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Abstract
Objective. Diagnosing a sports-related concussion (SRC) remains challenging, and research into
diagnostic tools is limited. This study investigatedwhether selected eye tracking variables would be a
valid tool to diagnose andmonitor SRC in adult and youth participants in selected contact sports, such
as RugbyUnion (rugby) and football (soccer).Methods.This prospective cohort study, with 70
concussed and 92 non-concussed adult and youth athletes, assessed the validity offive previously
selected eye tracking variables for SRCdiagnostics andmanagement. The performance between
concussed and age-matched control (non-concussed) athletes, as well as between three successive
testing sessions in the concussed athletes were compared. Self-paced saccade count in adult group;
blink duration in thememory-guided saccade and sinusoidal smooth pursuit tasks, proportion of
antisaccade errors, and gain of diagonal smooth pursuit in the youth groupwere assessed.Results.The
youth concussed group had higher blink duration in the fastmemory-guided saccades task
(p=0.001, η2=0.17) and a tendency for higher blink duration in the sinusoidal smooth pursuit task
(p=0.016, η2=0.06) compared to the youth control group. In both tasks the blink duration in the
concussed youth group decreased from session 1 to session 2 by 24%and 18%, accordingly, although
statistical significancewas not reached. The concussed adult group demonstrated a lower number of
self-paced saccades compared to controls (p=0.05, η2=0.09), which gradually increased, with the
largest difference between session 1 and session 3 (p=0.02).Conclusions. Blink duration in youth
athletes holds promise as a validmetric for concussion diagnostics andmonitoring. It is recommended
to focus future studies on comparing eye tracking performancewithin the same concussed athletes
over time rather than comparing them to healthy controls.

Introduction

The awareness andmanagement of sports-related concussion (SRC) have evolved significantly, however the
most recent consensus statement on concussion in sport emphasizes that it remains challenging to identify,
assess andmanage (McCrory et al 2017). Inmost cases, with proper and timely treatment, concussed athletes will
recover fully; however, if unrecognized, theremay be significant health implications. Not only can the
immediate concussive symptoms be debilitating, but there is also an elevated risk of subsequent concussive and
musculoskeletal injuries in the period following a SRC, and a spectrumof further possible long-term sequelae
(Dashnaw et al 2012,Hubertus et al 2019). The diagnostic challenge is largely attributed to the absence of a
universal objective tool to detect SRC and to determinewhen it is safe to return to sport (Lynall et al 2013, Kenzie
et al 2017), leading to a heavy reliance on the athlete’s self-reporting of symptoms.
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Importantly, SRCor even sub-concussive head impacts (List et al 2015, Koerte et al 2017)manifest with
symptoms across a range of domains, includingworsened physical symptoms, diminished performance on
neurocognitive tests, balance impairment and abnormal eyemovements. The prevalence of eyemovement
deficits following a concussion is estimated at 40%–90% (Kapoor et al 2004, Ciuffreda et al 2007,Hunt et al
2016). Unsurprisingly, camera-based eye tracking technology has increasingly been gaining attention as a
possible diagnostic andmonitoring tool for SRC as demonstrated by empirical studies (Diwakar et al 2015,
DiCesare et al 2017, Bin Zahid et al 2018, Danna-Dos-Santos et al 2018,Webb et al 2018) and literature reviews
(Greenwald et al 2012, Ting et al 2014,Hunt et al 2016, Ventura et al 2016, Kontos et al 2017, Snegireva et al
2018). However, several factors currentlymake inferences challenging. These include inconsistencies between
eyemovementmetrics and experimental designs, high variability in the time elapsed after the injury at the
moment of testing, and lack of uniformity in participant selection. For these reasons, recent studies and
commentaries have called for research using amore comprehensive battery of eye trackingmeasures (Taghdiri
et al 2018), for studies involving youth athletes (i.e.�18 years (McCrory et al 2017)) and specifically aged 18–26
years (Samadani et al 2017, Bin Zahid et al 2018).

