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ABSTRACT 

     The objectives of this study were to conduct a descriptive analysis of preseason baseline data 

collected from university varsity student-athletes using a comprehensive battery of assessments 

and to examine the effects of sex, concussion history and their interaction on variables. 325 

student-athletes (165 males; 160 females) completed one or more of the following assessments: 

Sport Concussion Assessment Tool-5 (SCAT5); force plate postural sway; Doppler ultrasound 

cerebral blood flow; Brain Dynamic IndicatorTM (BrDITM); HurtSHynesTM Test; oculomotor 

performance; Stroop Colour and Word Test. 140 student-athletes reported a history of 

concussion (RHOC) and 185 student-athletes had No RHOC. Significant effects of sex were 

observed for multiple variables within five assessments. A significant effect of concussion 

history was rarely observed. Significant interaction effects were found for variables in the 

BrDITM and HurtSHynesTM Test. Considerable ceiling effects in scoring were observed across all 

student-athletes for the SCAT5 five-word immediate memory test. Overall, this study expands 

our understanding of the variability of results for varsity student-athletes across a variety of 

baseline assessments. Furthermore, the results support the need to develop sex-specific models of 

recovery following sports-related concussion.  
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CHAPTER ONE: LITERATURE REVIEW AND INTRODUCTION  
 
The Evolving Definition of Concussion  
 
     Concussion is a type of traumatic brain injury (TBI) that has been confusing physicians and 

neurosurgeons worldwide for centuries. Definitions of concussion have varied considerably as a 

result, with many conflicting or ambiguous in describing concussion and its mechanisms of 

injury.1-9 10th century Persian physician Rhazes was the first to provide a clear definition of 

concussion that was distinct from severe TBI, with the physician referring to concussion as a 

transient state of abnormal brain physiology.1 In the centuries that followed, some physicians 

described concussion as a shaking of the brain against the skull following a low velocity blow to 

the head,2-4 whereas others believed that a concussion was sustained only if the individual 

experienced an immediate loss of consciousness (LOC) following a head impact.5-8 Conflicting 

interpretations and hypotheses on concussion continued to persist into the 20th century.9-12 To 

establish a medical consensus, the Congress of Neurological Surgeons in 1966 defined 

concussion as a clinical syndrome of immediate and transient impairment of neural function 

induced by mechanical forces.13 Despite its limitations, this definition was generally accepted by 

researchers and multiple professional associations of physicians.14 Research interest in sports-

related concussion (SRC) grew in the United States during the 1980s and 1990s, with a particular 

focus on characterizing concussion symptomology in athletes and developing methods and 

strategies for clinical assessment, management and return to sport (RTS).15-24 This led to the first 

International Symposium on Concussion in Sport where the Concussion in Sport Group (CISG) 

addressed the need to develop a unifying model of concussion.25 Since this inaugural meeting, 

the CISG have provided a consistent and thorough definition of SRC and its clinical features.26-29 

Their most recent consensus statement defined SRC as a TBI induced by biomechanical forces 
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caused by either a direct impact to the head, neck or another body site with an impulsive force 

transmitted to the head-neck complex.29 Additionally, the CISG definition states that a SRC 

involves a rapid onset of impaired neurological function that is then followed by a variety of 

acute signs and symptoms, which may or may not involve a LOC, that present within minutes to 

hours following the injury event.29 These clinical signs and symptoms often describe a functional 

disturbance rather than a structural brain injury that can be visually observed on standard 

structural imaging techniques such as magnetic resonance imaging (MRI) and computerized 

tomography scans.29,30 However, researchers using advanced neuroimaging techniques such as 

functional MRI, diffusion tensor imaging and MR spectroscopy have demonstrated evidence of 

neurometabolic, microstructural and functional alterations in the brain of concussed athletes 

during the acute, subacute and chronic stages of SRC.30,31 

Concussion Pathophysiology  

     Most of our scientific knowledge on the pathophysiology of concussion is based on 

experimental animal model research.32-34 Injurious acceleration and deceleration forces on the 

brain cause neuronal membrane disruption and axonal stretching, initiating a complex 

neurometabolic cascade (see Figure 1).32-34  This cascade begins with a massive flux of ions 

through unregulated ion channels into intracellular and extracellular spaces, followed by rapid 

neuronal depolarization, an indiscriminate release and accumulation of the neurotransmitter 

glutamate, the binding of excess glutamate to ionotropic receptors and the subsequent opening of 

ion channels that permit calcium entry into cells.32-34 The sequestering of excess calcium in the 

mitochondria as a temporary solution leads to mitochondrial dysfunction and impaired oxidative 

metabolism.35-38 ATP-dependent sodium/potassium pumps are activated into overdrive to restore 

ionic and cellular homeostasis, which subsequently triggers an increase in glucose utilization to 
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satisfy rising energy demands.32-34,39 This scenario ultimately leads to a depletion of ATP stores 

and a buildup of lactate in the brain that can result in lactic acidosis, increased blood brain barrier 

permeability and cerebral edema.32-34,39 The combination of increased glucose demand and 

injury-related reductions in cerebral blood flow (CBF) results in a mismatch between cerebral 

metabolic supply and energy requirements, leading to a deleterious neurometabolic crisis.30-32 

Sustaining a secondary concussive injury in close temporal proximity to the initial concussion 

may exacerbate this neurometabolic crisis and cause a more severe and potentially irreversible 

brain injury.32,33,40-44 

 

 

 
 
 

Concussion and Traumatic Brain Injury Epidemiology 
 
     Referred to as a “silent epidemic”, concussions and TBIs are a major public health concern 

around the world in both high and low- and middle-income countries.45 Concussions and TBIs 

sustained in motor vehicle or motorcycle accidents,45-49 during active military service50-55 and 

from intimate partner violence56-59 are some of the key areas of interest for researchers around 

Figure 1. Diagram of the neurometabolic cascade and acute biological processes that 
occur after mild traumatic brain injury (mTBI). Diagram reprinted from Giza and 
Hovda33 with permission from the publisher Wolters Kluwer Health, Inc. Please see 
Appendix A for license details and terms and conditions provided by Wolters Kluwer 
Health, Inc. and the Copyright Clearance Center. 
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the world examining the epidemiology of these brain injuries. A systematic review and meta-

analysis conducted by Dewan et al45 estimated that 69 million individuals worldwide, or 939 

cases per 100,000 people, sustain a TBI from all-causes every year.  In order to calculate the 

estimated incidence of TBI worldwide by severity, the team of academic researchers examined 

population-based studies that categorized the severity of TBI using Glasgow Coma Scale (GCS) 

scores for mild (score of 13 – 15), moderate (score of 9 – 12) and severe TBI (score of 3 – 8).45 

According to their results, mild TBI (mTBI) was estimated to affect 55.9 million people every 

year, followed by moderate and severe TBI with 7.62 million and 5.48 million people affected 

per year, respectively.45 World Health Organization (WHO) regions with the highest estimated 

annual incidence of TBI were the Region of the Americas (United States and Canada) and the 

European Region with 1299 and 1012 TBI cases per 100,000 people, respectively.45 WHO 

regions with the lowest estimated annual incidence of TBI were the African Region and the 

Eastern Mediterranean Region with 801 and 897 TBI cases per 100,000 people, respectively.45  

     It has been widely cited that an estimated 1.6 to 3.8 million sports-related TBI occur annually 

in the United States among individuals of all ages.60 This estimate from Langois et al60 was 

published in response to an estimate from the Injury Supplement to the 1991 National Health 

Interview Survey that exclusively focused on sports-related TBIs that resulted in a LOC and 

excluded TBIs that occurred without a LOC.61 As studies published at the time revealed that a 

majority of SRCs did not result in a LOC,62,63 the estimate from Langois et al60 accounted for 

sports-related TBIs that occurred without a LOC and sports-related TBIs that were not observed 

by a physician or healthcare professional. Based on an analysis of 2010 - 2016 data from the 

National Electronic Information Surveillance System – All Injury Program, Sarmiento et al64 

determined that an estimated 283,000 children 18 years old and younger in the United States 



 

5 
 

received treatment at an emergency department (ED) for a sports-related TBI per year. This 

study demonstrated that the annual incidence rates of ED visits for sports-related TBI increased 

with age, as children and adolescents 10 to 14 and 15 to 17 years old had higher rates of ED 

visits for sports-related TBI compared to children in younger age groups.64 Based on sex, males 

had approximately twice the incidence rate of ED visits for sport-related TBI compared to 

females across all study years.64 Football contributed to the highest annual estimates of ED visits 

for sport-related TBI in males ages 10 to 14 and 15 to 17 years old, whereas soccer and 

basketball contributed to the highest annual estimates of ED visits for sport-related TBI in 

females within these age groups.64 In Canada, an analysis of Canadian Community Health 

Survey (CCHS) data collected from 2000-2001 to 2017-2018 revealed that the annual incidence 

rate of SRC or other sport-related brain injuries was consistently two-folds higher in males 

compared to females.65 Additionally, this analysis of CCHS data demonstrated that the incidence 

rates of SRC in youth ages 12 to 14 and 15 to 19 years old greatly outnumbered the incidence 

rates in adults 20 years old and older.65 Similar findings were observed in 2017-2018 National 

Ambulatory Care Reporting System (NACRS) data for Ontario and Alberta, as males and 

females ages 10 to 14 and 15 to 19 years old had the highest age-specific incidences rates of ED 

visits for SRC.66 Ice hockey and football or rugby contributed to the highest incidence rates of 

ED visits for SRC in males ages 10 to 14 and 15 to 19 years old, whereas the incidence rates of 

ED visits for SRC in females within these age groups were the highest for rugby, other ball-

related sports and ice hockey.66  

     The National Collegiate Athletics Association Injury Surveillance Program (NCAA ISP) in 

the United States provides clinicians and researchers with a comprehensive and updated analysis 

of SRC epidemiology in NCAA men’s and women’s sports.67-69 The NCAA ISP has been very 
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useful for evaluating the effectiveness of concussion policy and rule changes in NCAA collision 

and contact sports and for informing both clinical practice and concussion management 

guidelines.67-69  It utilizes a convenience sample of certified athletic trainers at participating 

collegiate institutions that voluntarily provide detailed injury reports and athlete exposure data 

using their clinical electronic medical record systems.70 Similar to SRC and sports-related TBI 

epidemiology in children and adolescents in the United States and Canada,64-66 NCAA sports that 

consistently have the highest incidence rates of SRC are collision and contact sports consisting of 

men’s football, men’s and women’s ice hockey, women’s soccer and men’s wrestling.67-69 Men’s 

and women’s sports in the NCAA that typically have the lowest incidence rates of SRC are 

limited and non-contact sports including swimming and diving, cross-country, track and field 

and tennis.67,69 Among sex-comparable sports, NCAA women’s soccer and basketball 

consistently have higher incidence rates of SRC compared to men’s soccer and basketball.67-69 

Player to player contact (ex. tackling or being tackled in football, body checking in ice hockey) is 

the most frequently reported mechanism of SRC in NCAA men’s sports, while contact with sport 

equipment (ex. heading in soccer, blow to the head from spiking in volleyball) or an on-field 

apparatus are the most frequently reported mechanisms of SRC in NCAA women’s sports.67,69 In 

contrast to the NCAA ISP in the United States, Canadian universities and colleges lack a 

structured national software-based injury surveillance program for monitoring U Sports and 

Canadian Collegiate Athletic Association competitions and practices, student-athlete 

participation and both musculoskeletal injuries and SRCs sustained during the preseason, regular 

season and postseason. To our knowledge, the only sport injury surveillance program that was 

utilized on a large scale for Canadian university varsity or collegiate student-athletes was the 

Canadian Intercollegiate Sport Injury Registry during the 1990s for prospectively tracking sport 
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injury rates and athlete exposures in university varsity student-athletes competing in the Canada 

West division of the Canadian Intercollegiate Athletic Union.71-75 A majority of studies have 

examined SRC epidemiology in a single Canadian university varsity sport including men’s 

football,72,73 men’s basketball74 and men’s and women’s ice hockey.75-77 Only two studies to our 

knowledge have examined SRC epidemiology in a variety of sports for both sexes at the 

Canadian university varsity level, with both studies exclusively comprised of York University 

varsity student-athletes.78,79 Analyzing patient chart data collected during three to four school 

years, both studies reported that female varsity student-athletes had significantly more diagnosed 

SRCs compared to males.78,79 Consistent with findings reported in studies examining NCAA ISP 

data, the sports with the highest incidence rates or total SRCs diagnosed were collision sports 

including women’s rugby, men’s football and both men’s and women’s ice hockey.78,79 Overall, 

the published literature on SRC epidemiology in Canadian university varsity student-athletes is 

dated and limited by student-athlete population differences across studies and the use of varying 

data collection and statistical methodologies.71-79 

Concussion Symptomatology and Recovery 
 
     Diagnosis and management of SRC can be a difficult task for clinicians due to the 

heterogenous presentation of symptoms and impairments that often have differential trajectories 

of resolution.80-82 Symptoms typically present immediately following a SRC or progressively 

evolve over time within the first 24 hours post-concussion.29,83 Clinicians often categorize SRC 

symptoms into symptom domains that include physical (ex. headache, neck pain), cognitive (ex. 

difficulties concentrating, retrograde/anterograde amnesia), emotional (ex. irritability, anxiety), 

sleep/wake (ex. sleeping more or less than usual), vestibular (ex. dizziness, balance disturbances) 

and ocular symptom domains (ex. double vision, sensitivity to light).29,80,84,85A number of 



 

8 
 

symptoms of SRC are non-specific and can be observed in whiplash-related disorders or cervical 

spine injuries with or without a SRC diagnosis,86-88 neurodevelopmental disorders and learning 

disabilities (ex. attention-deficit/hyperactivity disorder),89-92 diagnosed mood disorders and 

psychiatric conditions91-94 and in healthy non-concussed athletes and adults.95,96  Female youth 

and collegiate student-athletes often report more symptoms and higher symptom severity scores 

following SRC97-100 and at preseason baseline assessment92,96,101-103 compared to male athletes 

matched by age and competitive level. However, some studies have observed similar symptom 

reporting between the sexes following SRC and at baseline assessment.104,105 A majority of youth 

and collegiate student-athletes diagnosed with SRC typically recover within 7 to 14 days post-

concussion.106-108 However, a proportion of athletes will present with symptoms and impairments 

in specific clinical domains that persist beyond the expected time frame of clinical recovery (ex. 

four or more weeks post-concussion).81, 88, 109,110Although findings vary across studies, 

demographic groups and clinical variables associated with prolonged recovery following SRC 

include children and youth athletes,109,110 female sex,68,81,88,109,111 preinjury history of mood 

disorders or psychiatric conditions,88,109,112,113 history of non-specific headaches or 

migraines,88,108,113 previous history of diagnosed SRC,109,112,115-117 post-traumatic 

amnesia106,114,115,117, and higher overall symptom burden following SRC.106,114,117-119 Given the 

heterogeneous nature of SRC, utilizing a multifaceted, interdisciplinary and individualized 

assessment approach is essential for diagnosis, management and rehabilitation of SRC. This 

approach should be comprised of a comprehensive battery of paper or computerized assessment 

tools and non-invasive diagnostic procedures that evaluate SRC symptoms and various measures 

of neurocognitive functioning, postural control or balance, cerebral blood flow (CBF), cognitive-

motor integration (CMI), vision and oculomotor function.  
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Concussion Assessment Tools  

Force Plate Postural Sway 

     Postural control is defined as the ability to control the whole body’s centre of mass within the 

base of support in order to maintain a specific posture during static or dynamic activities.120,121 

This requires the central nervous system to process and integrate afferent information from the 

somatosensory, visual and vestibular systems to send commands to the muscles of the lower 

extremities to generate the appropriate musculoskeletal contractions needed to maintain postural 

control.121-123 Individuals with concussion or TBI can present with dysfunction in processing and 

integrating vestibular information, and if visual and somatosensory inputs are disrupted or are 

providing conflicting information, concussed individuals have to rely heavily on vision in order 

to maintain postural control.121-126 Force plate platform technology has been utilized to examine 

objective and sensitive measures of quiet standing postural control with eyes open and eyes 

closed in a variety of populations diagnosed with concussion or TBI.121,127-135 The amount of 

sway that an individual exhibits to maintain postural control during quiet standing tasks can be 

measured on a force plate platform by quantifying the movements of the centre of pressure 

(COP) in the anteroposterior (AP) and mediolateral (ML) directions independently.136,137 COP is 

defined as the point of location of the vertical ground reaction forces under the feet and 

represents the weighted average of all the pressures applied over the supporting surface of the 

area in contact with the ground.136,137 In a quiet stance position with feet shoulder-width apart, 

AP sway reflects ankle activity (plantar flexion and dorsiflexion), whereas ML sway represents 

loading and unloading mechanisms of the hips (abduction and adduction).136,137 Conventional 

force plate COP measures include root-mean-square of COP displacement (RMSdisp), which 

represents the standard deviation from the mean COP displacement or distance, and mean COP 
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velocity (COPvel).138,139 Multiple studies have reported that collegiate and university varsity 

student-athletes diagnosed with SRC exhibit significantly faster COPvel in the AP and/or ML 

directions during quiet standing tasks performed with eyes closed compared to non-concussed 

sport-matched controls.127,131,135 Some of these studies also examined RMSdisp in both directions 

and found that concussed athletes had significantly greater RMSdisp in the AP direction 

compared to healthy control athletes.127,135 Interestingly, Murray et al135 reported that concussed 

collegiate athletes who self-reported a previous history of multiple SRCs had significantly larger 

RMSdisp and faster COPvel in both AP and ML directions compared to healthy control athletes, 

concussed athletes with no prior SRC history and concussed athletes with a previous history of 

one SRC. Of the studies examining force plate COP measures beyond the acute phase of SRC, 

Powers et al127 reported that COPvel in the AP direction remained elevated in concussed 

university varsity athletes when evaluated at RTS, while Pryhoda et al131 determined that 60 

percent of collegiate athletes at six months post-concussion continued to present with elevated 

COPvel in the ML direction beyond the proposed clinical thresholds when performing a double-

leg stance task with eyes closed. In stark contrast to the collection of findings from these studies, 

Dierijck et al120 assessed quiet stance postural control in concussed contact sport athletes at 72 

hours, two weeks and one-month post-concussion and reported no significant differences in 

RMSdisp and COPvel at each assessment timepoint in both eyes open and eyes closed conditions 

between concussed athletes and healthy non-concussed athletes matched for sport, age, body 

mass index (BMI), and previous SRC history. 

