-parametric continuous data);
SD = standard deviation of the mean.
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Table 3. Symptom and recovery data.

Group

CON (n=16) HC(n=16) p

Symptoms on Day of Eye Movement
Testing

Post-Concussion Symptom Scale (PCSS) 21.69 (14.75) 6.00 (5.88) <.001°
Perceived Stress Scale (PSS) 15.81 (5.52) 8.87 (4.79) .001
Beck Depression Inventory-Il (BDI-II) 5.06 (5.74) 1.56 (1.21) .056°
Symptom Composite z-score 0.51 (0.91) -0.51 <.001
(0.42)
Peak post-injury PCSS severity 29.44 (17.88) - -
Days to SxBL 13.50 (6.29) - -
Range: 5-25 - -
Days to RTP 2240 (13.22) - -
Range: - -
10-66

Data presented as Mean (Standard Deviation of the Mean), unless otherwise
noted. p = statistical significance value for group comparisons (analyses of
variance tests for parametric continuous data, and *Mann-Whitney tests for
non-parametric continuous data); RTP = clearance to return to play;
SXBL = symptom baseline; Symptom Composite z-score = average of partici-
pants’ z-scores transformed PCSS severity (on day of evaluation), PSS, and BDI-II
total scores.

attention-deficit disorders, learning disabilities, or migraine
headaches among the sample.

Within and between group symptom and outcome data is
presented in Table 3. All CON athletes reported returning to
symptom baseline in < 25.00 days, with an average of less than
two weeks.

Eye Movement Results, CON vs. HC

Please see Supplementary Tables 1 and 2 for primary saccade
descriptive data by group and condition.

Prosaccade task

On the reflexive prosaccade task, there were no main effects of
group (CON vs. HC) on latency, gain, accuracy, duration, or
peak velocity, nor were there group-by-condition (gap, no gap,
overlap) interaction effects on prosaccade latency. There was
an expected main effect of condition on latency [F(2,
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2515) = 556.306, p < .001], with latency increasing on gap to
no gap to overlap trials.

Anti-saccade task

Tests of the two a priori hypotheses on the anti-saccade task
were conducted using Bonferroni adjusted alpha levels of .025
(.05/2). On the executive, anti-saccade task, there was an
expected main effect of condition on latency for correctly
performed anti-saccade trials [F(2, 2093) = 28.110, p < .001],
but no significant group or group-by-condition interaction
effect (p > .05); see Figure 2. In an exploratory analysis of
error trial latency, there was a main effect of group [F(1,
469) = 5.976, p = .015] and condition (p < .001), but no group-
by-condition effect, whereby CON demonstrated shorter
latency on error trials relative to HC; see Figure 2. There was
also a main effect of group, although no group-by-condition
interaction effect, on anti-saccade error rate (i.e. incorrect look
toward the target when target appeared; see Figure 3) [F(1,
2863) = 12.650, p < .001], with CON committing more inhibi-
tory errors than HC (OR = 1.906, 95% CI: 1.572, 2.310). There
was also an expected main effect of condition on anti-saccade
error rate [F(1, 2863) = 3.006, p = .050], with higher error rates
on gap and no gap, relative to overlap, conditions; see Figure 3.
There were no main effects of group or group-by-condition
interaction effects on rates of self-correcting saccades after
errors or latency of self-correcting saccades after errors.

Factors associated with clinical outcomes among CON
group

Among CON athletes, peak symptom severity was not asso-
ciated with days to symptom resolution or days to clearance for
full return to play (p > .05).

Eye movement

Among the CON group, multiple aspects of saccade perfor-
mance were associated with clinical outcomes (see Table 4).
Specifically, on the prosaccade task, longer time to symptom
remission was associated with decreased accuracy (trend effect,

OVERLAP

Correct Trials
NCON (n=16)
mHC (n=16)

Error Trials
 CON (n = 16)

mHC (n = 16)

4

Figure 2. CON demonstrated shorter latency than HC on anti-saccade error trials (p = .015), but no significant group differences were observed on correct anti-saccade
trials (p = .174). There was a main effect of condition on latency on both correct and error anti-saccade trials (p < .001).
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Figure 3. CON exhibited significantly higher error rate relative to HC (OR =1.906, 95% Cl: 1.572, 2.310, p < .001).

Table 4. Associations among eye movement performance and clinical outcomes
among the concussion group (n = 16).