Thus, this studywas set to investigate whether selected eye tracking variablesmeasured across established
taskswould constitute a valid tool to diagnose andmonitor SRC in adult and youth participants in such contact
sports as RugbyUnion (rugby) and football (soccer). This research built on a previous study of reliability of
selected eye trackingmeasures in athletics cohort that identifiedfive variables thatmay be suited for SRC
(Snegireva et al 2021). This study evaluated two key hypotheses. Firstly, it was hypothesized that differences
would exist between the concussed and control groups in self-paced saccade (SPS) count in the adult group, as
well as in blink duration in thememory-guided saccade (MGS) and sinusoidal smooth pursuit (SP) tasks,
proportion of antisaccade (AS) errors, and gain of diagonal SP in the youth group. Secondly, these differences
were expected to bemost pronounced in the early symptomatic stage of a SRC, diminish in the recovery stage,
and not be detectable in the post-factumbaseline stage. Thereby, the early symptomatic stage of SRC is defined
as lasting up to oneweek post-injury and constituting the period of the neurometabolic cascadewithinwhich the
SRC symptoms are present but gradually resolve (Henry et al 2010, Gardner et al 2015). The recovery stage is
considered to take place two to fourweeks post-injury, usually sufficient for a full neurobiological recovery to
take place (Iverson et al 2017, Pusateri et al 2018). The post-factumbaseline stage sets in approximately three
months post-injury, subject to being cleared to return to sport by a clinician.

Methods

This prospective cohort studywas approved by theHealth Research Ethics Committee (Approval#S16/07/
129) and adhered to theDeclaration ofHelsinki. Each participant providedwritten informed consent or assent
(forminor participants) statement; parents of participants under the age of 18 also provided an informed
consent statement.

Participants
According to the a priori power analysis (1–β=0.80;α=0.05; d=0.50) conducted usingG*Power 3.1.9.3 for
Windows software (Faul et al 2007), a target of 51 participants per age groupwas set. The athletes were recruited
from the ‘Sports Concussion SouthAfrica schools’ program and from rugby and soccer clubs. The inclusion
criteria for all participants were: active participation in a contact sport, age between 9 and 35 years, and attending
or having attended school. Additionally, for the concussed group, an inclusion criterionwas the presence of a
recent SRC (not older than oneweek), whereas for the control group the criteria included the absence of any
concussions in the past two years (either sports-related or caused by other factors, e.g. a fall), as well as being age-
and sex-matched to the concussed group.

Confirmation of a recent SRCwas based on a diagnosis by sports and exercisemedicine physicians using the
clinical criteria defined at the 5th International Consensus Conference onConcussion in Sport (McCrory et al
2017), and verification of a history of previous concussion(s)was based on the self-reports of the participants
and/or their parents.

The exclusion criteria for all participants were:major depression (defined as score of 10 or above on Patient
HealthQuestionnaire (PHQ-9) (Manea et al 2012, Suzuki et al 2015)), poor global cognition (defined as score of
23 or below on theMontréal Cognitive Assessment (MoCA) test (Carson et al 2018)), self-reported diagnoses of
psychiatric, neurodevelopmental or neurological disorders, ADHD, vision disorders or vision not (corrected-to-
)normal, consumption of alcohol or drugs in the past 24 h, antipsychotic, anticonvulsant, or antidepressant
medication (Leigh andZee 2015), orthopaedic injuries or inability to follow the instructions.. In addition, the
testingwas aborted, and participants were excluded if the tests provokedworsening of concussive symptoms.
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Procedure
The apparatus used to record the eyemovements, as well as the eye tracking data processing are described in an
earlier study (Snegireva et al 2021).

The control group participants completed two identical computer-based eye tracking testing sessions by the
same trained assessor separated by oneweek (this time periodwas selected to approximate the gradual return-
to-sport protocol depicted in SCAT5 (Echemendia et al 2017)).