Sport Concussion Assessment Tool 
 
     The CISG developed the Sport Concussion Assessment Tool (SCAT) during the Second 

International Conference on Concussion in Sport to provide physicians with a standardized tool 
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for sideline evaluation of SRC and to serve as an educational tool for patients.26 The original 

SCAT was comprised of a combination of preexisting concussion assessment tools including the 

Post-Concussion Symptom Scale, Standardized Assessment of Concussion (SAC) cognitive 

screen tests,140 modified Maddocks questions for assessing sport-specific orientation (ex. “What 

team did we play last?”),21 a neurological screen and guidelines for a symptom-limited RTS 

program with stages of progression.26  The SCAT was subsequently updated during the Third,27 

Fourth28 and Fifth29 International Consensus Conference on Concussion in Sport to produce the 

SCAT2, SCAT3 and SCAT5 editions, respectively. While major SCAT components have 

continued to be a part of each subsequent edition, limitations and ceiling effects in scoring on 

specific components have been addressed through revisions and improvements based on valuable 

insight gathered from systematic reviews of the literature,141-143 CISG expert panel discussions 

and conference attendees.27-29 

     The most recent edition, the SCAT5, is an internationally recognized test battery developed 

specifically for licensed healthcare professionals to provide them with a multidimensional 

framework for evaluating individuals 13 years of age or older with a suspected or probable 

SRC.29, 143, 144 The SCAT5 is comprised of an immediate/on-field assessment and a follow-up 

office/off-field assessment.144 The immediate/on-field assessment consists of screening for red 

flags (ex. LOC, weakness or tingling in the arms or legs) and observable signs of SRC (ex. lying 

motionless on the playing field, disorientation or confusion), a memory assessment featuring 

Maddocks questions, the GCS for examining level of consciousness and a brief cervical spine 

assessment.144 The office/off-field assessment includes a section to fill out information on athlete 

demographic characteristics and previous SRC history, a graded symptom evaluation checklist, 

SAC cognitive screen tests, the modified Balance Error Scoring System (mBESS) for postural 
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control evaluation and a rapid neurological screen.144 Multiple studies have demonstrated that 

female athletes report more symptoms and higher symptom severity scores on the SCAT graded 

symptom checklist compared to male athletes following SRC81,97,145-147 and at preseason baseline 

assessment.93,96,102,103,147 However, some studies have found no significant differences in 

symptom reporting between the sexes.79,105 The graded symptom evaluation checklist in various 

editions of the SCAT has been shown to have some clinical utility in tracking symptom recovery 

within the first few days post-concussion and assisting in the planning and decision-making for 

gradual RTS.106,114,118,142,148,149 Multiple studies have demonstrated that female athletes are 

symptomatic for longer periods of time post-concussion compared to males81,146 whereas some 

studies have reported similar durations of concussion symptom presentation between sexes.147 

The SAC in the SCAT5 is comprised of cognitive tests evaluating orientation in time and place 

(ex. “What is the day of the week?”), five- or ten-word immediate memory and delayed recall, 

and concentration with months in reverse order and digits backwards tests.144 Multiple studies 

have demonstrated that concussed athletes have significantly lower SAC performance scores 

immediately post-concussion and/or at 24 hours post-concussion compared to healthy non-

concussed athletes.103,148,150-154 While some of these studies have shown that scores on the SAC 

tests in concussed athletes return to baseline values when assessed at 48 hours post-

concussion,150,151,153 other studies have reported mild cognitive deficits in concussed athletes 

based on their test scores that persist for up to one-week post-concussion.103,148,154 Studies have 

reported mixed findings regarding sex differences in baseline performance scores on the 

orientation test,79,96,103,105,155,156 five-word immediate memory and delayed recall tests102,103,156 

and concentration tests.105,155 An optional ten-word list was included in the SCAT5 for the 

immediate memory and delayed recall tests in order to minimize ceiling effects in scoring 
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observed with the five-word list.142,143 Multiple studies have demonstrated that the ten-word list 

eliminates ceiling effects in scoring when applied in a baseline assessment setting96,105,155,156,157 

and when differentiating between concussed and non-concussed athletes.158 Many of these 

studies also observed similar baseline performance scores between male and female athletes for 

the ten-word immediate memory and delayed recall tests.96,105,155 The mBESS test is a modified 

version of the Balance Error Scoring System (BESS), the latter of which was originally 

developed by researchers at the University of North Carolina to serve as a quick, cost-effective 

and easy-to-administer test for evaluating postural control.144,160 The mBESS test is comprised of 

three 20 second (sec) trials that evaluate standing balance on a firm surface without shoes and 

eyes closed in a double leg stance, a single leg stance (standing on non-dominant foot) and a 

tandem stance in a heel-to-toe formation (non-dominant foot behind the dominant foot).144 Trials 

are scored by an examiner counting the number of pre-defined errors made by the participant.144 

In contrast, the traditional BESS test evaluates postural control with two trials per stance, with 

one trial performed on a firm surface and one trial performed on a medium-density foam 

surface.160 Multiple studies have demonstrated that the mBESS and BESS tests are most useful 

in detecting postural control impairments in acutely concussed athletes given the observation that 

total error scores for both tests typically return to baseline when assessed at three to five days 

post-concussion.102,148,149,153, 159,161 A systematic review determined that the BESS test has 

moderate to high reliability and low to moderate sensitivity evidence supporting its use for 

evaluating postural control impairments in athletes with SRC.162 More recently, the mBESS test 

has been shown to have poor test-retest reliability with low sensitivity and high specificity in 

identifying impaired postural control in concussed collegiate football athletes, thus suggesting 

that a lack of impairments observed with the mBESS test does not necessarily rule out a SRC 
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being present.163 Additionally, the mBESS and BESS tests are known to be limited as a measure 

of postural control due to examiner subjectivity in recording errors, susceptibility to practice or 

learning effects as a result of serial testing and fatigue effects when administered to athletes 

immediately following a SRC.125,160,164 The rapid neurological screen is comprised of five tests 

that assess comprehension, range of pain-free passive cervical spine movement, double vision, 

timed tandem gait and finger-to-nose coordination.144 The diagnostic utility of the rapid 

neurological screen is unknown given that the screen is a new addition within the SCAT5. 

Tandem gait speed has been reported to be significantly slower in collegiate student-athletes 

within 48 hours post-concussion compared to baseline performance.165 This same study observed 

no significant differences between the total number of errors made in both the mBESS and BESS 

tests following SRC relative to baseline, thus suggesting that the tandem gait test may be a more 

sensitive test measure of postural control deficits following SRC.165 A study utilizing the SCAT5 

to differentiate concussed from non-concussed professional ice hockey athletes determined that 

athletes diagnosed with SRC were more likely to report double vision and present with tandem 

gait deficits compared to non-concussed athletes.159 In contrast, one study observed adequate 

performance on each of the rapid neurological screen tests for a majority of male elite-level 

Rugby Union athletes participating in off-field concussion screening.166 Overall, the literature 

demonstrates that the SCAT5 and previous SCAT editions are best suited to be administered as 

part of the screening evaluation during the acute stage of SRC, particularly within the initial 

three to five days post-concussion.102,106,114,118,142,148-151,153,159,161 

Cerebral Blood Flow  

     The pathway of CBF to the brain begins at the aortic arch, which branches into the 

brachiocephalic artery, the left common carotid artery (CCA) and the left subclavian artery.167 
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The brachiocephalic artery bifurcates into the right CCA and the right subclavian artery (see 

Figure 2).167  The left and right CCA ascend the neck and bifurcate into the left and right internal 

carotid arteries (ICA) and external carotid arteries (ECA) at approximately the fourth cervical 

vertebrae (C4).168-170  While the ECA supply blood to the extracranial structures, the ICAs give 

rise to several arterial branches before bifurcating into the middle cerebral arteries (MCA) and 

the anterior cerebral arteries (ACA).168-170 The largest of the two terminal branches of the ICA, 

the MCA runs laterally into the lateral sulcus where it branches into superior and inferior 

divisions to perfuse the lateral surface of the cerebral hemisphere including the lateral aspect of 

the frontal lobe, the superior and inferior partial lobe and the lateral aspect of the temporal 

lobes.169,171 The subclavian arteries branch to form the left and right vertebral arteries (VA).168-171 

The VAs penetrate the transverse forminae of C6 through C1 before entering the skull cavity via 

the foramen magnum to travel along the ventral surface of the brainstem.169,171 The main 

branches of the VAs supply blood to the spinal cord (anterior and posterior spinal arteries) and 

both the medulla and cerebellum (posterior inferior cerebellar artery).169,171 The VAs merge with 

one another at the pontomedullary junction to form the basilar artery.169,171 The basilar artery 

runs in the basilar sulcus on the ventral surface of the pons and ends at the midbrain where it 

bifurcates to form the left and right posterior cerebral arteries (PCA).169,171 The left and right 

ICAs, ACAs, PCAs, posterior communicating arteries, the anterior communicating artery and the 

basilar artery connect with one another at the base of the brain to form the circle of Willis.169-

171,173 The circle of Willis is a vital structure as it allows for the distribution of blood flow to both 

cerebral hemispheres and acts as a safety mechanism if one of the connected arteries becomes 

blocked or narrowed.169-172 With a change in pressure as a result of a blocked or narrowed artery, 

the anastomosis of the arteries contributing to the circle of Willis will permit the continued 

https://en.wikipedia.org/wiki/Subclavian_artery
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circulation of blood supply in a forward or backward direction in order to compensate for the 

disrupted blood flow in the affected artery.169-171 

 

 

 

 

     CBF is generally defined as the volume of blood delivered to a defined unit mass of brain 

tissue per unit of time. The standard unit of measurement for CBF is milliliters (mL) of blood per 

100 grams (g) of brain tissue per minute (min).174 CBF can be assessed in a variety of ways 

depending on the diagnostic imaging techniques available and the goals of the researchers, 

particularly if they want to evaluate global or regional measures of CBF or both. For example, 

multiple studies have demonstrated in a variety of patient populations that CBF velocity in the 

MCA measured with transcranial Doppler ultrasound (TCD) is a valid and reliable index of 

regional CBF to specific areas of the brain supplied by the MCA.175-180 Clinical researchers can 

directly quantify regional and global CBF volume with arterial spin labeling (ASL), a non-

invasive and non-ionizing MRI technique that uses magnetic labelling of arterial blood water 

Figure 2. Schematic diagram illustrating the location of the aorta, brachiocephalic artery, 
left and right subclavian artery, left and right common carotid artery (CCA), left and right 
vertebral artery and the basilar artery. Diagram reprinted from Gunabushanam et al167 with 
permission from the licensed content publisher Elsevier. See Appendix B for license details 
and terms and conditions provided by Elsevier and the Copyright Clearance Center. 
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protons as an endogenous tracer for tissue perfusion imaging.154,181-186 Researchers have also 

utilized Doppler ultrasound (DU) imaging techniques to estimate CBF within the cerebral 

arteries by measuring blood flow volumes (BFV) as a product of the angle-corrected, time-

averaged flow velocity and the cross-sectional area of the artery.187-193 Although ASL has its 

advantages, DU is a more readily available non-invasive imaging method that has a variety of 

benefits including low operational costs, accessibility for repeated measurements and its suitable 

for bedside monitoring.190,191      

     The control of CBF consists of a spectrum of overlapping regulatory mechanisms that 

facilitate optimal delivery of oxygenated blood and nutrients to the brain tissues and the removal 

of metabolic waste products and toxins.171,194 A combination of mechanisms contribute to 

cerebral autoregulation, a complicated and often misinterpreted homeostatic process in the brain 

that minimizes the impact of the duration and magnitude of changes in mean arterial pressure 

(MAP) on CBF volume.172,194,195 According to Neils Lassen’s cerebral autoregulation curve 

presented in his influential review paper titled “Cerebral Blood Flow and Oxygen Consumption 

in Man”196, CBF volume can remain constant (~50 ml/min/100 g brain mass) across a wide range 

of MAP values (~ 60–150 millimetres of mercury). Lassen’s concept of cerebral autoregulation 

originated from averaged or adjusted CBF volume data and MAP measurements collected from 

seven studies that examined relationships between CBF volume and MAP in diverse participant 

populations including healthy human subjects administered highly vasoactive drugs and patients 

with systemic hypertension.196 Multiple review papers have highlighted the erroneous 

assumption made in applying Lassen’s traditional cerebral autoregulation framework, which was 

originally collected from scenarios involving slow, between-individual steady-state changes in 

MAP and physiological scenarios in which rapid, within-individual surges or fluctuations in 
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MAP were observed.172,194,195 Contemporary research demonstrates that CBF regulation is much 

more pressure-passive than originally believed and it does not remain stable in all physiological 

and clinical conditions, especially in scenarios where there are rapid changes in MAP (ex. 

engaging in acute exercise).172,195 For example, an individual who can tolerate large but steady 

changes in MAP without a significant change in CBF may experience a large reduction (or a 

large increase) in CBF in response to rapid changes in MAP.172,195 While cerebral autoregulation 

is typically referred to as having static and dynamic components, this categorization is an 

experimental distinction rather than physiological one.172,194.195,197 Static cerebral autoregulation 

aligns with the interpretations and conclusions of Lassen’s work, referring to the steady-state 

relationship between CBF and MAP across several minutes to hours.172,194.195,197 In contrast, 

dynamic cerebral autoregulation refers to the cerebral pressure-flow relationship observed during 

transient and rapid changes in MAP over a period of seconds or minutes (ex. during postural 

changes, engaging in acute exercise), whereby autoregulation reduces the impact of MAP 

changes by returning CBF towards baseline levels before full recovery of MAP.172,194,195,197 CBF 

regulation in healthy humans is also believed to be mediated by a variety of sympathetic, 

parasympathetic, cerebral metabolic, myogenic and endothelium-dependent mechanisms 

working in unison.172,194,197-198 

     The pressure gradient driving CBF to the brain is cerebral perfusion pressure (CPP), which 

represents the difference between the MAP and the intracranial cerebral pressure (ICP), with ICP 

representing the pressure of the cerebrospinal fluid in the subarachnoid space.172,200-202 Edema or 

intracranial hemorrhaging of the brain following moderate to severe TBI can cause elevations in 

ICP, leading to a disruption of CBF, a reduction in CPP and potentially a secondary ischemic 

insult.194,202-204 Symptoms of elevated ICP can overlap with SRC symptoms including headaches, 
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nausea and vision disturbances.29,80,84,85Although there is a limited amount of direct research 

evidence showing ICP changes in human subjects with concussion or mTBI,205-208 findings from 

animal model studies suggest that ICP can remain elevated for several days following mTBI.209-

211 

     CBF regulation is highly sensitive to changes in partial pressure of arterial carbon dioxide 

(PaCO2) and brain tissue levels of CO2.172,194,200 The entire cerebrovascular tree is sensitive to 

changes in PaCO2 including the large cerebral arteries, pial arteries and arterioles and the 

parenchymal arterioles.212-219 Interestingly, multiple studies have shown that the largest response 

to elevated PaCO2 (hypercapnia) occurs in the smaller arterioles based on vessel diameter 

changes relative to the baseline.212,214,215,220,221  Hypercapnia leads to vasodilation of the arterioles 

in the downstream microvasculature bed, a reduction in cerebrovascular resistance and a 

resulting increase in CBF to clear out CO2 from brain tissues.194,200 In contrast, a reduction in 

PaCO2 (hypocapnia) leads to vasoconstriction of the arterioles, an increase in cerebrovascular 

resistance and a subsequent decline in CBF that results in lower CO2 clearance from the 

tissues.194,200 

     Measures of regional and global CBF volume have been investigated as biomarkers of 

neurophysiological recovery following SRC in youth and young adult athletes.154,183-186 Multiple 

studies have found significantly reduced regional CBF volume in various lobes, cortices, gyri 

and other brain structures in concussed collegiate athletes compared to sex-, age- and sport-

matched healthy control athletes, with concussed athletes presenting with variable and protracted 

recovery.154,183,184 In university varsity student-athletes with acute SRC, Churchill et al186 

discovered that specific concussion symptom clusters had distinct patterns of altered regional 

CBF volume. This study reported that concussed athletes with high cognitive symptom scores on 
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the SCAT3 graded symptom checklist had lower regional CBF volume in the frontal and 

subcortical areas relative to concussed athletes with high somatic symptom scores.186 

Interestingly, Barlow et al185 reported that symptomatic children with mTBI had significantly 

higher global and regional measures of CBF volume (predominately bilateral inferior frontal and 

occipital regions) at 40 days post-injury compared to healthy controls of similar age and sex with 

no history of mTBI. This same study found that asymptomatic children that had clinically 

recovered from mTBI had significantly lower global and regional measures of CBF volume 

(predominately inferior temporal and parietal regions) at 40 days post-injury compared to healthy 

controls.185   

Cognitive-Motor Integration 

     The concurrent application of thought and action is a process known as cognitive-motor 

integration (CMI).222 CMI is essential for completing skilled activities, such as performing 

complex tasks at work or playing a sport, that are guided by non-standard visuomotor mappings 

where there is a decoupling of visual information from movement output and the integration of 

spatial and cognitive rules.222 In contrast, standard visuomotor mappings guide simple tasks that 

involve direct interactions with a visual stimulus, whereby the stimulus itself guides the action 

and is the target of the action.222 Elite athletes are highly skilled in their ability to utilize CMI 

within the context of sport-related rules, spatial information on the field of play and prior 

expertise in executing movements effectively and efficiently.222 An example of a non-standard 

visuomotor task for an ice hockey athlete is passing the puck to a teammate on their right while 

looking and attempting to avoid a body check from an opponent to their left. In contrast, a 

standard visuomotor task is looking for a spare hockey stick on the bench rack and picking it up. 

It is hypothesized that concussion can cause deficits in rule-based skilled performance through 
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disruptions within frontoparietal networks and communication between cortical and subcortical 

movement control brain regions that are responsible for planning and executing complex skilled 

movements that use CMI.222-227 Most concussion assessment tools evaluate cognition and motor 

function separately and therefore lack the sensitivity to detect underlying functional impairments 

that could present when testing cognition and motor function concurrently through task 

paradigms that utilize task switching (“dual-tasking”) and integration.222 As a result, a 

touchscreen-based, eye–hand coordination assessment tool called the Brain Dynamic IndicatorTM 

(BrDITM) was developed to evaluate CMI performance through a visuomotor task that 

incorporates two types of non-standard mapping: explicit rule integration (strategic control) and 

implicit spatial vision-to-hand-motion realignment (sensorimotor recalibration).222 Multiple 

studies using the BrDITM have demonstrated that young adult and youth athletes with a previous 

history of SRC have significantly pronounced CMI performance deficits compared to healthy 

age- and skill-matched athlete controls with no previous SRC history.228-231 Interestingly, a 

majority of these athletes with a previous history of SRC were clinically asymptomatic and had 

long since returned to sport following their last SRC. Therefore, the results of these studies 

reveal that the lingering CMI performance deficits exhibited by these athletes had not been 

identified by standard concussion assessment tools.228-231 A full body, sport-specific version of 

the BrDITM known as the HurtSHynesTM Test has recently been piloted with the potential of 

being a more sensitive test metric of CMI performance for athletes returning to sport after 

recovering from a SRC.232 

Vision and Oculomotor Function 

     Patients diagnosed with SRC may present with a variety of visual symptoms including 

intermittent blurred vision, double vision, motion sensitivity, eye strain and headaches.88,233-235 
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Many of these symptom complaints are often elicited or exacerbated by prolonged periods of 

reading, focusing or functioning within complex visuospatial environments.88 Brain circuits 

involved in vision and oculomotor function are widely distributed in the frontal, parietal, cortical 

and subcortical structures, all of which are vulnerable to concussive brain trauma.233,234 Many of 

these circuit pathways are responsible for coordinating saccades which are ballistic eye 

movements that rapidly shift foveation from one target stimulus to another.233,234 Saccade 

generation involves complex cognitive processes including the assessment of the target stimulus 

and incorporating specific aspects of the target stimulus with goals and intentions.233,234 

Visuospatial information from the target stimulus is then relayed from the occipital lobe and 

processed in the posterior parietal cortex.233,234  Saccades are initiated by signals transmitted from 

the frontal (FEF), parietal (PEF) or supplementary eye fields (SEF) to the superior colliculus 

(SC), which then project to the brainstem gaze centres (BGC) (see Figure 3).233,234 The substantia 

nigra pars reticulata (SNPR) inhibits the SC to prevent saccade generation.233,234 In order to 

deactivate this inhibitory mechanism, the FEFs are activated prior to a saccade, which then 

inhibits the SNPR via the caudate nucleus (CN).233,234  The FEF generates voluntary or memory-

guided saccades via direct connections to the BGC, the PEF produces reflexive saccades and the 

SEF generates saccades in coordination with body movements and successive saccades.233,234  

The dorsolateral prefrontal cortex (DLPC) is involved in the modulation of antisaccades.233,234  

Carrying a higher cognitive load than other saccades, antisaccades involve response inhibition of 

reflexive saccades to a target stimulus, followed by the generation of voluntary saccades in an 

equidistant and opposite direction of the target stimulus.233,234 As the SCAT5 offers limited 

insight into the effects of SRC on vision and oculomotor function, oculomotor testing using eye 

tracking technology has been used to assess oculomotor function in athletes with acute SRC and 
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persisting concussion symptoms (PCS).88,236-239 Multiple studies have demonstrated that 

concussed collegiate and university varsity student-athletes exhibit significantly longer 

antisaccade reaction times or latencies and significantly higher percentage of directional errors 

for antisaccades at one-week post-concussion compared to healthy and physically active sex- and 

age-matched controls.236,238 In contrast, Cochrane et al239 reported that saccade latency was the 

most sensitive measure of oculomotor dysfunction in concussed collegiate student-athletes 

within 72 hours post-concussion compared to healthy age-matched collegiate student-athletes, 

whereas no significant differences were observed between concussed and healthy student-

athletes in percentage of directional errors for antisaccades. Multiple studies have demonstrated 

that non-athlete patients with mild closed head injury (mCHI) have significantly impaired 

antisaccades and memory-guided saccades compared to matched healthy controls, with 

additional findings revealing increased saccadic latencies, higher directional errors and poorer 

spatial accuracy in mCHI patients.240,241,242 In patients presenting with PCS following mCHI, 