Prosaccade Task — No Gap

Only
Peak Anti-saccade Error
Accuracy Duration  Vel. Rate
Days to SxBL -.34% A4xx -A41* ns
Symptom Composite ns 36 ns 27%*

zZ-score

Data indicates Pearson’s correlational values for one-tailed correlations; ns = not
significant (p >.05); * indicates trend effect (p <.10); ** indicates a significant
effect, uncorrected for multiple comparisons (p <.05); SXBL = symptom baseline;
Symptom Composite z-score = average of participants’ z-score transformed
PCSS severity (on day of evaluation), PSS, and BDI-Il total scores. There were
no associations among (a) eye movement measures and days to return to play
nor peak post-injury scores or (b) latency (pro- and anti-saccade tasks) and
clinical outcomes.

p = .100), longer saccade duration (p = .043), and slower peak
velocity (trend effect, p= .060). Further, higher symptom com-
posite scores, reflecting psychological, cognitive, and physical
symptoms on the day of testing, were associated with longer
prosaccade saccade duration (trend effect, p = .087) and higher
anti-saccade error rate (averaged across all three conditions,
p=.030). Of note, none of these correlations meets statistical
significance when a Bonferroni correction for multiple compar-
isons (.05/20) is applied (p> .0025). Post-hoc testing revealed
that higher symptom composite scores were associated with
greater anti-saccade error rate on the gap (r(14) = 043,
p =.047) and no gap (r(14) = 0.47, p = .034), but not the overlap
(r(14) = - .17, p = .260), conditions. Latency on either task was
not associated with clinical outcomes. There were no associa-
tions among eye movement measures and either time to return
to play nor peak post-injury symptom scores.

Discussion

In this pilot study evaluating the use of eye movement testing
to detect impairments in sensorimotor and cognitive abilities

following SRC among female athletes, our hypotheses were
partially confirmed in that female athletes with recent concus-
sion committed more anti-saccade errors relative to controls,
meaning CON participants were more likely to incorrectly look
toward the target when she was instructed not to. However,
CON did not exhibit significantly longer latencies (i.e., reaction
times) on the anti-saccade task (on correctly performed trials)
relative to HC as we had expected. CON and HC did not differ
on prosaccade task performance, consistent with prior litera-
ture among predominantly male participants (23,24,32).
Consistent with our hypotheses, analyses revealed significant
associations among eye movement performance and clinical
outcomes such that symptom scores on the day of testing were
associated with higher anti-saccade error rate and longer time
to symptom remission was associated with longer prosaccade
duration, though these relationships do not survive corrections
for multiple comparisons.

Our finding that CON demonstrated increased inhibitory
errors relative to HC (21.88% vs. 13.22% of anti-saccade
trials, averaged across conditions, respectively) is consistent
with prior studies comprised predominantly of male parti-
cipants presenting to the emergency department
(23,32,37,59). Increased errors on the anti-saccade task
among CON - but similar performance to controls on the
stimulus-driven, reflexive prosaccade task (e.g. latency, gain,
accuracy, duration and peak velocity) - suggests an acute,
isolated, deficit in oculomotor executive control. That is,
patients in the acute recovery phase following concussion
exhibited increased difficulty inhibiting the automatic
response to look toward the target. This finding is consis-
tent with previous investigations of acute post-concussion
functioning that reveal frontal networks dysfunction, which
anatomically implicates the frontal and parietal cortices, as
well as their subcortical connections and functionally impli-
cates abilities such as executive functioning, problem sol-
ving, divided attention, sustained attention, and working
memory (60-63). Anti-saccade errors may also be due to
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difficulty maintaining attention (more specifically, main-
taining instructions in active working memory), suggesting
deficits in the fronto-parietal working memory network
(64); although the fact that CON and HC had comparable
rates of self-correction of errors and latency of corrective
saccades argues against this and suggest errors are likely
attributable to reduced top-down executive control of
attention.

On anti-saccade error trials, the CON group exhibited
14.55% shorter response (faster) time, averaged across condi-
tions, relative to HC. The shorter latencies on error trials
among CON relative to HC participants observed in the present
study indicate increased disinhibition among the CON group,
potentially suggesting increased difficulty inhibiting the sac-
cade generating neurons in the frontal eye fields and superior
colliculus (19). In contrast to our findings, previous studies
found longer (32) or equivocal (37) latency on anti-saccade
error trials among participants with recent concussion relative
to controls.

Prior studies revealed anti-saccade error rates among those
with recent concussion (injury 4-6 days prior to assessment)
ranging from 27% (no gap condition) to 34% (overlap condi-
tion), and controls’ error rates ranging from 13% (overlap
condition) to 19% (no gap condition) (23,32). The average
error rates among our CON participants (24.80% no gap con-
dition, 15.82% overlap condition) were lower than previously
reported rates. This mild discrepancy could be attributable to
multiple factors, including differences in premorbid cognitive
abilities among samples. Our study is comprised of young,
largely healthy, undergraduate students with above average
estimated intelligence, which has been associated with lower
anti-saccade error rate (65). Further, the elevated error rates
reported in previous studies may be attributable to increased
severity of brain injury in previously reported samples relative
to the current sample. Specifically, in the Heitger et al. study
(2004), 83% of participants had loss of consciousness and 100%
of participants experienced post-traumatic amnesia associated
with the head injury, whereas no participants in our sample
experienced either of these conditions (32). It is also possible
the average error rate among CON is lower in our sample
versus others because the average time since injury at the
time of assessment was 6.87 days in the current study but
approximately 4.80 days in the Heitger and Webb studies
(23,32). Longitudinal studies of eye movement testing follow-
ing concussion show a positive relationship between time since
injury and improvement on eye movement performance mea-
sures such as anti-saccade latency and anti-saccade error rate,
which appear to normalize for the majority of participants
post-injury by two to three weeks post-injury (23,38).