The concussed group participants completed three such sessions: in the early stage as soon as possible after
the injury (amaximumof oneweek, hereafter referred to as session 1), in the recovery stage at 2–4weeks post-
injury (session 2), andfinally at post-factumbaseline stage approximately 3months post-injury, subject to being
symptom-free at rest and exercise, having completed a graded return-to-play program and received clearance
for return to sport by a sports physician (session 3).

At each session the Sport Concussion Assessment Tool 5 (SCAT5) (Echemendia et al 2017)was also
implementedwith all participants. The SCAT5 is the latest version of a standardized neuro-cognitive concussion
test suitable for individuals above the age of 12 years. It consists of theGlasgow coma scale,Maddocks questions
(set of 5 questions that assess game-specific orientation and recentmemory), symptom checklist, verbal
cognitive tests, a physical examination, amodified Balance Error Scoring System, and a standardized assessment
of concussion (Echemendia et al 2017). Additionally, at session 1 the researchers conducted a structured
interview to obtain demographic information (table 1) andmedical history. Furthermore, at the last session, all
participants also completed theMoCA for global cognition (only sections not overlappingwith the SCAT5)
followed by the self-administered PHQ-9 (for depressivemood screening).

Eye tracking tasks and outcome variables
Adetailed description of the experimental design, eye tracking tasks and outcome variables are provided in an
earlier study (Snegireva et al 2021) that assessed the reliability of 47 pre-specified variables across a range of
established paradigms. The variables that demonstrated good or excellent reliability (ICC>0.75) (Koo and
Li 2016, Post 2016,Murray et al 2017) alongwith variables withmoderate reliability and percentagemean below
30%were included in the current analysis. The samemethodwas used in an earlier investigation of the
oculomotor function in SRC (Cochrane et al 2019). Thus, the following five variables were included:

1. Proportion of directional errors in the AS task in the youth group (ICC=0.78). Noteworthy is that this
variable in the adult group also demonstrated amoderate level of reliability, however it was below the set ICC
threshold (ICC=0.68) and thus not included in the current study.

2. Number of SPS in the adult group (ICC=0.86).

3. Gain of diagonal SP in youth (ICC=0.77).

4. Eye blink duration in theMSG in the youth group (ICC=0.99).

5. Eye blink duration in the sinusoidal SP also in the youth group (ICC=0.63 along with percentage mean
of 23%).

Data analysis
Separate statistical analyses were conducted for adult and youth groups using Statistica® 13 (TIBCOSoftware
Inc., Palo Alto, CA,USA) and Excel (Microsoft® Corporation, Redmond,WA,USA). The normality of
distribution of each variable was examined using the Shapiro–Wilk test and visually by a statistician (skewness
and kurtosis). In accordancewith the normality, the descriptive statistics included:means (x̄), standard
deviations (± SD), and 95% confidence intervals (CI) for the normally distributed variables, andmedians
(MED)with interquartile ranges (IQR) for the non-normally distributed variables.

The differences between the concussed and control groups at session 1, as well as the changes across the
testing sessions 1, 2, and 3within the concussed groupwere analyzed using a series of independent samples
Mann–WhitneyU tests andWilcoxon signed ranks tests (non-normally distributed variables) or repeated
measures ANOVA (normally distributed variables). Post-hoc tests were performed on the variables with
significant effects identified by the ANOVA. For these comparisons, the alpha level was set at 0.01 following a
Bonferroni correction. For all other comparisons (e.g. demographic information) the alpha level was set at 0.05.

The effect sizes (η2)were calculated based on theZ-score in accordance with the recommendations for non-
parametric tests (Fritz et al 2012, Grissom andKim2012) and considered small (η2�0.01), medium
(η2�0.06) or large (η2�0.14) (Lakens 2013).

Finally, a series of correlation analyses (Spearman ρ)were carried out for the results of session 1 to determine
whether therewas an association between the eye trackingmetrics and (1) the severity of the concussive
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Table 1.Demographic information of participants reported as x̄±SD [95%CI].