Heitger et al242 demonstrated that patients with PCS exhibited significantly more directional 

errors (antisaccades and memory-guided sequences of saccades) and significantly lower self-

paced saccades on oculomotor tasks at three to five months post-injury compared to recovered 

mCHI patients. As concluded by Heitger et al242, these oculomotor impairments observed in 

patients with PCS suggest prolonged dysfunction in response inhibition, short-term spatial 

memory, motor-sequencing programming and execution, visuospatial information processing 

and integration and visual attention under time pressure. 
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Stroop Colour and Word Test 

     The Stroop Colour and Word Test (SCWT) is a neuropsychological assessment that examines 

a variety of executive functions including inhibition of cognitive interference, selective attention, 

cognitive flexibility and processing speed.243,244 The test is comprised of three tasks performed in 

the following order: word task; colour task; and interference task.243,245,246 The interference task 

involves colour-word pair items printed in an ink incongruent with the colour-word (ex. the word 

“blue” written in “yellow” ink). Performance on the interference task is dictated by the 

participant’s ability to activate the normally inhibited response of stating the ink colour of the 

colour-word as fast and accurately as possible while overcoming the cognitive interference 

associated with the more automatic or predominant response of stating the colour-word.247 As a 

result, reaction times are typically slower for the interference task items compared to the word 

and colour task items. This phenomenon is known as the Stroop effect.245 Neuroimaging studies 

Figure 3. Major cortical areas involved in the control of eye movements and visual 
processing, with projections illustrating saccade generation. Diagram reprinted from 
Ventura et al233 with permission from the licensed content publisher Elsevier. See Appendix 
C for license details and terms and conditions provided by Elsevier and the Copyright 
Clearance Center. Abbreviations: FEF, frontal eye fields; PEF, parietal eye fields; SEF, 
supplementary eye fields; SC, superior colliculus; BGC, brainstem gaze centres; SNPR, 
substantia nigra pars reticulata; CN, caudate nucleus; DLPC, dorsolateral prefrontal cortex.  
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examining brain activity of participants performing Stroop tasks have observed activation of 

brain structures within the fronto-parietal network, specifically the anterior cingulate cortex, 

dorsolateral prefrontal cortex, inferior frontal gyrus, inferior and superior parietal cortex and the 

insula.226,248-250 Concussion-related dysfunction in the frontoparietal networks and 

interconnections between brain structures may be associated with poor performance on Stroop 

tasks.223,224,226,251 For example, non-athlete adults with a current or previous history of concussion 

or TBI have been shown to have significantly higher Stroop error rates compared to healthy sex- 

and age-matched controls with no previous concussion history.251,252 In contrast, some studies 

have reported no significant differences in SCWT errors across all three tasks between male 

athletes with a history of SRC and age-matched male athletes with no SRC history.253,254 
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CHAPTER TWO: THESIS PURPOSE, OBJECTIVES AND METHODS 
 
Thesis Purpose and Objectives 
 
     The Varsity Athlete Data Analysis Research (VADAR) Consortium was established at York 

University as a long-term initiative to examine and compare the heterogenous features of SRC 

between male and female university varsity student-athletes using a comprehensive battery of 

both commonly administered concussion assessment tools and emerging tests or procedures. 

This battery consisted of SCAT5 tests, force plate COP measures of postural sway, DU 

measurements of cerebral BFV within the major cerebral arteries, both the BrDITM and 

HurtSHynesTM Test for evaluating CMI performance, oculomotor tasks assessing saccades and 

antisaccdes and the SCWT to evaluate executive functions. The first action item of the VADAR 

Consortium was to collect preseason baseline values from a large sample of male and female 

varsity student-athletes at York University competing in a variety of collision, contact, limited 

and non-contact sports. This action item was pursued to optimize our assessment approach to 

SRC in the university varsity student-athlete population and to address the critical need for 

obtaining a normative dataset that can be used as a comparison to post-concussion data collected 

from student-athletes starting from the acute stage of SRC, at specific timepoints during their 

individualized recovery program and at return to sport (RTS) and return to learn (RTL). The 

objectives of this study were twofold. First, to conduct a descriptive analysis of preseason 

baseline data collected from university varsity student-athletes using a comprehensive battery of 

assessments, with data stratified by sex and concussion history for analysis. Second, to conduct 

two-way analysis of variance (ANOVA) statistics to examine the effects of sex, concussion 

history and the interaction effects between sex and concussion history on variables collected with 

each assessment. 
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Methods 
 
Protocol  
 
     Baseline assessments were performed at York University’s Goreman/Shore Sport Injury 

Clinic in August 2019 as part of the 2019-2020 preseason participation protocol organized as a 

joint effort between the VADAR consortium and the athletic therapy staff of the Athletics & 

Recreation Department. Upon arrival to the clinic, student-athletes were given consent forms and 

a demographic/medical information sheet to complete. Student-athletes were informed of the 

purpose, benefits and risks of each baseline assessment and were given the opportunity to ask 

questions regarding the study protocol.  

Participants 

      The participant population consisted of York University varsity student-athletes who 

provided preseason baseline data for the 2019-2020 preseason participation protocol. Student-

athletes were included in the study if they were 18 years of age or older, self-reported no history 

of concussion (No RHOC), or self-reported a previous history of diagnosed concussion (RHOC) 

and were asymptomatic at the time of preseason baseline data collection. Student-athletes were 

registered to compete in one of the following varsity sports: men’s or women’s ice hockey, 

basketball, soccer and volleyball; men’s football; women’s rugby; women’s field hockey; co-ed 

teams of wrestling, tennis, cross-country and track and field. Student-athletes were excluded if 

they reported one or more of the following criteria on their preseason demographic/medical 

information sheet: recently diagnosed with a concussion and currently in concussion protocol; 

diagnosed with strabismus, colour blindness or had a history of visual epileptic seizures; history 

of neck pain within the previous two years; history of balance problems; recently sustained 

and/or rehabbing a musculoskeletal injury to the knee, hip or ankle; taking medications that may 
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alter CBF. The study was carried out in accordance with the recommendations of the Declaration 

of Helsinki, with informed consent obtained from all student-athletes prior to study enrollment. 

Ethics approval was obtained from York University’s Office of Research Ethics and Human 

Participants Review Committee.  

Data Collection 
 
Demographic Characteristics 
 
     The demographic/medical information sheet administered to each student-athlete was based 

on the SCAT5 athlete background section. Student-athletes provided information on their 

sex/gender, age and varsity sport in which they were registered to compete in for the 2019 – 

2020 university varsity season. In addition, anthropometric measurements of body weight 

(kilograms;kg) and height (centimetres;cm) were collected. Student-athletes self-reported the 

number of previously diagnosed concussions that they had experienced in their lifetime, and if 

they had at least one previously diagnosed concussion, they disclosed the year in which their 

most recent concussion was sustained and the recovery time in days of their most recent 

concussion. For general medical history, student-athletes answered “yes” or “no” to the 

following questions: “Do you have a previous history of hospitalization for a head injury?”; 

“Have you been diagnosed or treated for a headache disorder or migraines?”; “Have you been 

diagnosed with a learning disability or dyslexia?”; “Have you been diagnosed with attention-

deficit (ADD) or attention-deficit/hyperactivity disorder (ADHD)?”. 

Sport Concussion Assessment Tool 5  
 
    Student-athletes were administered the SCAT5 off-field assessment comprised of the graded 

symptom evaluation checklist, the Standardized Assessment of Concussion (SAC) cognitive 

tests, the modified Balance Error Scoring System (mBESS) for balance evaluation and the rapid 
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neurological screen. For the graded symptom evaluation checklist, student-athletes self-rated 22 

symptoms on a 7-point Likert scale ranging from 0 (none) to 6 (severe) based on how they 

generally felt in their day-to-day life. Ratings for 22 symptoms were summed to obtain a 

symptom severity score (maximum score = 132). The SAC cognitive tests evaluated orientation, 

five-word immediate memory, five-word delayed recall and concentration. The orientation test 

assessed awareness of the current day of the week, date, month, year and time (maximum score = 

5). The immediate memory test was comprised of three trials that evaluated a student-athlete’s 

ability to repeat as many words from a five-word list that they could remember being read to 

them by the test examiner. Each correct word was scored as one point. Scores for three trials 

were summed to obtain a five-word immediate memory total score (maximum score = 15). The 

delayed recall test was administered approximately five minutes after completing the immediate 

memory test to evaluate the number of words that could be accurately recalled from the same 

five-word list that was used for the immediate memory test (maximum score = 5). The 

concentration component of the SAC is comprised of the digits backwards test and months in 

reverse order test. The months in reverse order test assessed the ability of student-athletes to 

recite the 12 months of the year in reverse order beginning with December. One point was 

awarded for correctly reciting all 12 months in reverse order. A score of zero was given if any 

months were in the wrong order or were skipped. For the digits backwards test, the examiner 

read a string of numbers to student-athletes who were then asked to repeat them in reverse order. 

The test started with a string of three numbers (i.e., 4-9-3) and increased up to six numbers (i.e., 

8-4-1-3-5-7) if each number string was answered correctly. One point was awarded for each 

string length answered correctly in reverse order (maximum score = 4). The digits backwards test 

was stopped if two consecutive answers were incorrect or if all four numbers strings were 
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answered correctly in reverse order. Scores for the digits backwards and months in reverse order 

tests were summed to obtain the concentration total score (maximum score = 5). The mBESS test 

consisted of three 20 sec trials evaluating standing postural control on a firm surface without 

shoes in a double leg stance, a single leg stance (standing on non-dominant foot) and a tandem 

stance condition in a heel-to-toe formation (non-dominant foot behind the dominant foot). An 

examiner started timing each trial with a stopwatch when the student-athlete was in the proper 

position with hands on their hips and eyes closed. Each trial was scored by recording the number 

of errors, with one point allotted per error and a maximum number of 10 errors per trial. If the 

student-athlete committed multiple errors simultaneously, only one error was recorded. Errors on 

the mBESS test included the following: lifting hands off the iliac crest; opening eyes; any step, 

stumble or fall; moving hips into more than 30o of abduction; lifting the forefoot or heel; 

remaining out of the test position for more than five sec. Error scores for all three trials were 

summed to obtain a mBESS total error score (maximum error score = 30). For the rapid 

neurological screen, a normal/abnormal scoring system was used to assess comprehension 

(normal = athlete can read aloud and follow instructions without difficulty), pain-free passive 

cervical spine movement (normal = athlete has full range of pain-free passive cervical spine 

movement), eye movement without double vision (normal =  athlete can look side-to-side and 

up-and-down without double vision), finger-to-nose coordination (normal = athlete can 

successfully perform five succussive finger-to-nose repetitions using their index finger as 

quickly and as accurately as possible) and tandem gait (normal = athlete can accurately and 

quickly walk in a forward direction with an alternating foot heel–to-toe gait without losing 

balance or having a separation between their heel and toe). 
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Force Plate Postural Sway Assessment 

     Force plate COP measures of postural sway were collected via 80 sec quiet standing tasks 

performed on a single ATMI AccuSway force plate (Advanced Mechanical Technology Inc., 

Watertown, MA, USA). Data was collected using AMTI NetForce data acquisition software. In a 

randomized order, student-athletes completed one quiet standing task in eyes open (EO) and eyes 

closed (EC) conditions. For both conditions, student-athletes were instructed to stand quietly 

with their arms at their sides and both feet shoeless on the force plate in a standardized foot 

position (long axis of the foot angled at 14°, heel centres 17 cm apart and positioned 10 cm from 

the back of the force plate).255 In the EO condition, student-athletes were instructed to look 

straight ahead and fixate their eyes on a reference point located at eye level on the wall 2 m in 

front of them. Ground-reaction forces and moments from the force plate were sampled/digitized 

at 100 Hz and stored on a computer for processing. Centre of pressure data (COP) was processed 

in a custom code written in LabVIEW 2020 software (National Instruments, Austin, TX). The 

following force plate COP measures of postural sway were calculated in the anteroposterior (AP) 

and mediolateral (ML) directions in both EO and EC conditions: 95 % confidence ellipse area 

(AREA - CE) (measured in millimetres squared; mm2); root-mean-square of COP displacement 

(RMSdisp) (measured in mm); mean COP velocity (COPvel) (measured in millimetres per 

second; mm/sec); range of COP displacement (measured in mm). AREA - CE is the ellipse area 

that encloses approximately 95 % of the points of the COP path.138,139 AREA – CE measures in 

the AP and ML directions were calculated using the following formula from Preito et al138:  

AREA – CE = π ab = 2 π F.05 [2, n – 2] [s
2

AP s
2
ML – s2

AP ML]
1/2 

F.05 [2, n – 2] represents the F statistic at a 95% confidence level for a bivariate distribution with n 

data points.Prieto et al; 1996 S AP and S ML represent the standard deviations of the AP and ML time 
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series, respectively, and S AP ML represents the covariance.138 RMSdisp represents the deviations 

of sway from the mean COP location along the AP and ML time series.138,139 RMSdisp measures 

in the AP and ML directions were calculated using the following formulas from Prieto et al138:  

RMSdisp AP = [1/N Σ AP[n]2] ½ 

  RMSdisp ML = [1/N Σ ML[n]2] ½ 

COPvel is the average velocity of the COP during the AP and ML time series.138,139 COPvel 

measures in the AP and ML directions were calculated using the following formula from Preito 

et al138:    

COPvel = TOTEX/T 

TOTEX represents the total excursions or total length of the COP path and T denotes the time 

series sampling period. The range of COP displacement represents the maximum distance 

between any two points on the COP path during the time series sampling period.138,139 Range 

measures for the AP and ML directions were calculated using the following formulas from 

Quijoux et al139: 

                                             Range AP = max1 ≤ n ≤ m ≤ N ⎡APn – APm ⎡ 

Range ML = max1 ≤ n ≤ m ≤ N ⎡MLn – MLm ⎡ 

Cerebral Blood Flow Volume Assessment       

     The DU methodology used in the current study for the cerebral blood flow volume (BFV) 

assessment has been validated in multiple studies that evaluated cerebral BFV in healthy adults 

using DU.187-192 A portable LOGIQTM 𝘦𝘦 Ultrasound System (GE Healthcare, California, USA) 

equipped with a 12MHz linear array transducer was utilized to measure CBF velocities (cm/sec) 

and vessel diameters bilaterally for the common carotid artery (CCA), internal carotid artery 

(ICA) and the vertebral artery (VA).193 Student-athletes were examined in a supine position on a 
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therapy table with their heads slightly elevated and turned to the contralateral side by ∼ 10o to 

measure CBF velocity in the CCA and VA and by 25° to 40° to measure CBF velocity in the 

ICA. Water soluble ultrasound transmission gel was applied to the surface of the transducer to 

serve as a coupling medium that allowed the ultrasound sound waves to be transmitted from the 

transducer to the targeted cerebral artery. The CCA was located in the transverse plane (Figure 

4A) and imaged in the longitudinal plane (Figure 4B). The ICA was imaged at or slightly above 

(~1 cm) the level of the bifurcation of the CCA and was estimated to be between levels of the 

C2-C4 vertebrae to account for individual variability (Figure 4C). The VA was imaged at the 

level of the intertransverse segments of the vertebrae (Figure 4D). Angle-corrected CBF velocity 

measurements were collected across the entire vessel diameter with an insonation angle of 60o to 

ensure that measurements were as uniform as possible. Vessel diameter was measured three 

times across three cardiac cycles in order to obtain an average value for a single cardiac cycle. 

Cross-sectional area (CSA) (cm2) of each vessel was calculated using the following formula: 

(vessel diameter ÷ 2)2 x 𝞹𝞹. Time-averaged mean velocity (TAMEAN) (cm/sec) was recorded 

during end-diastolic phase of the cardiac cycle when the velocity profile was parabolic. Cerebral 

BFV measurements (millilitres per min; mL/min) were calculated bilaterally for the CCA, ICA 

and VA using the following formula: TAMEAN x vessel CSA x 60 sec (adjusting for a single 

cardiac cycle). Total cerebral BFV was calculated as the sum of the total ICA BFV and the total 

VA BFV. 
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Brain Dynamic IndicatorTM 

     The BrDITM consists of a standard visuomotor mapping task (standard condition) and a non-

standard visuomotor mapping task (CMI condition). Student-athletes performed each task by 

sliding the index finger of their dominant hand along a ASUS touchscreen tablet (ASUS 

Transformer Book T100TAF, Taipei City, TW) or an externally connected USB KeytecTM 

touchpad (Tyco Touch Inc., Richardson, TX) situated perpendicularly (horizontal plane) to the 

ASUS touchscreen located in the vertical plane. This setup ensured that the horizontally oriented 

touchpad was within a comfortable reach range of the student-athlete, while the vertically 

oriented touchscreen was located at or slightly below eye level. Each trial started with the 

student-athlete guiding a crosshair cursor to a yellow central target, which changed to green 

when reached. After the cursor was held in the green central target for 4000 milliseconds (ms), 

the central target disappeared and a red peripheral target (15 mm in diameter) appeared on the 

screen 55 mm in one of four peripheral directions (up, down, left, right) from the central target. 

Figure 4. Doppler ultrasound imaging of (A) the common carotid artery (CCA) in 
the transverse plane, (B) the CCA in the longitudinal plane, (C) the internal carotid 
artery (ICA) at the level of bifurcation of the CCA and (D) the vertebral artery (VA) 
at the level of the intertransverse segments of the cervical vertebrae. Each image is 
reprinted from a master’s thesis submitted by Ravneet Kalkat.193 
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The central and peripheral targets were viewed on a black background to ensure good contrast. 

The emergence of the red peripheral target served as the ‘Go’ signal for the student-athlete to 

slide their index finger of their dominant hand along the touchscreen to move the cursor to the 

red peripheral target as quickly and accurately as possible. Once the cursor reached the target and 

was held for 500 ms, the red peripheral target disappeared and signaled the end of the trial. 

Following an inter-trial interval of 2000 ms, the yellow central target reappeared, signalling the 

student-athlete to return to the centre of the touchscreen for the next trial. In the standard 

condition, the spatial location of the red peripheral target on the touchscreen and the required 

hand movement were aligned (see Figure 5A). The CMI condition introduced two levels of 

decoupling, plane change and cue reversal (see Figure 5B). Plane change required implicit 

sensorimotor recalibration, with student-athletes instructed to maintain their gaze on the red 

peripheral target located on the vertically oriented touchscreen while moving the cursor on the 

horizontally oriented touchpad. Cue reversal required explicit rule integration with the motion of 

the cursor rotated 180o from the motion of the index finger. For example, to move the cursor to 

the left, the student-athlete had to slide their index finger to the right. In a randomized block 

design, student-athletes completed five trials in each of the four target directions (up, down, left, 

right) per condition. Therefore, student-athletes completed 20 trials in the standard condition and 

CMI condition, respectively. The total time to complete the BrDITM assessment was 

approximately four to six minutes for each student-athlete.  
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     A custom-written analysis program (MATLAB®, Mathworks, Inc., Natick, MA) was used to 

process scored BrDITM data to compute movement timing and movement execution variables. 

Kinematic variables for movement timing included movement time (MT), reaction time (RT) 

and peak velocity (PV). MT was calculated as the time interval (sec) between the movement 

onset and offset (reaching the peripheral target location) and was comprised of the ballistic 

movement time (MTb, initial movement offset) and the total movement time (MTf, full 

movement offset). RT was calculated as the time interval (sec) between the disappearance of the 

central target and the movement onset. PV represented the maximum velocity (mm/sec) obtained 

during the ballistic movement. Kinematic variables for movement execution were normalized 

path length (PLfN), absolute error (AE, accuracy) and variable error (VE, precision). PLfN was 

quantified as the percentage (%) of distance travelled between the start (movement onset) and 

end location (movement offset) of the entire movement. AE was calculated as the average 

distance (mm2) between individual ballistic movement endpoints and the actual target location. 