In contrast to our hypothesis, CON did not exhibit signifi-
cantly longer latencies (i.e. reaction times) on correctly per-
formed anti-saccade trials relative to HC. However, results
trended in this direction: CON latency was longer compared
to HC to a small degree, (CON averaged 9 and 10 ms longer
than HC on no gap and overlap conditions, respectively). Prior
studies demonstrated longer latencies among CON relative to
HC, ranging from 27 ms (no gap condition) (32), to 37-38 ms
(gap condition) (37,59), and to 93 ms (overlap condition), on
anti-saccade trials (23). The decreased magnitude of group

differences on anti-saccade latency in the current study versus
previous post-concussion studies could be attributable to the
discrepancy in average time since injury in this study
(M = 6.87 days) versus previous studies (approximately
4.80 days) (23,32,37,59).

Consistent with the majority of prior studies (23,24,32), there
were no group differences between CON and HC on eye move-
ment performance on the reflexive, stimulus driven prosaccade
task (i.e. look toward the new target when it appears). As Webb
and colleagues (2018) suggested, the prosaccade task may not
yield group differences due to the increased recruitment of more
primitive, subcortical structures in this task, which are
not typically implicated in concussive injuries (16,23).
Furthermore, the prosaccade task may be too simple to recruit
adequate neuronal effort to detect subtle effects from concussive
injury (23), particularly among this highly educated sample.

In a prior study, we demonstrated that peak symptom
severity is not a robust predictor of duration of symptoms
following concussion among collegiate female athletes,
although it may be a suitable predictor for duration of symp-
toms among male athletes (29). Similarly, in this study of
female athletes, peak symptom severity was not associated
with duration of symptoms or time to clearance for full return
to play. However, several aspects of eye movement perfor-
mance in this cohort were predictive of clinical outcomes,
including trending and significant effects of prosaccade accu-
racy, duration, peak velocity, and anti-saccade error rate.
Longer time to symptom remission was associated with trend-
ing decreased accuracy on the pro-saccade task, significantly
longer saccade duration, and trending slower peak velocity.
Additionally, higher symptom composite scores at time of
assessment had a trending association with longer prosaccade
saccade duration and significantly elevated anti-saccade error
rate. If symptom severity at time of study and time to symptom
remission are thought to genuinely reflect the severity of the
underlying brain injury, then prosaccade accuracy, duration,
and peak velocity, and anti-saccade error rate may reflect the
severity of the underlying injury on distributed brain regions
underlying oculomotor control. Alterations in accuracy, dura-
tion, and peak velocity may reflect alterations in functioning of
the superior colliculus, cerebellum, basal ganglia or the white
matter connections among these regions and connections with
cortical regions (16,66,67). Recent evidence suggests mild TBI
sustained by athletes may significantly affect cerebellar white
matter pathways in the acute period, which would have impli-
cations for spatial accuracy of saccades and, to a lesser extent,
velocity and duration of saccades (68).

There are multiple limitations to this study. First, the small
sample size in this pilot study may result in a Type II error,
such that certain eye movement metrics may be able to reliably
distinguish female collegiate athletes with recent concussion
versus controls, but the analyses are under-powered to detect
those effects. Second, the sample size limits our ability to
conduct analyses that would clarify whether eye movement
testing aids in diagnostic clarity of concussion by reliably
distinguishing those with recent concussion from controls.
Third, given the estimated intellectual functioning in this sam-
ple, the results may not generalize to other populations,
although one may expect more pronounced effects on eye



movement testing among those with relatively lower intellec-
tual functioning compared to the current sample. Logical next
steps in this research domain include a larger sample size,
including male and female athletes to directly examine the
role of sex, longitudinal assessments to track change over
time, and use of neuroimaging to assess the associations
among neural structure, connectivity, and functioning and
eye movement performance in the course of recovery following
concussion.

In sum, the results of this study suggest the following: (a) anti-
saccade error rate, which implicates frontal cortical structures
such as the dorsolateral prefrontal cortex, may be useful in
distinguishing individuals with concussion from those without
among female club athletes and may reflect symptom severity at
the time of testing and (b) subcortical aspects of saccades, such as
prosaccade accuracy, duration, and velocity, may reflect under-
lying severity of the brain injury to the extent that time between
injury and return to symptom baseline reflects injury severity.
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