Adult Youth

Variables Concussed Control p-value Concussed Control p-value

Age (y) 22.5±3.6 [2.9–4.9] 22.2±2.9 [2.3–3.8] 0.74 14.8±2 [1.7–2.7] 15.4±2.2 [1.8–2.7] 0.23

Height (cm) 179.8±9.3 [7.3–12.8] 177.1±6.7 [5.4–8.9] 0.20 167.9±10.8 [8.6–14.5] 172.4±13.3 [11.2–16.2] 0.12

Weight (kg) 89.2±16 [12.6–21.9] 85.3±12.2 [9.8–16.2] 0.29 62.8±16.4 [13.1–22.1] 64±15.3 [12.9–18.7] 0.74

Sport participation (y) 13.7±4.1 [3.2–5.6] 11.9±4.2 [3.4–5.6] 0.10 5.8±2 [1.6–2.8] 6.6±2.7 [2.3–3.3] 0.20

Education (y) 13.4±1.9 [1.5–2.6] 13.6±2 [1.6–2.7] 0.73 11.1±1.9 [1.6–2.5] 10.9±2.1 [1.8–2.6] 0.69

Past concussions ( f ) 1.3±1.5* [1.2–2.1] 0.2±0.4* [0.3–0.5] <0.01 0.8±0.8* [0.7–1.1] 0±0.2* [0.2–0.2] <0.01

Days since injury 2.7±1.1 [0.9–1.5] 3.3±1.6 [1.3–2.1]
SCAT symptom severity atfirst session 27.7±20.9* 10.7±10.8* <0.01 25.0±23.8* 9.3±8.9* <0.01

MoCA score (AU, only sections not included in SCAT,max score=18) 16.6±1.4 [1–2.1] 16.6±1.3 [1–1.7] 0.99 16.7±0.8 [0.5–2] 16.6±1.3 [1.1–1.6] 0.10

PHQ-9 score (AU) 2.4±3.3 [2.5–5] 3±2.4 [1.9–3.2] 0.53 7.2±1.9* [1.2–4.8] 3.5±3* [2.5–3.6] 0.01

Abbreviations: y: years; f: frequency; x̄ : mean, SD: standard deviation; CI: confidence interval;MoCA:montreal cognitive assessment; PHQ-9: patient health questionnaire; AU: arbitrary units; *: p<0.05.

4

P
hysiol.M

eas.43
(2022)075006

N
Sn

egireva
etal



symptomsmeasuredwith the SCAT5, as well as (2) self-reported number of previous concussions. Correlation
was considered strong (ρ�0.60), moderate (0.40<ρ<0.60), weak (0.2�ρ�0.40), or negligible (ρ<0.2)
(Portney andWatkins 2009, Akoglu 2018).

Results

Seventymale athletes (34 adult and 36 youth)with a recent SRC and ninety-twomale age-matched healthy
controls (33 adult and 59 youth athletes)were included in the study and completed session 1. Further five
concussed and ten control group participants were initially enrolled in the study, but excluded due toADHD
(n=11), influenza (n=1), age above inclusion criteria (n= 1), too long a time after SRC (n=1), and
equipmentmalfunction (n= 1). Session 2was completed by 56 concussed (28 adult and 28 youth athletes) and
70 controls (27 adult and 43 youth athletes), and session 3was completed by 20 concussed participants (18 adult
and 2 youth athletes).

One-third of participants were cleared by amedical specialist to return to sport by session 2, and all
participants were cleared by session 3. Concussed participants completed session 1 at 3.0±1.4 d post-injury,
session 2 at 19.9±31.6 d, and session 3 at 49.7±19.9 d post-injury. Time that elapsed between sessions 1 and 2
of the control groupwas 7.0±3.9 d. Therewere no differences between the control and concussed groups in
any of the characteristics except the number of past concussions (table 1).