VE was calculated as the average distance (mm2) between the endpoints of the individual 

ballistic movements from their mean movements. The calculated outcomes for each variable 

were based on the average value for all correct trials in the standard and CMI condition. 

Figure 5. Illustration of the Brain Dynamic IndicatorTM. (A) Standard 
condition. (B) Cognitive-motor integration condition. Illustration reprinted 
from Smeha et al256 with permission under the terms of the Creative Commons 
CC BY license (link: https://creativecommons.org/licenses/by/4.0/). 
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HurtSHynesTM Test  

     The HurtSHynesTM Test evaluated the ability of student-athletes to execute movements in 

response to a series of visual directional cues while running a 26-metre (m) sprint.232 The visual 

directional cues (up, down, left, right) were presented by an examiner holding a football to 

ensure the student-athlete could see the cues as they progressed through the test. Similar to the 

BrDITM, the HurtSHynesTM Test consists of a standard visuomotor mapping task (standard 

condition) and a non-standard mapping task (CMI condition). In the standard condition, the 

spatial location of the examiner’s visual directional cues and the required movement responses of 

the student-athlete were matched. When the examiner extended their left arm holding the 

football, the correct response for the running student-athlete was to cut two steps laterally to the 

same side as the football (see Figure 6A). If the examiner raised the football over their head, the 

correct response for the student-athlete was to jump up with both hands in the air, plant their feet 

following the jump and then continue running (see Figure 6B). If the examiner lowered the 

football to the ground or below their waist, the student-athlete was required to drop down into a 

push-up stance, get back up and continue running. The CMI condition involved non-standard 

mappings of plane change and cue reversal, with the student-athlete performing movements in 

opposition to the visual directional cues presented by the examiner. For example, when the 

examiner extended their right arm, the correct response in the CMI condition for the running 

student-athlete was to cut two steps laterally to the opposite side of the football (see Figure 6C). 

When the examiner raised the football over their head, the correct response for the student-

athlete was to drop down into a push-up stance (see Figure 6D), whereas lowering the football to 

the ground would require the student-athlete to jump up with both hands in the air.  
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     The HurtSHynesTM Test was conducted on a leveled portion of grass. Student-athletes were 

instructed to run as fast as they could towards the finish line while responding to a visual 

directional cue administered every 5 m. Student-athletes were also reminded to keep their eyes 

focused on the football and maintain their running sprint following each response to a visual cue. 

Prior to starting the test, each student-athlete walked to a yellow soccer cone (20 cm x 20 cm x 5 

cm) designated as the starting position. The examiner was located 26 m away at the test finish 

line marked by a yellow end cone. Each student-athlete was instructed to wait for the examiner 

to yell “3, 2, 1, Go!”, with the word “Go” serving as the signal for the student-athlete to begin 

the test and start running. The entire HurtSHynesTM Test consisted of eight visual directional 

cues, with four cues in the standard condition and CMI condition, respectively. The order in 

which the examiner administered the four visual directional cues was randomized for each 

student-athlete for both conditions. To minimize potential learning effects, each student-athlete 

was randomly assigned to complete either the standard condition or the CMI condition first. Task 

completion time (ms) for the standard condition and CMI condition was recorded by the 

examiner using a manual stopwatch. Errors in response to visual directional cues were recorded 

Figure 6. Image examples of HurtSHynes TestTM visual directional cues and the corresponding athlete responses 
in the standard condition (A and B) and cognitive-motor integration condition (C and D). Images are reprinted 
from a master’s thesis submitted by Christina Amaral.232 
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by the examiner for each condition, with eight errors being the maximum number of errors a 

student-athlete could make for the entire test (maximum four errors per condition). 

Oculomotor Assessment and Stroop Colour and Word Test 

     The oculomotor assessment, comprised of a saccade and antisaccade task, and the Stroop 

Color and Word Test were both administered using the NeuroFlex® vision software program 

(Saccade Analytics, Montreal, QC) delivered through a FOVE® Virtual Reality headset (FOVE, 

Inc., Chiyoda City, Tokyo) and a DellTM G5 15 gaming laptop (Dell Inc., Round Rock, TX).257 

The saccade task consisted of a series of 12 small black targets displayed on a blue coloured 

screen, with targets appearing one at a time at 500 ms intervals at predetermined locations from 

the centre of the visual field (see Figure 7A). Student-athletes were instructed to direct their eyes 

to each target as fast as possible without moving their head and neck. Saccade latency (ms) was 

recorded for each eye movement during the saccade task. The antisaccade task began with 

student-athletes instructed to maintain a fixed gaze on a black target presented in the centre of 

the visual field. After a pre-set time of 250 – 500 ms, the black target disappeared and a red ‘X’ 

target appeared to the left or right periphery (see Figure 7B). Student-athletes were instructed to 

avoid looking at the red target and instead direct their eyes in an equidistant and opposite 

direction. Antisaccade reaction time (ms) was recorded for each eye movement during the 

antisaccade task. The SCWT consisted of a word task, a colour task and an interference task. 

Student-athletes were instructed to provide responses to as many items as possible within a 45 

sec time period for each task. For the word task, student-athletes were instructed to verbally 

identify a colour word printed in white ink on a black screen (see Figure 8A). For the colour task, 

student-athletes were asked to state the colour of the items presented as five ‘X’ letter sequences 

(“XXXXX”) (see Figure 8B). The interference task consisted of colour-word pairs printed in an 
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ink incongruent with the words (ex. the word “blue” written in yellow ink). For this task, 

student-athletes were instructed to state the colour of the ink being shown (Figure 8C). The 

number of errors made by each student-athlete for the word, colour and interference tasks were 

recorded by the examiner and summed to obtain the total number of errors made on the entire 

SCWT. 

 

 

 

 

 

Statistical Analysis 

     Statistical analyses were performed using IBM SPSS Statistics for Windows, version 27.0 

(IBM Corp., Armonk, NY, USA) and Microsoft Excel 2019 (Microsoft Corp., Redmond, WA, 

USA). Demographic characteristics for university varsity student-athletes were stratified by sex 

for analysis. Means, standard deviations (SD) and ranges were calculated and reported for age, 

Figure 8. Image examples of the (A) word task, (B) colour task and (C) interference task of the Stroop 
Colour and Word Test. Images are reprinted from a master’s thesis submitted by Michael Modica.257 
 
 

Figure 7. Images of the (A) saccade task and (B) antisaccade task. Images are reprinted from a 
master’s thesis submitted by Michael Modica.257 
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body weight, height, number of previously diagnosed concussions, recovery time (days) of most 

recent concussion and years since most recent concussion. For each of these characteristics, two-

tailed independent t-tests were used to assess the significance level of the difference between 

means for male and female student-athletes. The number of previously diagnosed concussions (0, 

1, 2, > 3 concussions), recovery time of most recent concussion (0, 1 - 7, 8 - 14, 15 - 21, 22 - 28, 

> 28 days) and years since most recent concussion (0, 1, 2, 3, > 4 years) were also compared 

between sexes using categorical data. Categorical data was used to compare the number and 

percentage of male and female student-athletes responding “yes” or “no” for each of the SCAT5 

athlete background questions regarding general medical history. Student-athlete data on varsity 

sport participation for the 2019-2020 university varsity season was examined by sex and 

concussion history. Varsity sports were categorized as collision, contact and limited contact/non-

contact sports. These categories were adapted from the American Academy of Pediatrics258 and 

have been utilized in multiple studies involving NCAA student-athletes.69,259-261 University 

varsity men’s football, men’s and women’s ice hockey and women’s rugby were categorized as 

collision sports due to the frequent and purposeful player contact (ex. tackling or body-checking) 

involved in each of these sports that is often delivered with high levels of force.258 University 

varsity men’s and women’s soccer, men’s and women’s basketball, wrestling and women’s field 

hockey were categorized as contact sports due to the routine player contact involved in these 

sports that is typically delivered with varying levels of force, in addition to contact with 

equipment or playing surfaces that can lead to SRC or a variety of musculoskeletal injuries.258 

University varsity men’s and women’s volleyball, track and field, cross-country and tennis were 

categorized as limited contact/non-contact sports due to the infrequent, accidental or the absence 

of player contact involved in these sports.258 Preseason baseline data collected from each 
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assessment was stratified by sex (male and female) and concussion history (No RHOC and 

RHOC) for descriptive analyses. For SCAT5 variables, means, SDs and ranges were calculated 

and reported for the total number of baseline symptoms and the total symptom severity scores 

from the graded symptom evaluation checklist, scores for tests in the SAC cognitive screen 

(orientation, five-word immediate memory, five-word delayed recall, digits backwards, 

concentration), errors for each mBESS stance (double leg, single leg and tandem stance) and 

mBESS total error scores. For the months in reverse order test within the concentration 

component of the SAC cognitive screen, means, SDs and the percentage of student-athletes with 

correct answers were calculated and reported. Bar charts were created to visualize the percentage 

distribution of scores or baseline symptoms for each SCAT5 test component (except rapid 

neurological screen tests), with one chart for student-athletes stratified by sex and one chart for 

student-athletes stratified by concussion history. For each of the rapid neurological screen tests, 

the percentage of student-athletes with normal results per the criteria described in the SCAT5 

were calculated and reported. The number and percentage of student-athletes self-reporting 

specific baseline symptoms on the SCAT5 graded symptom evaluation checklist were calculated 

and reported based on sex, concussion history and for the total student-athlete population 

participating in this study. Clustered column charts were created to visualize and compare the 

percentage of student-athletes self-reporting specific baseline symptoms based on sex and 

concussion history. Pearson chi square (χ2) tests with 2 × 2 contingency tables were conducted to 

determine if there were statistically significant associations between sex, or concussion history, 

and self-reporting specific baseline symptoms. Cramer’s V effect size measures were calculated 

to assess the strength of the association between sex, or concussion history, and self-reporting 

specific baseline symptoms. The strength of associations were interpreted as negligible (0.00 < V 
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< 0.10), weak (0.10 < V < 0.20), moderate (0.20 < V < 0.40), relatively strong (0.40 < V < 0.60), 

strong (0.60 < V < 0.80) and very strong (0.80 < V < 1.00) based on criteria published by Rea 

and Parker.262 A Fisher’s exact test was used when one or more cells in the 2x2 contingency 

table had an expected frequency count of less than five. For the force plate postural sway 

assessment, means and SDs were calculated for AREA – CE in both EO and EC conditions, 

RMSdisp, COPvel and Range in AP and ML directions for both EO and EC conditions. For the 

cerebral BFV assessment, means and SDs were calculated for CCA, ICA and VA BFV 

bilaterally and total cerebral BFV. Within sexes, two-tailed independent t-tests were used to 

assess the significance level of the difference between left- and right-side BFV measurements for 

the CCA, ICA and VA. For the BrDITM assessment, means and SDs were calculated for MTb, 

MTf, RT, PV, PLfN, AE and VE in the standard condition and CMI condition, respectively. For 

the HurtSHynesTM Test, means and SDs were calculated for completion time in the standard 

condition and the CMI condition, whereas means, SDs and ranges were calculated for total errors 

made in the standard condition and CMI condition. For the oculomotor assessment, means and 

SDs were calculated for saccade latency and antisaccade reaction time. For the SCWT, means, 

SDs and ranges were calculated for errors made in the word task, colour task, interference task 

and the entire SCWT. A two-way ANOVA was used to examine the significance of main effects 

of sex, concussion history and the interaction effects between sex and concussion history on each 

variable.  Bar charts were created to visualize significant interaction effects between sex and 

concussion history for a specific variable. Statistical significance was accepted at P < 0.05 for all 

analyses. 
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CHAPTER THREE: RESULTS  

Demographic Characteristics 

     Descriptive statistics for age, anthropometric measurements, number of previously diagnosed 

concussions, recovery time of most recent concussion and years since most recent concussion for 

male, female and total university varsity student-athletes are presented in Table 1. Preseason 

baseline data from a total of 325 university varsity student-athletes (male n = 165; female n = 

160) was analyzed. Although male and female student-athletes were similar in age (P = 0.095; 

Table 1), males were significantly taller (P < 0.001; Table 1) and heavier (P < 0.001; Table 1) 

than females. A total of 140 student-athletes had a RHOC (male = 62 out of 165, 37.58%; female 

= 78 out of 160, 48.76%) and 185 student-athletes had No RHOC (male = 103 out of 165, 

62.42%; female = 82 out of 160, 51.25%). Approximately 25% of all student-athletes (82 out of 

325) reported one previously diagnosed concussion (male = 39 out of 165, 23.64%; female = 43 

out of 160, 26.88 %), approximately 11% of all student-athletes (36 out of 325) reported two 

previously diagnosed concussions (male = 13 out of 165, 7.88%; female = 23 out of 160, 

14.38%) and approximately 7% of all student-athletes (22 out of 325) reported three or more 

previously diagnosed concussions (male = 10 out of 165, 6.06%; female = 12 out of 160, 7.5%). 

While female student-athletes had a higher mean number of previously diagnosed concussions 

compared to males, the difference between sexes was not statistically significant (P = 0.06). The 

most common recovery time durations for the most recent concussion self-reported by student-

athletes with a RHOC were durations of 28 days or more (male = 17 out of 62, 27.42%; female = 

30 out of 78, 38.46%), between 1 to 7 days (male = 14 out of 62, 22.58%; female = 10 out of 78, 

12.82%) and between 8 to 14 days (male = 9 out of 62, 14.52%; female = 13 out of 78, 16.67%). 



 

45 
 

Female student-athletes with a RHOC had significantly longer mean recovery time durations for 

their most recent concussion compared to male student-athletes with a RHOC (P = 0.019). 

 

 

Table 1. Descriptive statistics for age, anthropometric measurements, number of previously diagnosed concussions, recovery time of most recent 
concussion and years since most recent concussion for male, female and total university varsity student-athletes. 

Characteristic Male (n = 165) Female (n = 160) Total (n = 325) 
    
Age, mean + SD (range) a 20.18 + 1.82 (17 - 25) 19.84 + 1.78 (17 - 31) 20.01 + 1.80 (17 - 31) 
Body weight (kg), mean + SD (range) b  84.23 + 19.69 (50 - 170) * 67.09 + 12.13 (49 - 109) 75.96 + 18.56 (49 - 170) 

Height (cm), mean + SD (range) c 183.50 + 10.77 (118 - 
205) * 170.40 + 6.90 (150 - 193) 176.83 + 11.13 (118 - 205) 

Number of previously diagnosed concussions, n (%)    

    0 103 (62.42) 82 (51.25) 185 (56.92) 
    1   39 (23.64) 43 (26.88)  82 (25.23) 
    2               13 (7.88) 23 (14.38)  36 (11.08) 
    > 3  10 (6.06)              12 (7.5)                22 (6.77) 
Number of previously diagnosed concussions, mean + SD (range) 0.59 + 0.96 (0 - 6) 0.80 + 1.01 (0 - 5) 0.70 + 0.99 (0 - 6) 
Recovery time of most recent concussion, n (% of athletes with a 
RHOC) 

   

    0 days  3 (4.84) 1 (1.28) 4 (2.86) 
    1 - 7 days 14 (22.58) 10 (12.82) 24 (17.14) 
    8 - 14 days   9 (14.52) 13 (16.67) 22 (15.71) 
    15 - 21 days 3 (4.84) 4 (5.13)                  7 (5) 
    22 - 28 days 2 (3.23) 2 (2.56) 4 (2.86) 
    > 28 days 17 (27.42) 30 (38.46) 47 (33.57) 
    Missing data 14 (22.58) 18 (23.08) 32 (22.86) 
Recovery time of most recent concussion (days), mean + SD 
(range) 22.79 + 25.10 (0 - 120) 45.82 + 63 (0 - 365) * 35.58 + 50.97 (0 - 365) 

Years since most recent concussion, n (% of athletes with a 
RHOC)    

    0 years 6 (9.68) 16 (20.51) 22 (15.71) 
    1 years 12 (19.35) 18 (23.08) 30 (21.43) 
    2 years 9 (14.52) 19 (24.36) 28 (20.00) 
    3 years 13 (20.97) 11 (14.10) 24 (17.14) 
    > 4 years 19 (30.65) 12 (15.38) 31 (22.14) 
   Missing data 3 (4.84) 2 (2.56) 5 (3.57) 
Years since most recent concussion, mean + SD (range) 3.19 + 2.63 (0 - 13) 2.28 + 2.52 (0 - 14) 2.67 + 2.60 (0 – 14) 
            
* Statistically significant difference (P < 0.05) between sexes. 
Abbreviations: kg, kilograms; cm, centimetres; RHOC, reported history of concussion. 
a Group sample sizes for age: male (n = 161); female (n = 160). 
b Group sample sizes for body weight: male (n = 148); female (n = 138). 
c Group sample sizes for height: male (n = 131); female (n = 136). 
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     Table 2 presents data for the number of university varsity student-athletes participating in 

each varsity sport stratified by sex. The five varsity sports with the greatest number of male 

student-athletes participating in this study were men’s ice hockey (34 out of 165, 20.61%), men’s 

football (33 out of 165, 20%), men’s soccer (24 out of 165; 14.55%), track and field (22 out of 

165, 13.33%) and men’s basketball (18 out 165, 10.91%). The five varsity sports with the 

greatest number of female student-athlete participating in this study were track and field (27 out 

of 160, 16.88%), women’s soccer (25 out of 160, 15.63%), women’s ice hockey (24 out of 160, 

15%), women’s rugby (24 out of 160, 15%) and women’s field hockey (18 out of 160, 11.25%). 

When examined by sport contact level categories, collision sports had the greatest number of 

male student-athletes (67 out of 165, 40.61%), followed by contact sports (54 out of 165, 

32.73%) and limited contact/non-contact sports (44 out of 165, 26.67%). In contrast, contact 

sports had the greatest number of female student-athletes (61 out of 160, 38.13%), followed by 

limited contact/non-contact sports (51 out of 160, 31.88%) and collision sports (48 out of 160, 

30%). Table 3 presents data on the number of university varsity student-athletes participating in 

each varsity sport stratified by concussion history. Varsity sports with the greatest number of 

student-athletes with a RHOC were women’s rugby (19 out of 140, 13.57%), men’s football (17 

out of 140, 12.14%), men’s ice hockey (16 out of 140, 11.43%), women’s soccer (12 out of 140, 

8.57%) and women’s field hockey (12 out of 140, 8.57%). The varsity sports with the lowest 

number of student-athletes with a RHOC were cross-country and tennis (4 out of 140, 2.86%), 

men’s volleyball (5 out of 140, 3.57%), women’s volleyball (7 out of 140, 5%), men’s soccer (7 

out of 140, 5%), men’s basketball (7 out of 140, 5%) and wrestling (7 out of 140, 5%). Cross-

country and tennis were combined for this analysis due to the low number of previously 

diagnosed concussions that had been self-reported by student-athletes competing in these sports. 
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The varsity sports with the greatest number of student-athletes with No RHOC were track and 

field (41 out of 185, 29.73%), men’s ice hockey (18 out of 185, 9.73%), men’s soccer (17 out of 

185, 9.19%), men’s football (18 out of 185, 8.65%) and both cross-country and tennis combined 

(14 out of 185, 7.57%). When examined by sport contact level categories, collision sports had 

the greatest number of student-athletes with a RHOC (63 out of 140, 45%), followed by contact 

sports (53 out 140, 37.86 %) and limited contact/non-contact sports (24 out of 140, 17 %). In 

contrast, limited contact/non-contact sports had the greatest number of student-athletes with No 

RHOC (71 out of 185, 38.38%), followed by contact sports (62 out of 185, 33.52%) and collision 

sports (52 out of 185, 28.11%). 

Table 2. Number (%) of university varsity student-athletes participating in each 
varsity sport stratified by sex.   

Sport Male (n = 165) Female (n = 160) 
   

Collision sports    

    Men’s ice hockey 34 (20.61) N/A 
    Women’s ice hockey N/A 24 (15) 
    Men’s Football 16 (8.65) N/A 
    Women’s rugby N/A 24 (15) 
    All collision sports 67 (40.61) 48 (30) 
Contact sports   

    Men’s soccer 24 (14.55) N/A 
    Women’s soccer N/A 25 (15.63) 
    Men’s basketball 18 (10.91) N/A 
    Women’s basketball N/A 13 (8.13) 
    Wrestling 12 (7.27) 5 (3.13) 
    Women’s Field hockey N/A 18 (11.25) 
    All contact sports 54 (32.73) 61 (38.13) 
Limited contact/non-contact sports   

    Men's volleyball 14 (8.48) N/A 
    Women's volleyball N/A 14 (8.75) 
    Track and field 22 (13.33) 27 (16.88) 
    Cross-country 3 (1.82) 6 (3.75) 
    Tennis 5 (3.03) 4 (2.5) 
    All limited contact/non-contact sports 44 (26.67) 51 (31.88) 
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Table 3. Number (%) of university varsity student-athletes participating in each sport 
stratified by concussion history.  

Sport No RHOC (n = 185) RHOC (n = 140) 
   

Collision sports    

    Men's ice hockey 18 (9.73) 16 (11.43) 
    Women's ice hockey 13 (7.03)         11 (7.86) 
    Men's Football 16 (8.65) 17 (12.14) 
    Women's rugby   5 (2.70) 19 (13.57) 
    All collision sports    52 (28.11)          63 (45) 
Contact sports   

    Men's soccer 17 (9.19)             7 (5) 
    Women's soccer 13 (7.03)           12 (8.57) 
    Men's basketball 11 (5.95)             7 (5) 
    Women's basketball   5 (2.70)     8 (5.71) 
    Wrestling 10 (5.41)             7 (5) 
    Women's Field hockey   6 (3.24)            12 (8.57) 
    All contact sports    62 (33.52)            53 (37.86) 
Limited contact/non-contact sports   

    Men's volleyball    9 (4.86)             5 (3.57) 
    Women's volleyball    7 (3.78)             7 (5) 
    Track and field    41 (29.73)             8 (8.57) 
    Cross-country and tennis 14 (7.57)             4 (2.86) 
    All limited contact/non-contact sports    71 (38.38)     24 (17.14) 
    
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history 
of concussion. 
  

     Table 4 presents the results for “yes” and “no” responses to Sport Concussion Assessment 

Tool (SCAT5) athlete background questions for male, female and total university varsity 

student-athletes. A majority of student-athletes reported that they did not have a history of 

hospitalization for a previous head injury, had not been diagnosed or received treatment for a 

headache disorder or migraines, had not been diagnosed with either a LD, ADD or ADHD and 

had not been diagnosed with depression, anxiety or other psychiatric disorder. However, a higher 

percentage of female student-athletes (15%, 24 out of 160) reported a diagnosis of depression, 

anxiety or other psychiatric disorder compared to males (5.45%, 9 out 165). 
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Sport Concussion Assessment Tool 5 

     Table 5 summarizes descriptive statistics for SCAT5 variables within the graded symptom 

evaluation checklist, SAC cognitive screen, mBESS test and rapid neurological screen stratified 

by sex and concussion history. Group sample sizes varied for each SCAT 5 test component (see 

Table 5). Table 6 describes the statistical outcomes of a two-way ANOVA examining the effects 

of sex, concussion history and the interaction between sex and concussion history on SCAT5 

variables within the graded symptom evaluation checklist, SAC cognitive screen and the mBESS 

test.  

Table 4. Number (%) of “yes” and “no” responses to Sport Concussion Assessment Tool 5 athlete background questions on general medical 
history for male, female and total university varsity student-athletes.  

Question Male (n = 165) Female (n = 160) Total (n = 325) 
    
Hospitalized for a prior head injury    

Yes 6 (3.64) 7 (4.38) 13 (4) 
No 132 (80) 152 (95) 284 (87.38) 
Missing data 27 (16.36) 1 (0.63) 28 (8.62) 

Diagnosed or treated for headache disorder or migraines    

Yes 5 (3.03) 5 (3.13) 10 (3.08) 
No  128 (77.58) 148 (92.5) 276 (84.92) 
Missing data 32 (19.39) 7 (4.38) 39 (12) 

Diagnosed with a learning disability or dyslexia    

Yes 4 (2.42) 8 (5) 12 (3.69) 
No  129 (78.18) 143 (89.38) 272 (83.69) 
Missing data 32 (19.39) 9 (5.63) 41 (12.62) 

Diagnosed with attention-deficit or attention-deficit/hyperactivity disorder    

Yes 7 (4.24) 8 (5) 15 (4.62) 
No  126 (76.36) 143 (89.38) 269 (82.77) 
Missing data 32 (19.39) 9 (5.63) 41 (12.62) 

Diagnosed with depression, anxiety, or other psychiatric disorder    
Yes 9 (5.45) 24 (15) 33 (10.15) 
No  124 (75.15) 127 (79.38) 251 (77.23) 
Missing data 32 (19.39) 9 (5.63) 41 (12.62) 
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Table 5.  Descriptive statistics for Sport Concussion Assessment Tool 5 variables in the graded symptom evaluation checklist, Standard of Assessment of 
Concussion (SAC) cognitive screen, modified Balance Error Scoring System (mBESS) test and rapid neurological screen tests in university varsity student-
athletes stratified by sex and concussion history.  

 
Sex  Concussion History 

Variable Male Female  No RHOC RHOC 
      
Graded symptom evaluation checklist a 

     
  Total number of baseline symptoms (out of 22 symptoms), mean +                                                                          
  SD (range) 2.14 + 3.67 (0 - 22) 2.97 + 3.78 (0 - 18)  2.00 + 3.18 (0 - 19) 3.23 + 4.26 (0 - 22) 

  Total symptom severity score (out of 132), mean + SD (range) 3.59 + 7.61 (0 - 56) 5.06 + 7.98 (0 - 53)  3.29 + 6.80 (0 - 53) 5.61 + 8.79 (0 - 56) 

SAC cognitive screen 
     

    Orientation score (out of 5), mean + SD (range) b 4.89 + 0.34 (3 - 5)   4.91 + 0.28 (4 - 5)  4.93 + 0.25 (4 - 5) 4.86 + 0.37 (3 - 5) 

    Five-word immediate memory total score (out of 15), mean + SD    
    (range) c 14.35 + 1.17 (8 - 15) 14.66 + 0.65 (12 - 15)  14.43 + 1.08 (8 - 15)    14.60 + 0.77 (11 - 15) 

    Five-word delayed recall score (out of 5), mean + SD (range) d  3.07 + 1.39 (0 - 5)    3.50 + 1.40 (0 - 5)  3.40 + 1.40 (0 - 5) 3.14 + 1.41 (0 - 5) 

    Concentration component e 
     

      Digits backwards score (out of 4), mean + SD (range) 2.19 + 1.06 (0 - 4)  2.44 + 1.07 (0 - 4)     2.25 + 1.10 (0 - 4)   2.40 + 1.03 (0 - 4) 

      Months in reverse order score (out of 1), mean + SD (% correct)  0.86 + 0.35 (85.71)  0.92 + 0.27 (92.05)  0.90 + 0.30 (89.76)   0.88 + 0.33 (87.88) 

      Concentration total score (out of 5), mean + SD (range)    3.05 + 1.13 (1 - 5) 3.36 + 1.15 (1 - 5)     3.14 + 1.15 (1 - 5) 3.28 + 1.15 (1 - 5) 

mBESS test f 
     

  Double leg stance errors, mean + SD (range)   0.06 + 0.31 (0 - 2) 0 + 0 (0)     0.01 + 0.11 (0 - 1) 0.05 + 0.30 (0 - 2) 

  Single leg stance errors, mean + SD (range)   3.34 + 2.7 (0 - 10)   2.17 + 2.03 (0 - 9)  2.87 + 2.66 (0 - 10) 2.58 + 2.16 (0 - 8) 

  Tandem stance errors, mean + SD (range)   1.44 + 1.85 (0 - 10) 0.68 + 1.35 (0 - 10)  1.10 + 1.61 (0 - 10)   0.99 + 1.72 (0 - 10) 

  mBESS total error score (out of 30), mean + SD (range) 4.84 + 3.99 (0 - 17) 2.85 + 2.77 (0 - 15)  3.99 + 3.64 (0 - 16)   3.62 + 3.46 (0 - 17) 

Rapid neurological screen tests 
     

  Comprehension, % normal g 98.52 100  99.37 99.19 

  Pain-free passive cervical spine movement, % normal h 91.16 98.63  97.55 91.54 

  Eye movement without double vision, % normal i 93.2 95.97  95.73 93.18 

  Finger-to-nose coordination, % normal j 98.61 98.65  98.76 98.46 

  Tandem gait, % normal k 97.1 100  98.13 99.2 

            
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion. 
a Group sample sizes for graded symptom evaluation checklist: male (n = 159); female (n = 152); No RHOC (n = 174); RHOC (n = 137). 
b Group sample sizes for orientation score: male (n = 145); female (n = 149); No RHOC (n = 164); RHOC (n = 130). 
c Group sample sizes for five-word immediate memory total score: male (n = 150); female (n = 152); No RHOC (n = 168); RHOC (n = 134). 
d Group sample sizes for five-word delayed recall: male (n = 148); female (n = 151); No RHOC (n = 166); RHOC (n = 133). 
e Group sample sizes for concentration component: male (n = 147); female (n = 151); No RHOC (n = 166); RHOC (n = 132). 
f Group sample sizes for mBESS test: male (n = 145); female (n = 151); No RHOC (n = 165); RHOC (n = 131). 
g Group sample sizes for comprehension: male (n = 135); female (n = 147); No RHOC (n = 158); RHOC (n = 124). 
h Group sample sizes for pain-free passive cervical spine movement: male (n = 147); female (n = 146); No RHOC (n = 163); RHOC (n = 130). 
i Group sample sizes for eye movement without double vision: male (n = 147); female (n = 149); No RHOC (n = 164); RHOC (n = 132). 
j Group sample sizes for finger-to-nose coordination: male (n = 144); female (n = 148); No RHOC (n = 162); RHOC (n = 130). 
k Group sample sizes for tandem gait: male (n = 138); female (n = 147); No RHOC (n = 160); RHOC (n = 125). 
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     On the graded symptom checklist, approximately 42% of all student-athletes (130 out of 311) 

self-reported no baseline symptoms and had a total symptom severity score of zero. Stratified by 

sex, a higher percentage of male student-athletes (46.54 %, 74 out of 159) self-reported no 

baseline symptoms and had a total symptom severity score of zero compared to female student-

athletes (36.84 %, 56 out 152) (see Figure 9A and Figure 9B). A similar percentage of male 

(3.14%, 5 out of 159) and female student-athletes (4.61%, 7 out of 152) had a total symptom 

severity score of 20 or greater (see Figure 9B). Stratified by concussion history, a higher 

percentage of student-athletes with No RHOC (47.70%, 83 out of 174) self-reported no baseline 

symptoms and had a total symptom severity score of zero compared to student-athletes with a 

RHOC (34.31%, 47 out of 137) (see Figure 10A and Figure 10B). A higher percentage of 

student-athletes with a RHOC (5.84%, 8 out of 137) had a total symptom severity score of 20 or 

greater compared to student-athletes with No RHOC (2.30%, 4 out of 174) (see Figure 10B). The 

Table 6.  Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion history and the 
interaction between sex and concussion history on Sport Concussion Assessment Tool 5 variables in the graded 
symptom evaluation checklist, Standard of Assessment of Concussion (SAC) cognitive screen and the modified Balance 
Error Scoring System (mBESS) test.  

 Sex  Concussion History  Sex x Concussion History 

Variable P Value  P Value  P Value 

Graded symptom evaluation checklist      

Total number of baseline symptoms 0.109  0.007  0.791 
Total symptom severity score  0.207  0.015  0.386 

SAC cognitive screen      
Orientation score  0.431  0.044  0.564 
Five-word immediate memory total score 0.008  0.217  0.869 
Five-word delayed recall score 0.006  0.062  0.236 
Concentration component      

Digits backwards score 0.05  0.323  0.339 
Months in reverse order score 0.074  0.48  0.968 
Concentration total score 0.02  0.465  0.377 

mBESS test      
Double leg stance errors 0.11  0.094  0.094 
Single leg stance errors < 0.001  0.543  0.507 
Tandem stance errors < 0.001  0.930  0.296 
mBESS total error score < 0.001  0.719  0.892 
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two-way ANOVA demonstrated a significant main effect of concussion history for the total 

number of baseline symptoms (P = 0.007; Table 6) and the total symptom severity score (P = 

0.015; Table 6). Student-athletes with a RHOC self-reported a significantly higher total number 

of baseline symptoms and significantly higher mean total symptom severity scores compared to 

student-athletes with No RHOC (Table 5). There no significant effects of sex and interaction 

between sex and concussion history observed for both the total number of baseline symptoms 

and the total symptom severity score. 
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Figure 9. Percentage (%) distribution of the (A) total number of baseline symptoms self-reported and the (B) 
total symptom severity scores in university varsity student-athletes stratified by sex. 
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     Table 7 presents data on baseline symptoms self-reported by university varsity student-

athletes on the Sport Concussion Assessment Tool 5 graded symptom checklist. The most 

common baseline symptoms self-reported by student-athletes were fatigue or low energy (98 out 

of 310, 31.61%), troubles falling asleep (66 out of 310, 21.29%), feeling nervous or anxious (58 

out of 311, 18.65%), neck pain (55 out of 310, 17.74%), difficulties remembering (47 out of 311, 

15.11%) and difficulties concentrating (46 out of 311, 14.79%). Table 8 presents data on specific 

baseline symptoms self-reported by university varsity student-athletes stratified by sex. The most 

common baseline symptoms self-reported by male student-athletes were fatigue or low energy 

(43 out of 159, 27.04%), troubles falling asleep (31 out of 159, 19.50%), feeling nervous or 

anxious (21 out of 159, 13.21%), neck pain (18 out of 159, 11.32%), headache (17 out of 159, 
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Figure 10. Percentage (%) distribution of the (A) total number of baseline symptoms self-reported and the 
(B) total symptom severity scores in university varsity student-athletes stratified by concussion history. 
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion. 

 



 

54 
 

10.69%) and difficulties concentrating (17 out of 159, 10.69%). The most common baseline 

symptoms self-reported by female student-athletes were fatigue or low energy (55 out of 151, 

36.42%), neck pain (37 out of 151, 24.50%), feeling nervous or anxious (37 out of 152, 24.34%), 

troubles falling asleep (35 out of 151, 23.18%), difficulties remembering (33 out of 152, 21.71%) 

and difficulties concentrating (29 out of 152, 19.08%). Sex was significantly associated with 

self-reporting neck pain (χ2 (1, n = 310) = 9.222, P = 0.002; V = 0.172; Table 8), balance 

problems (χ2 (1, n = 311) = 6.726, P = 0.01; V = 0.147; Table 8), difficulties remembering (χ2 (1, 

n = 311) = 10.089, P = 0.001; V = 0.180; Table 8), difficulties concentrating (χ2 (1, n = 311) = 

4.337, P = 0.037; V = 0.118; Table 8) and feeling nervous or anxious (χ2 (1, n = 311) = 6.350, P 

= 0.012; V = 0.143; Table 8). Compared to male student-athletes, female student-athletes were 

more likely to self-report symptoms of neck pain (female = 24.5% vs male = 11.32%; Table 8), 

balance problems (female = 14.47% vs male = 5.66%; Table 8), difficulties remembering 

(female = 21.71% vs male = 8.81%; Table 8), difficulties concentrating (female = 19.08% vs 

male = 10.69%; Table 8) and feeling nervous or anxious (female = 24.34% vs male = 13.21%; 

Table 8). Table 9 presents data on specific baseline symptoms self-reported by university varsity 

student-athletes stratified by concussion history. The most common baseline symptoms self-

reported by student-athletes with No RHOC were fatigue or low energy (51 out of 174, 29.31%), 

troubles falling asleep (26 out of 173, 15.03%), neck pain (25 out of 174, 14.37%), difficulties 

concentrating (24 out of 174, 13.79%), feeling nervous or anxious (23 out of 174, 13.22%) and 

difficulties remembering (21 out of 174, 12.07%). The most common baseline symptoms self-

reported by student-athletes with a RHOC were fatigue or low energy (47 out of 136, 34.56%), 

troubles falling asleep (40 out of 137, 29.20%), feeling nervous or anxious (35 out of 137, 

25.55%), neck pain (30 out of 136, 22.06%), difficulties remembering (26 out of 137, 18.98%) 
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and headache (24 out of 137, 17.52%). Concussion history was significantly associated with self-

reporting troubles falling asleep (χ2 (1, n = 310) = 9.158, P = 0.002; V = 0.172; Table 9), feeling 

nervous or anxious (χ2 (1, n = 311) = 7.680, P = 0.006; V = 0.157; Table 9), sensitivity to noise 

(χ2 (1, n = 311) = 8.307, P = 0.004; V = 0.163; Table 9), sensitivity to light (χ2 (1, n = 311) = 

4.213, P = 0.04; V = 0.116; Table 9), feeling like “in a fog” (χ2 (1, n = 310) = 5.334, P = 0.021; 

V = 0.131; Table 9), experiencing nausea or vomiting (Fisher’s exact test P = 0.047; Table 9) 

and dizziness (χ2 (1, n = 311) = 4.175, P = 0.041; V = 0.041; Table 9). Compared to student-

athletes with No RHOC, student-athletes with a RHOC were more likely to self-report troubles 

falling asleep (RHOC = 29.20 % vs No RHOC = 15.03%; Table 9), feeling nervous or anxious 

(RHOC = 25.55% vs No RHOC = 13.22%; Table 9), sensitivity to noise (RHOC = 10.95% vs 

No RHOC = 2.87%; Table 9), sensitivity to light (RHOC = 13.14% vs No RHOC = 6.32%; 

Table 9), feeling like “in a fog” (RHOC = 12.50% vs No RHOC = 5.17%; Table 9),  

experiencing nausea or vomiting (RHOC = 4.38% vs No RHOC = 0.57%; Table 9) and dizziness 

(RHOC = 8.03% vs No RHOC = 2.87%; Table 9). 

Table 7. Number (%) of university varsity student-athletes self-
reporting specific baseline symptoms on the Sport Concussion 
Assessment Tool 5 graded symptom checklist. 
 

Symptom  Athletes Reporting Symptom  

Fatigue or low energy  98 out of 310 (31.61) 
Trouble falling asleep  66 out of 310 (21.29) 
Nervous or anxious  58 out of 311 (18.65) 
Neck pain  55 out of 310 (17.74) 
Difficulty remembering  47 out of 311 (15.11) 
Difficulty concentrating  46 out of 311 (14.79) 
Headache  43 out of 311 (13.38) 
Irritability  39 out of 311 (12.54) 
Feeling slowed down  38 out of 311 (12.22) 
"Pressure in head"  33 out of 311 (10.61) 
Balance problems  31 out of 311 (9.97) 

 

                                                             (Continued) 



 

56 
 

 

 

 

 

 

 

 

 

 

 

 

(Continued) 

Table 7. (Continued) 

Symptom  Athletes Reporting Symptom  

More emotional  31 out of 311 (9.97) 
Drowsiness  30 out of 311 (9.65) 
Sensitivity to light  29 out of 311 (9.32) 
"Don't feel right"  27 out of 310 (8.71) 
Feeling like "in a fog"  26 out of 310 (8.39) 
Sadness  21 out of 311 (6.75) 
Sensitivity to noise  20 out of 311 (6.43) 
Dizziness  16 out of 311 (5.14) 
Blurred vision  16 out of 311 (5.14) 
Confusion  14 out of 311 (4.50) 
Nausea or vomiting  7 out of 311 (2.25) 

Table 8. Number (%) of university varsity student-athletes self-reporting specific baseline symptoms on the Sport Concussion 
Assessment Tool 5 graded symptom checklist stratified by sex. 