The between-group differences at session 1 are presented in table 2.
The concussed adult group demonstrated a gradual increase in the number of SPSwith the largest difference

between session 1 and session 3 (p=0.02). Concussed youth participants at session 1 had the lowest error rates
in the AS task (figure 1). Error rate increased in the control youth group from session 1 to session 2 (p=0.002).

Although not statistically significant, the average blink duration in the concussed group decreased from
session 1 to session 2 (MGS:MEDand IQR 281.9 [236.7–442.1] for session 1 and 232.9 [173.2–325.1] for session
2, p=0.35; diagonal SP:MEDand IQR265.7 [229.6–359.6] for session 1 and 237.3 [193.7–279.1] for session
2, p=0.48).

Several eye tracking variables showedweak correlations in the expected directionwith the SCAT symptom
severity score and the number of past concussions (table 3).

Discussion

Thiswas the first comprehensive longitudinal study that systematically assessed the validity of eye tracking
measures across carefully selected paradigms in heathy and concussed athletes participating in contact sports.
Several interesting findings were revealed. Firstly, the trend observed in the saccade count in the SPS task
suggests that thismetricmight indeed be indicative of a SRC in adults, since the concussed group presented a
gradual increase in the number of saccades from session to session, with the results of the last session
approaching the healthy controls. This confirmed thefindings of an earliermeta-analysis (Snegireva et al 2018)
that demonstrated significantly higher number of saccades in healthy controls. Neuroimaging studies had
demonstrated that SPSwere associatedwith the activity ofmultiple brain areas (Gaymard et al 1998,Heitger et al
2002, Johnson et al 2015, Leigh andZee 2015, Taghdiri et al 2018) and are therefore likely to be affected by a SRC
regardless of the location of the impact.

Table 2.Between-group differences at session 1 for concussed and control groups in adult and youth participants reported either as
x̄ [95%CI] orMED {IQR}.

Adult

Stimulus, condition Variable Concussed Control p-value η2

SPS 10° Saccade count 110.4 [44.5–76.6] 137.3 [44.6–73.3] 0.383 0.06M

Youth

MGS, fast Blink duration average 281.9* {236.7–442.1} 209* {183.1–246.1} 0.001 0.17L

SP, sinusoidal Blink duration average 265.7* {229.6–359.6} 229.1* {188.9–290.6} 0.016 0.06M

SP, diagonal Gain 171.3 {154–219.9} 164.2 {146.1–227.4} 0.399 0.01S

AS Directional errors 45.9 [17.5–28.2] 52.4 [15.1–22] 0.056 0.02S

Abbreviations: AS: antisaccades;MGS:memory-guided saccades; SP: smooth pursuit; SPS: self-paced saccades; S: small effect size

(η2�0.01);M: medium effect size (η2�0.06), L: large effect size (η2�0.14); CI: confidence interval; IQR: interquartile range; x̄ :

mean,MED:median; η2: effect size; β:beta (probability of type II error); *: p<0.05
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Secondly, the proportion of directional errors in the AS task in the current studywas higher in the youth
control group compared to the youth concussed group (even though statistical significancewas not reached).
The performance of the control group significantly worsened (i.e. the proportion of errors increased) at the
second session compared to thefirst. Atfirst sight, this seems counter to expectations, even though an earlier
study had shown similar reductions in error rate of the control group between two sessions conducted oneweek
apart (Ettinger et al 2003). However, in the context of the other variables, particularly latency and gain of the
primary saccade, it becomes evident that the control groupmade a speed-accuracy trade-off that is common
when decision-making is involved (Gold and Shadlen 2007) and had been observed in the prior studies (Wu et al
2010, Lange et al 2018). Namely, both latency and gainwere the lowest in session 2 of the control group
compared to session 1 and to the concussed group. This indicates that the control group in their second session
reacted to the target faster butmade a trade-off in terms of the number of directional errors theymade. Thus, as
Leigh andZee (2015) pointed out, while the AS tasks is a valuable tool for evaluating the function of the brain, it
is highly sensitive to confounding and situational factors, and therefore requires careful and standardized
approach.