Symptom  Sex Athletes Reporting Symptom χ2 (df = 1) P Value V 
 
Headache 

 
Male (n = 159) 17 (10.69) 2.683 0.101 0.093 Female (n = 152) 26 (17.11) 

"Pressure in head" 
 

Male (n = 159) 16 (10.06) 0.103 0.748 0.018 Female (n = 152) 17 (11.18) 

Neck pain 
 

Male (n = 159) 18 (11.32) 9.222 0.002 0.172 Female (n = 151) 37 (24.50) 

Nausea or vomiting 
 

Male (n = 159) 3 (1.89) -   0.718†  - Female (n = 152) 4 (2.63) 

Dizziness 
 

Male (n = 159) 11 (6.92) 2.097 0.148 0.082 Female (n = 152) 5 (3.29) 

Blurred vision  
 

Male (n = 159) 8 (5.03) 0.009 0.926 0.005 Female (n = 152) 8 (5.26) 

Balance problems 
 

Male (n = 159) 9 (5.66) 6.726 0.01 0.147 Female (n = 152) 22 (14.47) 

Sensitivity to noise  
 

Male (n = 159) 11 (6.92) 0.128 0.72 0.020 Female (n = 152) 9 (5.92) 

Sensitivity to light  
 

Male (n = 159) 15 (9.43) 0.005 0.946 0.004 Female (n = 152) 14 (9.21) 

Feeling slowed down 
 

Male (n = 159) 17 (10.69) 0.707 0.40 0.048 Female (n = 152) 21 (13.82) 

Feeling like "in a fog" 
 

Male (n = 159) 13 (8.18) 0.019 0.891 0.008 Female (n = 151) 13 (8.61) 

"Don't feel right"  Male (n = 158) 15 (9.49) 0.249 0.618 0.028 
 Female (n = 152) 12 (7.89) 

Difficulty concentrating  Male (n = 159) 17 (10.69) 4.337 0.037 0.118 
 Female (n = 152) 29 (19.08) 

Difficulty remembering  Male (n = 159) 14 (8.81) 
10.089 0.001 0.180 

 Female (n = 152) 33 (21.71) 
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(Continued) 

Table 8. (Continued) 

Symptom  Sex Athletes Reporting Symptom χ2 (df = 1) P Value V 

Fatigue or low energy  Male (n = 159) 43 (27.04) 3.152 0.076 0.101 
 Female (n = 151) 55 (36.42) 

Confusion  Male (n = 159) 8 (5.03) 
0.212 0.645 0.026 

 Female (n = 152) 6 (3.95) 

Drowsiness  Male (n = 159) 16 (10.06) 0.065 0.799 0.014 
 Female (n = 152) 14 (9.21) 

More emotional 
 

Male (n = 159) 15 (9.43) 0.103 0.748 0.018 Female (n = 152) 16 (10.53) 

Difficulty remembering 
 

Male (n = 159) 14 (8.81) 10.089 0.001 0.180 Female (n = 152) 33 (21.71) 

Fatigue or low energy 
 

Male (n = 159) 43 (27.04) 3.152 0.076 0.101 Female (n = 151) 55 (36.42) 

Confusion 
 

Male (n = 159) 8 (5.03) 0.212 0.645 0.026 Female (n = 152) 6 (3.95) 

Drowsiness 
 

Male (n = 159) 16 (10.06) 0.065 0.799 0.014 Female (n = 152) 14 (9.21) 

More emotional 
 

Male (n = 159) 15 (9.43) 0.103 0.748 0.018 Female (n = 152) 16 (10.53) 

Irritability 
 

Male (n = 159) 15 (9.43) 2.862 0.091 0.096 Female (n = 152) 24 (15.79) 

Sadness 
 

Male (n = 159) 7 (4.40) 2.853 0.091 0.096 Female (n = 152) 14 (9.21) 

Nervous or anxious 
 

Male (n = 159) 21 (13.21) 6.350 0.012 0.143 Female (n = 152) 37 (24.34) 

Trouble falling asleep 
 

Male (n = 159) 31 (19.50) 
0.627 0.429 0.045 Female (n = 151) 35 (23.18) 

Abbreviations: χ2, Pearson’s chi-square test; V; Cramer’s V effect size. 

† P value calculated with Fisher’s exact test. 

Table 9. Number (%) of university varsity student-athletes self-reporting specific baseline symptoms on the Sport Concussion Assessment Tool 5 
graded symptom checklist stratified by concussion history. 

Symptom  Concussion History Athletes Reporting Symptom χ2 (df = 1) P Value V 

Headache 
 

No RHOC (n = 174) 19 (10.92) 2.801 0.094 0.095 RHOC (n = 137) 24 (17.52) 

"Pressure in head" 
 

No RHOC (n = 174) 14 (8.05) 2.740 0.098 0.094 RHOC (n = 137) 19 (13.87) 

Neck pain 
 

No RHOC (n = 174) 25 (14.37) 3.094 0.079  0.100 RHOC (n = 136) 30 (22.06) 

Nausea or vomiting 
 

No RHOC (n = 174) 1 (0.57) -   0.047†  - RHOC (n = 137) 6 (4.38) 

Dizziness 
 

No RHOC (n = 174) 5 (2.87) 4.175 0.041  0.116 RHOC (n = 137) 11 (8.03) 

Blurred vision  
 

No RHOC (n = 174) 9 (5.17) 0.001 0.98 0.001 RHOC (n = 137) 7 (5.11) 

Balance problems 
 

No RHOC (n = 174) 15 (8.62) 0.799 0.371 0.051 RHOC (n = 137) 16 (11.68) 
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     For the orientation test in the SAC cognitive screen, approximately 90.5% of all student-

athletes (266 out of 294) achieved an orientation score of five out of five. Stratified by sex, a 

similar percentage of male (89.66%, 130 out of 145) and female student-athletes (91.28%, 136 

out of 149) achieved an orientation score of five out of five (see Figure 11A). Stratified by 

concussion history, a higher percentage of student-athletes with No RHOC (93.29%, 153 out of 

164) achieved an orientation score of five out of five compared to student-athletes with a RHOC 

(86.92%, 113 out of 130) (see Figure 11B). The two-way ANOVA demonstrated a significant 

Table 9. (Continued) 

Symptom  Concussion History Athletes Reporting Symptom χ2 (df = 1) P Value V 

Sensitivity to noise   No RHOC (n = 174) 5 (2.87) 
8.307 0.004 0.163 

 RHOC (n = 137) 15 (10.95) 

Sensitivity to light   No RHOC (n = 174) 11 (6.32) 4.213 0.04 0.116 
 RHOC (n = 137) 18 (13.14) 

Feeling slowed down  No RHOC (n = 174) 16 (9.20) 3.366 0.067 0.104 
 RHOC (n = 137) 22 (16.06) 

Feeling like "in a fog"  No RHOC (n = 174) 24 (13.79) 0.312 0.576 0.032 
 RHOC (n = 137) 22 (16.06) 

"Don't feel right" 
 

No RHOC (n = 174) 21 (12.07) 2.852 0.091 0.096 RHOC (n = 137) 26 (18.98) 

Difficulty concentrating  
 

No RHOC (n = 174) 24 (13.79) 0.312 0.576  0.032 RHOC (n = 137) 22 (16.06) 

Difficulty remembering 
 

No RHOC (n = 174) 21 (12.07) 2.852 0.091 0.096 RHOC (n = 137) 26 (18.98) 

Fatigue or low energy 
 

No RHOC (n = 174) 51 (29.31) 0.973 0.324  0.056 RHOC (n = 136) 47 (34.56) 

Confusion 
 

No RHOC (n = 174) 5 (2.87) 2.435 0.119  0.088 RHOC (n = 137) 9 (6.57) 

Drowsiness 
 

No RHOC (n = 174) 14 (8.05) 1.161 0.281  0.061 RHOC (n = 137) 16 (11.68) 

More emotional 
 

No RHOC (n = 174) 16 (9.20) 0.263 0.608  0.029 RHOC (n = 137) 15 (10.95) 

Irritability 
 

No RHOC (n = 174) 17 (9.77) 2.764 0.096  0.094 RHOC (n = 137) 22 (16.06) 

Sadness 
 

No RHOC (n = 174) 9 (5.17) 1.566 0.211  0.071 RHOC (n = 137) 12 (8.76) 

Nervous or anxious 
 

No RHOC (n = 174) 23 (13.22) 7.680 0.006  0.157 RHOC (n = 137) 35 (25.55) 

Trouble falling asleep 
 

No RHOC (n = 173) 26 (15.03) 9.158 0.002  0.172 RHOC (n = 137) 40 (29.20) 
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; χ2, Pearson’s chi-square test; V; Cramer’s 
V effect size. 
† P value calculated with Fisher’s exact test. 
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main effect of concussion history for orientation score (P = 0.044; Table 6), whereas no 

significant effect of sex and interaction between sex and concussion history were observed. 

Student-athletes with No RHOC had significantly higher mean orientation scores compared to 

student-athletes with a RHOC (Table 5). For the five-word immediate memory test, 

approximately 69% (208 out of 302) of all student-athletes achieved a five-word immediate 

memory total score of 15 out of 15. Stratified by sex, a higher percentage of female student-

athletes (75%, 114 out of 152) achieved a five-word immediate memory total score of 15 out of 

15 compared to male student-athletes (62.67%, 94 out of 150) (see Figure 12A). Stratified by 

concussion history, a slightly higher percentage of student-athletes with a RHOC (72.39%, 97 

out of 134) achieved a five-word immediate memory total score of 15 out of 15 compared to 

student-athletes with No RHOC (66.07%, 111 out of 168) (see Figure 12B). The two-way 

ANOVA revealed a significant main effect of sex for five-word immediate memory total score 

(P = 0.008; Table 6), whereas no significant effect of concussion history and interaction between 

sex and concussion history were observed. Female student-athletes had significantly higher mean 

five-word immediate memory total scores compared to male student-athletes (Table 5). For the 

five-word delayed recall test, approximately 23% of all student-athletes (68 out of 299) achieved 

a five-word delayed recall score of five out of five. Stratified by sex, a higher percentage of 

female student-athletes (30.46%, 46 out of 151) achieved a five-word delayed recall score of five 

out of five compared to male student-athletes (14.86%, 22 out of 148) (see Figure 13A). 

Stratified by concussion history, a slightly higher percentage of student-athletes with No RHOC 

(25.30%, 42 out of 166) achieved a five-word delayed recall score of five out of five compared 

to student-athletes with a RHOC (19.55%, 26 out of 133) (see Figure 13B). The two-way 

ANOVA revealed a significant main effect of sex for five-word delayed recall score (P = 0.006; 
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Table 6), whereas no significant effect of concussion history and interaction between sex and 

concussion history were observed. Female student-athletes had significantly higher mean five-

word delayed recall scores compared to male student-athletes (Table 5). For the digits backwards 

test within the SAC concentration component, approximately 18% of all student-athletes (54 out 

of 298) scored four out of four on the test by reciting all six digits backwards. The percentages of 

student-athletes scoring four out of four on the digits backwards test were low across study 

groups when stratified by sex (male = 14.29%, 21 out of 147; female = 21.85%, 33 out of 151; 

see Figure 14A) and concussion history (No RHOC = 16.87%, 28 out of 166; RHOC = 19.7%, 

26 out of 132; see Figure 14B). No significant effects of sex, concussion history and interaction 

between sex and concussion history were observed for digits backwards score (Table 6). For the 

months in reverse order test within the SAC concentration component, approximately 89% of all 

student-athletes (265 out of 298) answered the test correctly. Stratified by sex, a slightly higher 

percentage of female student-athletes (92.05%, 139 out of 151) answered the months in reverse 

order test correctly compared to male student-athletes (85.71%, 126 out of 147) (see Figure 

15A). Stratified by concussion history, a comparable percentage of student-athletes with No 

RHOC (89.76%, 149 out of 166) and student-athletes with a RHOC (87.88%, 116 out of 132) 

answered the months in reverse order test correctly (see Figure 15B). No significant effects of 

sex, concussion history and interaction between sex and concussion history were observed for 

months in reverse order score (Table 6). Approximately 17% (52 out of 298) of all student-

athletes achieved a concentration total score of five out of five. Stratified by sex, a higher 

percentage of female student-athletes (21.85%, n = 33 out of 151) had a concentration total score 

of five out of five compared to male student-athletes (12.93%, n = 19 out of 147) (see Figure 

16A). Stratified by concussion history, a comparable percentage of student-athletes with No 
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RHOC (15.66%, 26 out of 166) and with a RHOC (19.70%, 26 out of 132) had a concentration 

total score of five out of five (see Figure 16B). The two-way ANOVA demonstrated a significant 

main effect of sex for concentration total score (P = 0.02; Table 6), whereas no significant effects 

of concussion history and interaction between sex and concussion history were observed. Female 

student-athletes had significantly higher mean concentration total scores compared to male 

student-athletes (Table 5).   
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Figure 11. Percentage (%) distribution of orientation scores in university varsity student-athletes stratified by (A) 
sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, reported 
history of concussion. 

 

Figure 12. Percentage (%) distribution of five-word immediate memory total scores in university varsity student-athletes 
stratified by (A) sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, 
reported history of concussion. 
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Figure 15. Percentage (%) distribution of months in reverse order scores in university varsity student-athletes stratified 
by (A) sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, reported 
history of concussion. 

 

Figure 14. Percentage (%) distribution of digits backwards scores in university varsity student-athletes stratified by (A) 
sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history 
of concussion. 

 

Figure 13. Percentage (%) distribution of five-word delayed recall scores in university varsity student-athletes stratified by 
(A) sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history 
of concussion. 
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     For the mBESS test, approximately 98% of all student-athletes (291 out of 296) made zero 

errors in the double leg stance trial, whereas approximately 20% (59 out of 296) and 54% of all 

student-athletes (160 out of 296) made zero errors in the single leg stance and tandem stance 

trials, respectively. The percentage of student-athletes that made zero errors in the double leg 

stance trial were similar when stratified by sex (male = 96.55%, 140 out of 145; female = 100%, 

n = 151 out of 151; see Figure 17A) and by concussion history (No RHOC = 98.79%, 163 out of 

165; RHOC = 97.71%, 128 out of 131; see Figure 17B). While a similar percentage of male 

(19.31%, 28 out of 145) and female student-athletes (20.53%, 31 out of 151) made zero errors in 

the single leg stance trial, a higher percentage of female student-athletes (27.81 %, n = 42 out of 

151) made one error in the single leg stance trial compared to male student-athletes (11.03%, 16 

out of 145) (see Figure 18A). A higher percentage of male student-athletes (69.66 %, 101 out of 

145) made two or more errors in the single leg stance trial compared to female student-athletes 

(51.66 %, 78 out of 151) (see Figure 18A). Stratified by concussion history, a similar percentage 

of student athletes with No RHOC and student athletes with a RHOC made zero errors (No 

RHOC = 19.39%, 32 out of 165; RHOC = 20.61%, 27 out of 131; see Figure 18B), one error (No 

RHOC = 20.61%, 34 out of 165; RHOC = 18.32%, 24 out of 131; see Figure 18B) and two or 
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Figure 16. Percentage (%) distribution of concentration total scores in university varsity student athletes stratified by (A) 
sex and (B) concussion history. Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of 
concussion. 
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more errors (No RHOC = 60%, 99 out of 165; RHOC = 61.07%, 80 out of 131; see Figure 18B) 

in the single leg stance trial. For the tandem stance trial, a higher percentage of female student-

athletes (66.89%, 101 out of 151) made zero errors compared to male student-athletes (40.69%, n 

= 59 out of 145), whereas a higher percentage of male student-athletes (59.31%, 86 out of 145) 

made one or more errors in the tandem stance trial compared to female student-athletes (33.31%, 

n = 50 out of 151) (see Figure 19A). When stratified by concussion history, a higher percentage 

of student-athletes with a RHOC (60.31%, 79 out of 131) made zero errors in the tandem stance 

trial compared to student-athletes with No RHOC (49.09%, 81 out of 165), whereas a higher 

percentage of student-athletes with No RHOC (50.91%, 84 out of 165) made one or more errors 

in the tandem stance trial compared to student-athletes with a RHOC (39.69%, 52 out of 131) 

(see Figure 19B). For the mBESS total error score, approximately 15.5% of all student-athletes 

(46 out of 296) completed the mBESS without making a single error. Stratified by sex, a higher 

percentage of female student-athletes (70.86%, 107 out of 151) had an mBESS total error score 

between zero and three compared to male student-athletes (45.52%, n = 66 out of 145), whereas 

a higher percentage of male student-athletes (54.48%, n = 79 out of 145) had an mBESS total 

error score of four or greater compared to female student-athletes (29.14%, n = 44 out of 151) 

(see Figure 20A). Stratified by concussion history, a similar percentage of student athletes with 

No RHOC and student-athletes with a RHOC had an mBESS total error score between zero and 

three (No RHOC = 58.18%, 96 out of 165; RHOC = 58.78%, 77 out of 131; see Figure 20B) and 

four or greater (No RHOC = 41.82%, 69 out of 165; RHOC = 41.22%, 54 out of 131; see Figure 

20B). The two-way ANOVA demonstrated a significant main effect of sex for single leg stance 

errors (P < 0.001; Table 6), tandem stance errors (P < 0.001; Table 6) and mBESS total error 

score (P < 0.001; Table 6). Compared to female student-athletes, male student-athletes made 
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significantly more errors in the single leg stance and the tandem stance and had significantly 

higher mean mBESS total error scores (Table 5). No significant effects of concussion history and 

interaction between sex and concussion history were observed for any mBESS variable. 
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Figure 17. Percentage (%) distribution of modified Balance Error Scoring System (mBESS) double leg stance errors in 
university varsity student athletes stratified by (A) sex and (B) concussion history. Abbreviations: No RHOC, no reported 
history of concussion; RHOC, reported history of concussion. 

 

Figure 18. Percentage (%) distribution of modified Balance Error Scoring System (mBESS) single leg stance errors in 
university varsity student athletes stratified by (A) sex and (B) concussion history. Abbreviations: No RHOC, no reported 
history of concussion; RHOC, reported history of concussion. 

 

Figure 19. Percentage (%) distribution of modified Balance Error Scoring System (mBESS) tandem leg stance errors in 
university varsity student athletes stratified by (A) sex and (B) concussion history. Abbreviations: No RHOC, no reported 
history of concussion; RHOC, reported history of concussion. 
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    Results for the rapid neurological screen tests were normal for a majority of student-athletes 

when stratified by sex and concussion history (Table 5). However, a higher percentage of male 

student-athletes (8.84%, 13 out of 147) experienced pain on the passive cervical spine movement 

test compared to female student-athletes (1.37%, 2 out of 146) (Table 5). When stratified by 

concussion history, a higher percentage of student-athletes with a RHOC (8.46%, 11 out of 130; 

9 males and 2 females) experienced pain on the passive cervical spine movement test compared 

to student-athletes with No RHOC (2.45%, 4 out of 163; 4 males) (Table 5).   
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Figure 20. Percentage (%) distribution of modified Balance Error Scoring System 
(mBESS) total error scores in university varsity student athletes stratified by (A) sex and 
(B) concussion history. Abbreviations: No RHOC, no reported history of concussion; 
RHOC, reported history of concussion. 
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Force Plate Postural Sway Assessment 

     A total of 286 student-athletes completed the force plate postural sway assessment (stratified 

by sex: male n = 149; female n = 137; stratified by concussion history: No RHOC n = 160; 

RHOC n = 126). Table 10 summarizes descriptive statistics for force plate COP measures of 

postural sway examined in EO and EC conditions stratified by sex and concussion history. Table 

11 describes the statistical outcomes of a two-way ANOVA examining the effects of sex, 

concussion history and the interaction between sex and concussion history on force plate COP 

measures of postural sway examined in EO and EC conditions. The two-way ANOVA 

demonstrated significant main effects of sex for multiple force plate COP measures of postural 

sway in EO and EC conditions, whereas no significant effects of concussion history and 

interaction between sex and concussion history were observed for any measures. In the EO 

condition, male student-athletes had significantly higher mean values compared to female 

student-athletes for AREA – CE (P = 0.032; Table 11), RMSdisp AP (P = 0.009; Table 11), 

COPvel AP (P = 0.013; Table 11), Range AP (P = 0.026; Table 11) and Range ML (P = 0.045; 

Table 11). While male student-athletes presented with larger RMSdisp ML and faster COPvel 

ML compared to female student-athletes, the two-way ANOVA revealed no significant main 

effects of sex for RMSdisp ML and COPvel ML. In the EC condition, male student-athletes had 

significantly higher mean values compared to female student-athletes for AREA – CE (P = 

0.001; Table 11), RMSdisp AP (P < 0.001; Table 11), COPvel AP (P < 0.001; Table 11), Range 

AP (P = 0.002; Table 11), RMSdisp ML (P = 0.006; Table 11), COPvel ML (P = 0.007; Table 

10) and Range ML (P = 0.016; Table 11). 
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(Continued) 

Table 10. Descriptive statistics for force plate centre of pressure (COP) measures of postural sway examined in eyes open 
(EO) and eyes closed (EC) conditions in university varsity student-athletes stratified by sex and concussion history.  

 Sex  Concussion History 

Measures Male (n = 149) Female (n = 137)  No RHOC (n = 160) RHOC (n = 126) 

EO condition       
AREA – CE (mm2)    615.63 + 333.00     529.74 + 339.26      564.63 + 317.03 587.01 + 364.15 
RMSdisp AP (mm)        5.07 + 1.65 4.62 + 1.46   4.75 + 1.49 4.99 + 1.66 
COPvel AP (mm/sec)        4.09 + 1.41 3.74 + 1.22   3.83 + 1.25 4.04 + 1.43 
Range AP (mm)      26.90 + 7.57       24.97 + 7.57        25.62 + 7.07 26.42 + 8.27 
RMSdisp ML (mm)        6.54 + 2.29 6.01 + 2.18   6.34 + 2.38 6.22 + 2.08 
COPvel ML (mm/sec)        5.33 + 2.01 4.85 + 1.79  5.16 + 2.04 5.03 + 1.92 
Range ML (mm)      32.41 + 9.48       29.93 + 10.20        31.14 + 9.91 31.33 + 9.90 

EC condition     
  

AREA – CE (mm2)    876.82 + 527.28    685.23 + 477.67  776.71 + 477.88 795.64 + 554.71 
RMSdisp AP (mm)        6.33 + 1.96    5.51 + 1.96         5.88 + 1.83 6.01 + 2.20 
COPvel AP (mm/sec)        5.04 + 1.60    4.38 + 1.58         4.68 + 1.44 4.78 + 1.83 
Range AP (mm)      35.79 + 11.26    31.65 + 11.34       34.99 + 11.58 33.58 + 11.37 
RMSdisp ML (mm)        7.09 + 2.55    6.31 + 2.22         6.76 + 2.42 6.67 + 2.45 
COPvel ML (mm/sec)        5.68 + 2.13    5.05 + 1.84         5.40 + 1.99 5.35 + 2.06 
Range ML (mm)       38.76 + 13.03    35.07 + 11.76  37.50 + 12.94 36.34 + 12.07 

            Values presented as mean + SD. 
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; AREA – CE, 95 % 
confidence ellipse area; mm2, millimetres squared; RMSdisp, root-mean-square displacement; AP, anteroposterior; mm, 
millimetres; COPvel, mean COP velocity; mm/sec, millimetres per second; ML, mediolateral. 

Table 11. Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion history 
and the interaction between sex and concussion history on force plate centre of pressure (COP) 
measures of postural sway examined in eyes open (EO) and eyes closed (EC) conditions in university 
varsity student-athletes.  

 Sex  Concussion History  Sex x Concussion History  

Measures P Value  P Value  P Value 

EO condition       
AREA – CE (mm2) 0.032  0.387  0.470 
RMSdisp AP (mm) 0.009  0.099  0.954 
COPvel AP (mm/sec) 0.013  0.093  0.991 
Range AP (mm) 0.026  0.235  0.734 
RMSdisp ML (mm) 0.077  0.892  0.185 
COPvel ML (mm/sec) 0.053  0.787  0.212 
Range ML (mm) 0.045  0.634  0.181 

EC condition   
   

 

AREA – CE (mm2) 0.001  0.453  0.636 
RMSdisp AP (mm) < 0.001  0.297  0.603 
COPvel AP (mm/sec) < 0.001  0.334  0.508 
Range AP (mm) 0.002  0.904  0.943 
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Cerebral Blood Flow Volume Assessment 

     A total of 79 student-athletes completed the DU cerebral BFV assessment (stratified by sex: 

male n = 38; female n = 41; stratified by concussion history: No RHOC n = 38; RHOC n = 41). 

Table 12 summarizes descriptive statistics for DU measurements of cerebral BFV within the 

CCA, ICA, VA and the total cerebral BFV stratified by sex and concussion history. Table 13 

describes the statistical outcomes of a two-way ANOVA examining the effects of sex, 

concussion history and the interaction between sex and concussion history on DU measurements 

of cerebral BFV within the CCA, ICA, VA and the total cerebral BFV. The two-way ANOVA 

demonstrated a significant main effect of sex for left (P < 0.001; Table 13), right (P = 0.003; 

Table 13) and total CCA BFV (P < 0.001; Table 13). Male student-athletes had significantly 

higher mean left, right and total CCA BFV compared to female student-athletes (see Table 12). 

Within sexes, there were no significant mean differences between left and right CCA BFV for 

both male (P = 0.113; Table 12) and female student-athletes (P = 0.115; Table 12). The two-way 

ANOVA demonstrated a significant main effect of concussion history for right CCA BFV (P = 

0.032; Table 13). Student-athletes with a RHOC had significantly lower mean right CCA BFV 

compared to student-athletes with No RHOC (Table 12). There were no significant effects of 

concussion history observed for left and right ICA and VA BFV measurements. The two-way 

Table 11. (Continued)  

 Sex  Concussion History  Sex x Concussion History  

Measures P Value  P Value  P Value 

EC condition       

RMSdisp ML (mm) 0.006  0.948  0.499 

COPvel ML (mm/sec) 0.007  0.898  0.459 

Range ML (mm) 0.016  0.653  0.876 

Abbreviations: AREA – CE, 95 % confidence ellipse area; mm2, millimetres squared; RMSdisp, root-
mean-square displacement; AP, anteroposterior; mm, millimetres; COPvel, mean COP velocity; 
mm/sec, millimetres per second; ML, mediolateral. 



 

70 
 

ANOVA demonstrated a significant main effect of sex for left (P = 0.023; Table 13), right (P = 

0.001; Table 13) and total ICA BFV (P = 0.001; Table 13). Male student-athletes had 

significantly higher mean left, right and total ICA BFV compared to female student-athletes 

(Table 12). Within sexes, female student-athletes had significantly higher mean left ICA BFV 

compared to mean right ICA BFV (P = 0.023; Table 12), whereas male student-athletes did not 

have significant differences between mean left and right ICA BFV (P = 0.468; Table 12). The 

two-way ANOVA demonstrated a significant main effect of sex for left VA BFV (P = 0.032; 

Table 13), whereas no significant main effects of sex were observed for right and total VA BFV. 

Female student-athletes had significantly higher mean left VA BFV compared to male student-

athletes (Table 12). Within sexes, mean left VA BFV was significantly higher compared to mean 

right VA BFV for both male (P = 0.039; Table 12) and female student-athletes (P = 0.001; Table 

12). The two-way ANOVA demonstrated a significant main effect of sex for total cerebral BFV 

(P = 0.034; Table 13). Male student-athletes had significantly higher mean total cerebral BFV 

compared to female student-athletes (Table 12). There were no significant interaction effects 

between sex and concussion history observed for any cerebral BFV measurements. 

(Continued) 

Table 12. Descriptive statistics for Doppler ultrasound measurements of cerebral blood flow volume (BFV) within the common 
carotid artery (CCA), internal carotid artery (ICA), the vertebral artery (VA) and total cerebral BFV in university varsity student-
athletes stratified by sex and concussion history. 

 Sex  Concussion History 

Measurement Male (n = 38) Female (n = 41)  No RHOC (n = 38) RHOC (n = 41) 

CCA BFV (mL/min)      
Left CCA     694.65 + 127.25 599.44 + 99.56  658.89 + 114.27 632.58 + 130.15 
Right CCA  649.36 + 119.07 564.39 + 99.76  640.42 + 119.12 572.67 + 106.01 
Total 1344.00 + 190.28   1163.83 + 164   1299.32 + 182.88 1205.24 + 202.71 

ICA BFV (mL/min)      

Left ICA 506.20 + 116.42  453.37 + 104.36 *  467.52 + 115.12  489.22 + 110.97 
Right ICA 487.02 + 112.81   403.79 + 87.87  466.12 + 115.96     423.16 + 97.78 
Total 993.22 + 191.43   857.16 + 161.39  933.65 + 203.27  912.38 + 175.00 



 

71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 12. (Continued) 

 Sex  Concussion History 

Measurement Male (n = 38) Female (n = 41)  No RHOC (n = 38) RHOC (n = 41) 

VA BFV (mL/min)      

Left VA   126.95 + 55.09 *    150.59 + 51.14 *  145 + 55.02     133.86 + 53.26 
Right VA     104.48 + 36.07    108.74 + 53.55     109.55 + 48.18     104.04 + 43.79 
Total 231.43 + 63.49    259.33 + 76.82     254.55 + 73.91     237.90 + 69.46 

Total cerebral BFV † (mL/min)  1224.66 + 221.28  1116.49 + 197.16  1188.20 + 234.82 1150.28 + 195.50 
            Values are presented as mean + SD.       
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; mL/min, millilitres per 
minute. 
* Statistically significant within-sex difference (P < 0.05) between mean left- and right-side BFV for the specific artery. 
† Total cerebral BFV calculated as the sum of the total ICA BFV and the total VA BFV. 

Table 13. Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion history and 
the interaction between sex and concussion history on Doppler ultrasound measurements of cerebral blood 
flow volume (BFV) within the common carotid artery (CCA), internal carotid artery (ICA), the vertebral 
artery (VA) and total cerebral BFV in university varsity student-athletes. 

 Sex  Concussion History  Sex x Concussion History 

Measurement P Value  P Value  P Value 

CCA BFV (mL/min)      
Left CCA  < 0.001  0.771  0.116 
Right CCA 0.003  0.032  0.792 
Total < 0.001  0.132  0.392 

ICA BFV (mL/min)      
Left ICA 0.023  0.192  0.474 
Right ICA 0.001  0.214  0.336 
Total 0.001  0.914  0.920 

VA BFV (mL/min)      
Left VA 0.032  0.187  0.872 
Right VA 0.597  0.550  0.572 
Total 0.050  0.167  0.802 

Total cerebral BFV (mL/min) † 0.034  0.710  0.999 
 Abbreviations: mL/min. millilitres per minute. 

† Total cerebral BFV calculated as the sum of the total ICA BFV and the total VA BFV. 
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Brain Dynamic Indicator TM 

     A total of 121 student-athletes completed the BrDITM assessment (stratified by sex: male n = 

70; female n = 58; stratified by concussion history: No RHOC n = 89; RHOC n = 39). Table 14 

summarizes descriptive statistics for BrDITM variables measured in the standard condition and 

CMI condition stratified by sex and concussion history. Table 15 describes the statistical 

outcomes of a two-way ANOVA examining the effects of sex, concussion history and the 

interaction between sex and history of concussion on BrDITM variables measured in the standard 

condition and CMI condition. The two-way ANOVA demonstrated a significant main effect of 

sex for PV in the standard condition (P = 0.002; Table 15), whereas no significant effects of 

concussion history and interaction between sex and concussion history were observed. Male 

student-athletes exhibited significantly higher mean PV in the standard condition compared to 

female student-athletes (Table 14). For VE in the standard condition, the two-way ANOVA 

demonstrated a significant main effect of sex (P = 0.049; Table 15) and a significant interaction 

effect between sex and concussion history (P = 0.022; Table 15), whereas no significant effect of 

concussion history was observed. For the significant main effect of sex on VE in the standard 

condition, female student-athletes exhibited significantly larger mean VE, indicating reduced 

precision, in the standard condition compared to male student-athletes (Table 14). For the 

significant interaction effect between sex and concussion history on VE in the standard 

condition, female student-athletes with a RHOC exhibited significantly larger mean VE in the 

standard condition compared to male student-athletes with a RHOC (see Figure 21). The two-

way ANOVA demonstrated a significant main effect of sex for MTf in the CMI condition (P = 

0.002; Table 15), whereas no significant effect of concussion history and interaction between sex 

and concussion history were observed. Female student-athletes exhibited significantly longer 
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mean MTf in the CMI condition compared to male student-athletes (Table 14). The two-way 

ANOVA demonstrated a significant main effect of sex for PV in the CMI condition (P < 0.001; 

Table 15), whereas no significant effect of concussion history and interaction between sex and 

concussion history were observed. Male student-athletes had significantly higher mean PV in the 

CMI condition compared to female student-athletes (Table 14). No significant effects of sex, 

concussion history and interaction between sex and concussion history were observed for the 

following BrDITM variables in the standard and/or CMI condition: MTb in both the standard and 

CMI condition; MTf in the standard condition; RT in both the standard and CMI condition; 

PLfN in both the standard and CMI condition; AE in both the standard and CMI  

condition (Table 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 14. Descriptive statistics for Brain Dynamic IndicatorTM variables measured in the standard condition and 
cognitive-motor integration (CMI) condition in university varsity student-athletes stratified by sex and concussion 
history. 

 Sex       Concussion History  

Variable Male (n = 70) Female (n = 58)  No RHOC (n = 89) RHOC (n = 39) 

Standard condition  
 

 
 

 
     MTb (sec) 3.26 + 0.38        3.38 + 0.28  3.32 + 0.34 3.28 + 0.36 

 MTf (sec) 3.84 + 0.32        3.94 + 0.29  3.90 + 0.33 3.87 + 0.27 
 RT (sec) 0.36 + 0.06        0.37 + 0.06  0.37 + 0.06 0.36 + 0.07 
 PV (mm/sec)  1058.27 + 310.96    859.80 + 275.25  927.54 + 312.54   1061.44 + 288.27 
 PLfN (%)    109.03 + 8.03    106.39 + 5.73  107.40 + 6.76     108.83 + 8.06 
 AE (mm2)      12.24 + 3.89      12.64 + 4.83  12.23 + 4.23       12.85 + 4.58 
 VE (mm2)        6.03 + 3.94        6.89 + 5.94  6.21 + 4.18  6.90 + 6.40 

CMI condition  
 

 
 

 
 MTb (sec)       4.11 + 0.39 4.04 + 0.38  4.05 + 0.39 4.15 + 0.37 
 MTf (sec)       5.13 + 0.53 5.58 + 0.71  5.38 + 0.71 5.24 + 0.52 
 RT (sec)       0.48 + 0.17 0.50 + 0.28  0.48 + 0.23 0.50 + 0.20 
 PV (mm/sec)   719.45 + 332.46 471.69 + 274.68  574.46 + 321.77 681.85 + 342.20 

     PLfN (%)   129.75 + 32.43    135.92 + 22.01  132.47 + 30.24    132.72 + 23.47 
 AE (mm2)     23.43 + 10.75 28.59 + 19.07  26.29 + 16.06 24.59 + 13.36 
 VE (mm2)     17.92 + 14.96 23.59 + 25.62  21.42 + 21.45 18.37 + 18.59 

  
  

  
  
  
  

Values are presented as mean + SD.  
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; MTb, ballistic 
movement time; sec, seconds; MTf, full movement time; RT, reaction time; PV, peak velocity; mm/sec, millimetres 
per second; PLfN, normalized path length; AE, absolute error; mm2, millimetres squared; VE, variable error. 
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Table 15. Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion 
history and the interaction between sex and concussion history on Brain Dynamic IndicatorTM 
variables measured in the standard condition and cognitive-motor integration (CMI) condition in 
university varsity student-athletes. 

 Sex  Concussion History  Sex x Concussion History 

Variable P Value  P Value  P Value 

Standard condition      

     MTb (sec) 0.162  0.580  0.465 
 MTf (sec) 0.088  0.882  0.804 
 RT (sec) 0.441  0.649  0.447 
 PV (mm/sec) 0.002  0.064  0.975 
 PLfN (%) 0.066  0.458  0.879 
 AE (mm2) 0.206  0.254  0.102 
 VE (mm2) 0.049  0.188  0.022 

CMI condition      
 MTb (sec) 0.324  0.300  0.654 
 MTf (sec) 0.002  0.385  0.280 
 RT (sec) 0.365  0.477  0.194 
 PV (mm/sec) < 0.001  0.186  0.634 
 PLfN (%) 0.252  0.833  0.945 
 AE (mm2) 0.095  0.739  0.991 
 VE (mm2) 0.235  0.528  0.754 

              Abbreviations: MTb, ballistic movement time; sec, seconds; MTf, full movement time; RT, 
reaction time; PV, peak velocity; mm/sec, millimetres per second; PLfN, normalized path length; 
AE, absolute error; mm2, millimetres squared; VE, variable error. 
 

Figure 21. Mean variable error (VE) in the standard condition of the Brain Dynamic Indicator
TM

 for male student-
athletes with no reported history of concussion (No RHOC), female student-athletes with No RHOC, male student-
athletes with a reported history of concussion (RHOC) and female student-athletes with a RHOC. The two-way 
ANOVA demonstrated a statistically significant interaction effect between sex and concussion history for mean VE in 
the standard condition (P = 0.022). Female student-athletes with a RHOC had significantly larger mean VE in the 
standard condition compared to male student-athletes with a RHOC. 
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HurtSHynesTM Test  

     A total of 227 student-athletes completed the HurtSHynesTM Test (stratified by sex: male n = 

114; female n = 113; stratified by concussion history: No RHOC n = 114; RHOC n = 113). Table 

16 summarizes descriptive statistics for HurtSHynesTM Test variables, completion time and total 

errors, in the standard condition and the CMI condition stratified by sex and concussion history. 

Table 17 describes the statistical outcomes of a two-way ANOVA examining the effects of sex, 

concussion history and the interaction between sex and concussion history for completion time 

and total errors in the standard condition and the CMI condition of the HurtSHynesTM Test. The 

two-way ANOVA demonstrated a significant interaction effect between sex and concussion 

history for completion time in the standard condition (P = 0.001; Table 17), whereas no 

significant effect of sex and concussion history were observed. Female student-athletes with No 

RHOC had significantly longer mean completion time in the standard condition compared to 

male student-athletes with No RHOC (see Figure 22). The two-way ANOVA demonstrated a 

significant main effect of sex (P = 0.031; Table 17) and a significant interaction effect between 

sex and concussion history (P = 0.018; Table 17) for total errors in the CMI condition, whereas a 

significant effect of concussion history was not observed. For the significant main effect of sex, 

male student-athletes had significantly higher mean total errors in the CMI condition compared 

to female student-athletes (Table 16). For the significant interaction effect between sex and 

concussion history, male student-athletes with No RHOC had significantly higher mean errors in 

the CMI condition compared to female student-athletes with No RHOC (Figure 23). There were 

no significant effects of sex, concussion history and interaction between sex and concussion 

history observed for total errors in the standard condition and completion time in the CMI 

condition (Table 17). 
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Table 16. Descriptive statistics for HurtSHynesTM Test completion time and total errors in the standard condition and the cognitive-motor 
integration (CMI) condition in university varsity student-athletes stratified by sex and concussion history. 

 Sex  Concussion History 

Variable Male (n = 114) Female (n = 113)  No RHOC (n = 114) RHOC (n = 113) 

Standard condition      
Completion time (sec), mean + SD 10.20 + 1.89 10.57 + 1.30  10.31 + 1.40 10.47 + 1.84 
Total errors, mean + SD (range) 0.10 + 0.30 (0 - 1) 0.10 + 0.30 (0 - 1)    0.08 + 0.27 (0 - 1) 0.12 + 0.32 (0 - 1) 

CMI condition  
    

Completion time (sec), mean + SD 10.68 + 1.93 11.07 + 1.32   10.92 + 1.73 10.82 + 1.60 
Total errors mean + SD (range) 0.76 + 0.85 (0 - 4) 0.50 + 0.79 (0 - 3)     0.71 + 0.83 (0 - 4) 0.56 + 0.82 (0 - 3) 

            Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; sec, seconds. 

Table 17. Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion history 
and the interaction between sex and concussion history on HurtSHynesTM Test completion time and total 
errors in the standard condition and cognitive-motor integration (CMI) condition in university varsity 
student-athletes. 