Thirdly, current findings demonstrated that the concussed youth athletes tended to exhibit longer blink
durations compared to the healthy controls. This was the first eye tracking study to assess spontaneous blink
performance in concussed athletes. Researchers believe that the spontaneous eye blinks are linked to central
dopamine activity. In Parkinson’s disease, where the dopamine activity in striatumprogressively decreases,
longer blink durations and reduced blink rates have been observed. Conversely, in schizophrenia, where the
striatal dopamine activity is increased, shorter blink durations and increased rates are frequently found (Karson
et al 1984, Jongkees andColzato 2016, Abusharha 2017). Since concussions (SRCor non-sports-related) have

Figure 1. (a)Number of SPS over the sessions for concussed versus control adult groups; (b)Proportion of directional errors for AS
over the sessions for concussed versus control youth groups.

Table 3.The relationship between eye tracking variables and SCAT5 symptom severity score aswell as
number of past concussions.

Adult

Stimulus, condition Variable
Symptom severity Past concussions

ρ p-value ρ p-value

SPS, 10° Saccade count −0.36* < 0.01 0.17 0.19

Youth

MGS, fast Blink duration average 0.12 0.36 0.24 0.06

SP, diagonal Gain 0.26* 0.01 0.25* 0.02

SP, sinusoidal Blink duration average 0.08 0.45 0.08 0.48

AS Directional errors −0.24* 0.02 −0.03 0.80

Abbreviations: ρ: Spearman rho; AS: antisaccades;MGS:memory-guided saccades; SP: smooth pursuit;

SPS: self-paced saccades; *: p<0.05.
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been previously correlatedwith the reduction of dopamine levels in striatum (Chen et al 2017, Jenkins et al
2018), thismight explain the findings of this study.

The increase in the blink duration in the concussed athletes wasmost prominent for theMGS taskwhich
also involves workingmemory and attention (Snegireva et al 2018). In a healthy population, longer blink
durations had been associatedwithworse performance on the inhibitory control tasks (Colzato et al 2009) and
fatigue (Marandi et al 2018). Thus, it is possible that impairments in higher executive functions that are
characteristic of a youth concussion (Moore et al 2016) also affected the blink durations. Additionally, in a
heathy population, blinks have been found to be related to agewith blink rate and duration increasing from
infancy to adulthood and reaching adult levels by the age of 20 (Caplan et al 1996, Liu and Shen 2011, Groen et al
2017). It is possible, therefore, that blink-relatedmetrics in a youth population showhigher sensitivity to a SRC
compared to adults. To authors’ knowledge there is no research to date that establishes a link between the eye
blink durations and SRC, and further investigations are called for to confirm this novel finding.

In agreement with the systematic review that foundMGS impairments only in acute (up to 30 d post-injury)
SRC (Snegireva et al 2018), current results showed a gradual improvement of the eye blink duration from session
1 to session 2: the blink duration decreased by 24%and 18% forMGS and sinusoidal SP, accordingly, although
statistical significancewas not reached.

In the adult group, therewas aweak (approachingmoderate)negative correlation between the self-reported
severity of SRC symptoms and the number of SPS. This confirmed earlier findings (Heitger et al 2009, Taghdiri
et al 2018) that this variablemight reflect the SRC symptompresentation, since this task involves several white
matter tracts and cognitive functions that are also associatedwith SRC symptoms, such as difficulty to
concentrate, or feeling in a fog. In the youth group, only weak correlationwas found between two variables (gain
of the diagonal SP and proportion of AS errors) and the symptom severity. Interestingly, two previous studies
(Bin Zahid et al 2018,Mani et al 2018) had suggested that the eyemovement impairments in concussion possibly
manifest regardless of the reported symptoms, indicating that eye tracking could be an objectivemeasure largely
independent from symptom reporting. Taken together, it is possible that there is a relationship between eye
tracking and cognitive symptoms of a SRC, and eye tracking technology can provide the clinicians with further
insights in addition to the subjective symptom reports.

Finally, only gain of the diagonal SP demonstrated aweak correlationwith the number of past concussions.
It is possible that the duration and severity of post-SRCpathophysiologymight be affectedmore by the timing of
repeat injuries rather than the previous concussion history alone (Giza andHovda 2014).

Limitations and future research
A considerable effort was put into assessing the participants at consistent timeframes. However, a certain degree
of variability both in the time that had elapsed after the injury at themoment of testing and in the time intervals
between sessions 1 and 2 of concussed versus control groupswas unavoidable. This variability constitutes a
pragmatic clinical reality of standard and accepted practice. However, since some participantsmight have been
further into the recovery process than others, thismight have affected the results. Additionally, therewas a
degree of attrition of participants, sincemost of the players were cleared to playwell before the third scheduled
testing session and had littlemotivation to return.

Cognitive or physical activities that strongly utilize the oculomotor systemor promote general fatigue (for
example, sports training or studying for exams), as well as further situational factors (e.g.motivation or lighting)
might have affected the eye tracking performance in both the concussed and control groups. An evenmore
stringent control for confounding factors, when possible, is highly recommended for future studies: for
example, by fixating the head, providing identical sitting conditions and comparable lighting, and adhering to
the identical time of the day for all testing sessions.While an assumptionwasmade that the participants were
honest in reporting the symptoms and providing information relevant for the inclusion criteria, this cannot be
guaranteed.

Very few standardized eyemovement assessments in brain disorders exist. To the authors’ knowledge, only
the StandardizedAntisaccades Protocol (Antoniades et al 2013) and SaccadesQuantification Protocol (Nij
Bijvank et al 2018) exist (and bothwere utilized in present study). Therefore, the authors had to rely on single
publications in experimental design, whichmade comparability of the results and studies challenging.
Consequently, the protocols utilisedmay not be fully suitable for SRC assessment, and the ability to reproduce
the results of this study needs further investigation. Additionally, in general the eye tracking technologymight be
susceptible to a range of artefacts caused by the variability of features and algorithms across different devices
(Shaikh andZee 2018), therefore also limiting the generalizability offindings across devices.

This study specifically focused on contact sport athletes in SouthAfrica, therefore the findingsmight not be
representative of non-sporting cohorts or other geographical regions. Also, a sex bias is present, since both
concussed and control groups consisted ofmale athletes. However, it has been established that sex does not
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affect the saccadic or smooth pursuit performance (Hutton 2008, Sufrinko et al 2017). Overall, thefindings
require confirmation in larger studies comprising further geographic regions, other sports, and both sexes.

Finally, using challenging tasks that are closely related to brain areas involved in executive functions or
incorporating a dual-task elementmay improve the reliability and validity of the eye tracking tests for SRC
diagnostics, and further research in this direction is suggested. It is important to recognize that since eye
movements are known to be idiosyncratic and related to anatomical (e.g. shape of and length of the eyeball) and
personality (impulsivity, anxiety) characteristics (Pearson et al 2007,Holmqvist et al 2011, Leigh andZee 2015),
future research should focus on comparing concussed individuals to their own pre-injury or post-recovery
baseline values rather than comparing them to healthy controls, yet this research design is not without
significant challenge.

Conclusion

This pragmatic study based in a clinical setting contributed to recent advancements in research of the tools
available for evaluating SRC.While its strengths lie in the very careful selection of variables, unity in the time that
elapsed after a SRC at each testing session, and clear stratification by the age group, a broader sample of
participants, other combinations ofmetrics and using athlete’s own pre-injury baseline valuesmight create
models with better reliability and validity. A novel finding of this studywas that blink duration inMGS and
sinusoidal SPwas increased in concussed children, and future research should focus on inclusion of thismetric
to further understand this phenomenon.
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