 Sex  Concussion History  Sex x Concussion History 

Variable P Value  P Value  P Value 

Standard condition   
   

Completion time (sec) 0.11  0.653  0.001 
Total errors 0.879  0.355  0.676 

CMI condition      

Completion time (sec) 0.061  0.42  0.241 
Total errors 0.031  0.329  0.018 

                Abbreviations: sec, seconds. 
 

Figure 22. Mean completion time in the standard condition of the HurtSHynesTM Test for male student-
athletes with no reported history of concussion (No RHOC), female student-athletes with No RHOC, 
male student-athletes with a reported history of concussion (RHOC) and female student-athletes with a 
RHOC. The two-way ANOVA demonstrated a statistically significant interaction effect between sex and 
concussion history for mean completion time in the standard condition of the HurtSHynesTM Test (P = 
0.001). Female student-athletes with No RHOC had significantly longer mean completion time in the 
standard condition of the HurtSHynesTM Test compared to male student-athletes with No RHOC. 
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Oculomotor Assessment and Stroop Colour and Word Test      

     A total of 161 student-athletes completed the oculomotor assessment (stratified by sex: male n 

= 87; female n = 74; stratified by concussion history: No RHOC n = 84; RHOC n = 77). 160 

student-athletes athletes completed the SCWT (stratified by sex: male n = 87; female n = 73; 

stratified by concussion history: No RHOC n = 83; RHOC n = 77). Table 18 summarizes 

descriptive statistics for oculomotor assessment measures and SCWT error variables stratified by 

sex and concussion history. Table 19 describes the statistical outcomes of a two-way ANOVA 

examining the effects of sex, concussion history and the interaction between sex and concussion 

history on oculomotor assessment measures and SCWT error variables. For the oculomotor 

assessment, there were no significant effects of sex, concussion history and interaction between 

sex and concussion history observed for saccade latency and antisaccade reaction time. For the 

SCWT, there were no significant effects of sex, concussion history and interaction between sex 

and concussion history observed for word task errors, colour task errors, interference task errors 

and SCWT total errors. 

Figure 23. Mean total errors in the cognitive-motor integration (CMI) condition of the HurtSHynesTM 
Test for male student-athletes with no reported history of concussion (No RHOC), female student-athletes 
with No RHOC, male student-athletes with a reported history of concussion (RHOC) and female student-
athletes with a RHOC. The two-way ANOVA demonstrated a statistically significant interaction effect 
between sex and concussion history for mean total errors in the CMI condition of the HurtSHynes TestTM 

(P = 0.018). Male student-athletes with No RHOC had significantly higher mean total errors in the CMI 
condition of the HurtSHynesTM Test compared to female student-athletes with No RHOC. 
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Summary of Significant Results 

     Table 20 provides a summary of the results on the significant effects of sex and concussion 

history on assessment variables. Table 21 provides a summary of the results on the significant 

interaction effects that were observed on specific BrDITM and HurtSHynesTM Test variables. 

Table 18. Descriptive statistics for oculomotor assessment variables and Stroop Colour and Word Test (SCWT) error variables in university 
varsity student-athletes stratified by sex and concussion history. 

 Sex  Concussion History 

Variable Male Female  No RHOC RHOC 

Oculomotor assessment a       
Saccade latency (ms), mean + SD 0.21 + 0.04 0.20 + 0.02  0.21 + 0.04 0.20 + 0.02 
Antisaccade reaction time (ms), mean + SD 0.47 + 0.11 0.47 + 0.12  0.47 + 0.12 0.47 + 0.11 

SCWT b      

    Word task errors, mean + SD (range) 0.03 + 0.18 (0 - 1) 0.01 + 0.12 (0 - 1)  0.02 + 0.15 (0 - 1) 0.03 + 0.16 (0 - 1) 
    Colour task errors, mean + SD (range) 0.31 + 0.62 (0 - 3) 0.33 + 0.67 (0 - 3)  0.29 + 0.51 (0 - 2)   0.35 + 0.76 (0 - 3) 

Interference task errors, mean + SD (range) 1.03 + 1.20 (0 - 5) 0.71 + 0.81 (0 - 3) 
 

0.99 + 1.09 (0 - 5) 0.78 + 1.00 (0 - 5) 
Total SCWT errors, mean + SD (range) 1.38 + 1.44 (0 - 5) 1.05 + 1.12 (0 - 4)  1.30 + 1.36 (0 - 5) 1.16 + 1.26 (0 - 5) 

a Group sample sizes for oculomotor assessment: male (n = 87); female (n = 74); No RHOC (n = 84); RHOC (n = 77). 
b Group sample sizes for SCWT: male (n = 87); female (n = 73); No RHOC (n = 83); RHOC (n = 77). 
Abbreviations: No RHOC, no reported history of concussion; RHOC, reported history of concussion; ms, milliseconds. 

Table 19. Statistical outcomes of a two-way ANOVA examining the effects of sex, concussion history and 
the interaction between sex and concussion history on oculomotor assessment variables and Stroop Colour 
and Word Test (SCWT) error variables in university varsity student-athletes. 

 Sex  Concussion History  Sex x Concussion History 

Variable P Value  P Value  P Value 

Oculomotor assessment      
Saccade latency (ms) 0.232  0.22  0.74 
Antisaccade reaction time (ms) 0.689  0.895  0.292 

SCWT  
    

Word task errors 0.385  0.941  0.202 
    Colour task errors 0.929  0.620  0.266 

Interference task errors 0.069  0.263  0.298 
Total SCWT errors 0.130  0.523  0.126 
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(Continued) 

Table 20. Results summary for the significant effects of sex and concussion history observed on assessment variables in university varsity 
student-athletes. 

 
Sex Concussion History 

Variable Male Female RHOC No RHOC 

SCAT5  

Total number of baseline symptoms     

Total symptom severity score      

Orientation score      

Five-word immediate memory score     

Five-word delayed recall score     

Concentration total score     

mBESS errors  
Single leg errors 

Tandem errors 
Total errors 

   

Force Plate Postural Sway  

AREA – CE (mm2) EO and EC    

RMSdisp AP (mm) EO and EC    

COPvel AP (mm/sec) EO and EC    

Range AP (mm) EO and EC    

RMSdisp ML (mm) EC    

COPvel ML (mm/sec) EC    

Range ML (mm) EO and EC    

Cerebral BFV Assessment  

CCA BFV (mL/min) Left and right CCA  Right CCA  

ICA BFV (mL/min) Left and right ICA    

VA BFV (mL/min)  Left VA   

Total cerebral BFV (mL/min) †     

BrDITM  

PV (mm/sec)  Standard and CMI 
Conditions    

VE (mm2)    Standard Condition   

MTf (sec)  CMI Condition   
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Table 20. (Continued) 

 
Sex Concussion History 

Variable Male Female RHOC No RHOC 

HurtSHynesTM Test  

Completion time (sec)     

Total errors CMI Condition     

RHOC, reported history of concussion; No RHOC, no reported history of concussion; SCAT5, Sport Concussion Assessment Tool 5; mBESS, 
modified Balance Error Scoring System; AP, anteroposterior; ML, mediolateral; EO, eyes open; EC, eyes closed; AREA – CE, 95 % confidence 
ellipse area; mm, millimetres; RMSdisp, root-mean-square displacement; COPvel, mean COP velocity; mm/sec, millimetres per second; BFV, 
blood flow volume; CCA, common carotid artery; ICA, internal carotid artery; VA, vertebral artery; mL/min. millilitres per minute; BrDITM, 
Brain Dynamic IndicatorTM; PV, peak velocity; VE, variable error; MTf, full movement time; sec, seconds; CMI, cognitive-motor integration. 

     Mean value significantly higher in student-athletes with a RHOC compared to student-athletes with No RHOC. 

     Mean value significantly higher in student-athletes with No RHOC compared to student-athletes with a RHOC. 

     Mean value significantly higher in male student-athletes compared to female student-athletes. 

     Mean value significantly higher in female student-athletes compared to male student-athletes. 

     Mean value significantly lower in student-athletes with a RHOC compared to student-athletes with No RHOC. 

† Total cerebral BFV calculated as the sum of the total ICA BFV and the total VA BFV. 

Table 21.  Results summary for the significant interaction effects observed on assessment 
variables in university varsity student-athletes. 

Variable Sex x Concussion History Interaction Effects 

BrDITM  

VE (mm2) Females with a RHOC had significantly larger VE in standard 
condition compared to males with a RHOC. 

HurtSHynesTM Test  

Completion time (sec) Females with No RHOC had significantly longer completion 
times in standard condition compared to males with No RHOC. 

Total errors Males with No RHOC made significantly more errors in the 
CMI condition compared to females with No RHOC. 

RHOC, reported history of concussion; No RHOC, no reported history of concussion; BrDITM, 
Brain Dynamic IndicatorTM; VE, variable error; mm2, millimetres squared; sec, seconds; CMI, 
cognitive-motor integration. 
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CHAPTER 4: DISCUSSION  
 
    To the author’s knowledge, this is the largest study of its kind to analyze preseason baseline 

data collected from a population of Canadian male and female university varsity student-athletes 

using a comprehensive battery of validated assessment tools and non-invasive diagnostic 

procedures. Significant main effects of sex were observed for multiple test variables within the 

SCAT5. For the mBESS test, male student-athletes made significantly more errors in the single 

leg stance and tandem stance trials and had significantly higher mBESS total error scores 

compared to female student-athletes. On the other hand, female student-athletes performed better 

than male student-athletes on SAC cognitive screen tests, as female student-athletes achieved 

significantly higher scores on both the five-word immediate memory and delayed recall tests as 

well as the concentration total score. Significant main effects of concussion history were 

observed for the total number of baseline symptoms reported and total symptom severity scores, 

as student-athletes with a RHOC self-reported significantly more baseline symptoms and had 

significantly higher total symptom severity scores compared to student-athletes with No RHOC. 

Significant main effects of sex were observed for a majority of force plate COP measures of 

postural sway, whereas neither significant effects of concussion history nor interaction were 

present for any force plate COP measures. In both EO and EC conditions, male student-athletes 

exhibited significantly larger mean AREA-CE of sway, mean RMSdisp and mean COP range 

and faster mean COPvel compared to female student-athletes. Significant main effects of sex 

were also observed for multiple DU measurements of cerebral BFV. Compared to female 

student-athletes, male student-athletes presented with significantly higher mean CCA BFV and 

ICA BFV bilaterally and significantly higher mean total cerebral BFV. In contrast, female 

student-athletes had significantly higher mean BFV in the left VA compared to male student-
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athletes. A significant main effect of concussion history was only observed for right CCA BFV, 

as student-athletes with a RHOC had significantly lower mean right CCA BFV compared to 

student-athletes with No RHOC. Surprisingly, this study found no significant main effects of 

concussion history for any variable examined with the BrDITM assessment and the HurtSHynesTM 

Test. For the BrDITM, significant main effects of sex were observed for PV and VE in the 

standard condition and PV and MTf in the CMI condition. Male student-athletes attained 

substantially higher mean PV compared to female student-athletes in both the standard condition 

and the CMI condition, whereas female student-athletes exhibited significantly larger VE in the 

standard condition and significantly longer MTf in the CMI condition compared to male student-

athletes. For the HurtSHynesTM Test, male student-athletes made significantly more errors in the 

CMI condition compared to female student-athletes. Significant interaction effects between sex 

and concussion history were found for completion time in the standard condition and total errors 

in the CMI condition of the HurtSHynesTM Test, however, these interaction effects were 

observed between male and female student athletes with No RHOC. No significant effects of 

sex, concussion history and interaction between sex and concussion history were observed for 

oculomotor assessment variables and SCWT error variables. 

Sport Concussion Assessment Tool 5 

     The most common baseline symptoms self-reported by university varsity student-athletes on 

the SCAT5 graded symptom checklist were fatigue or low energy, troubles falling asleep, feeling 

nervous or anxious, neck pain, difficulties remembering, difficulties concentrating and 

headaches. The frequent self-reporting of these specific symptoms amongst university varsity 

student-athletes at baseline is consistent with the findings of multiple studies that examined 

baseline symptom reporting in university or collegiate student-athletes and high school athletes 
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using the SCAT graded symptom checklist.96,101,102,104,105,263-265 As multiple studies have 

demonstrated that these same athlete populations often receive an insufficient amount of sleep 

and experience poor sleep quality,266-270 the author of the current study speculates that sleep 

deprivation may have played a role in the higher frequency of self-reported fatigue or low 

energy, troubles falling asleep and headaches in this cohort of university varsity student-athletes 

evaluated at baseline. The current study found that student-athletes with a RHOC had 

significantly higher mean total number of baseline symptoms and mean symptom severity scores 

compared to student-athletes with No RHOC. These results are consistent with findings across 

multiple studies published over the past 20 years that have demonstrated that collegiate, 

university varsity and high school student-athletes with a history of one or multiple SRCs self-

report significantly more concussion-like symptoms at baseline compared to athletes with no 

history of SRC.102,104,271-273 Based on χ2 tests, concussion history was significantly associated 

with self-reporting troubles falling asleep, feeling nervous or anxious, sensitivity to noise, 

sensitivity to light, feeling like “in a fog”, experiencing nausea or vomiting and dizziness, with 

student-athletes with a RHOC found to be more likely to report each of these symptoms 

compared to student-athletes with No RHOC. However, it needs to be acknowledged that the 

strength of the associations were weak (0.10 < V < 0.20) based on the calculated Cramer’s V 

effect sizes. While a significant main effect of sex was not observed for total number of baseline 

symptoms and total symptom severity scores, female student-athletes self-reported more baseline 

symptoms and had higher mean symptom severity scores compared to male student-athletes. 

Multiple studies have demonstrated in various athlete populations that female athletes self-report 

significantly more symptoms and higher total symptom severity scores at baseline on the SCAT 

graded symptom checklist or a similar concussion symptom scale compared to their male athlete 
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counterparts.96,101,103,104,155,269 Based on χ2 tests, sex was significantly associated with self-

reporting baseline symptoms of neck pain, feeling nervous or anxious, difficulties concentrating, 

difficulties remembering and balance problems on the graded symptom checklist. Although 

Cramer’s V effect sizes were weak for each of these significant associations, female student-

athletes were shown to be more likely to self-report each of these symptoms at baseline 

compared to male student athletes. These results align with the major findings from a meta-

analysis274 on sex-related differences in baseline symptom reporting amongst high school and 

collegiate student-athletes, along with previous studies that evaluated collegiate or university 

varsity student-athletes101,102 and elite rugby athletes.155 Symptoms of neck pain, difficulties 

concentrating and feeling nervous or anxious, in addition to other symptoms including fatigue or 

low energy and irritability, may be associated with premenstrual syndrome and estrogen 

fluctuations during the female menstrual cycle.274-276 However, data regarding the stage of 

menses in female student-athletes at the time of preseason baseline testing and information on 

the typical symptoms that they experience during menses were not collected for the current 

study. For the orientation test, similar mean orientation scores were observed between male and 

female student-athletes in the current study, which is consistent with the findings across multiple 

studies involving high school and collegiate student-athletes undergoing baseline testing with the 

SCAT.96,103,105,156 However, some studies have reported significantly higher mean orientation 

scores in female athletes at baseline compared to male athletes.79,155 When analyzed by 

concussion history, the current study found significantly higher mean orientation scores in 

student-athletes with No RHOC compared to student-athletes with a RHOC. This result has not 

been observed in previous studies. As student-athletes with a RHOC still scored well on the 

orientation test overall, it is entirely possible that this statistically significant finding was the 
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result of a higher percentage of student-athletes with a RHOC scoring four out of five on the 

orientation test compared to student-athletes with No RHOC. Considerable ceiling effects in 

scoring were observed for the five-word immediate memory test, with nearly 70% of all student-

athletes scoring 15 out of 15. This is consistent with multiple studies that found ceiling effects in 

baseline five-word immediate memory total scores in youth athletes and collegiate or university 

varsity student-athletes.79,102,103,277 Female student-athletes had significantly higher mean five-

word mean immediate memory total scores compared to male student-athletes. This result aligns 

with the findings of Jinguji et al156 which determined that female high school athletes had 

significantly higher five-word mean immediate memory total scores at baseline compared to 

their male counterparts, but contrast with Shehata et al102 which reported similar baseline scores 

between male and female university varsity student-athletes. However, both of these previous 

studies102,156 had a much smaller sample size of female athletes compared to male athletes, 

whereas the sample size of student-athletes that completed the five-word immediate memory test 

in the current study consisted of a fairly equal representation of 150 male and 152 female 

student-athletes. For the five-word delayed recall test, the current study observed significantly 

higher mean delayed recall scores in female student-athletes compared to male student-athletes. 

This result aligns with the findings reported by Chin et al103 which determined in a large study 

population of high school and collegiate student-athletes competing in collision and contact 

sports that female athletes had significantly higher five-word delayed recall scores at baseline 

compared to male athletes. The higher percentage of female student-athletes in the current study 

that scored five out of five on the five-word delayed recall test compared to male student-athletes 

aligns with findings reported by Shehata et al102 in university varsity collision sport student-

athletes. However, the study by Shehata et al102 was comprised of an uneven sample size of 189 
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male and 60 female student-athletes, whereas the current study had a relatively balanced sample 

of 148 male and 151 female student-athletes that completed the five-word delayed recall test. 

When analyzed by concussion history, the current study found that student-athletes with No 

RHOC had higher mean five-word delayed recall scores compared to student-athletes with a 

RHOC. However, the effect of concussion history was not statistically significant for five-word 

delayed recall score. The optional ten-word list provided in the SCAT5 for the immediate 

memory and delayed recall tests has been shown to eliminate ceiling effects in baseline scores in 

various athlete populations.96,105,155,157,158 Many of these studies observed similar ten-word 

immediate memory and delayed recall scores between sexes and between athletes with a history 

of SRC and athletes with no history of SRC.96,105,155 To the author’s knowledge, only Norheim et 

al158 reported significant sex differences in baseline scores for the ten-word immediate memory 

and delayed recall tests in a population of collegiate student-athletes. Therefore, the ten-word list 

for the immediate memory and delayed recall tests should be administered to university varsity 

student-athletes in future preseason baseline testing protocols in order to eliminate ceiling effects 

in scoring and to obtain an accurate representation of baseline performance on both tests that can 

be compared to scores immediately following SRC and at subsequent post-concussion testing 

timepoints. The months in reverse order test in the concentration component of the SAC was an 

easy test for a majority of student-athletes participating in this study. This is consistent with the 

results of previous studies that examined baseline performance on the months in reverse order 

test in university varsity student-athletes102 and high school rugby athletes.96 For the digits 

backwards test, approximately 18% of 298 student-athletes in the current study received a digits 

backwards score of four out of four by reciting all six digits backwards. These results contrast 

with the findings of Shehata et al102 which demonstrated that 51% of all university varsity 
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student-athletes participating in their study were able to recite all six digits backwards at 

baseline. However, the findings reported by Shehata et al102 were limited to male and female 

student-athletes competing in university varsity ice hockey, football and wrestling. In contrast, 

the current study was comprised of university varsity student-athletes from a variety of collision 

sports, contact and limited contact/non-contact sports. When the scores for months and reverse 

order and digits backwards tests were summed to obtain the total concentration score, female 

student-athletes in the current study had significantly higher mean concentration total scores 

compared to male student-athletes. This result aligns with Tucker et al155 which reported that 

elite women’s rugby athletes had significantly higher concentration total scores at baseline 

compared to elite men’s rugby athletes. However, the results of the current study contrast with 

the findings reported by Petit et al,105 which in a large study population of NCAA collegiate 

student-athletes from a variety of sports observed no significant differences in concentration total 

scores between male and female student-athletes. The major effects of sex on baseline mBESS 

performance in the current study, with male student-athletes performing worse compared to 

female student-athletes, is consistent with the findings across multiple studies that evaluated 

baseline mBESS performance in a variety of athlete populations including collegiate student-

athletes.96,103,155,156 However, our results for the mBESS test contrast with Petit et al105 which 

found no significant differences between male and female NCAA collegiate student-athletes in 

single leg stance errors, tandem stance errors and mBESS total error scores. The absence of a 

significant effect of concussion history on mBESS variables at baseline in the current study is 

consistent with findings across multiple studies that evaluated high school and collegiate student-

athletes and found no significant associations of concussion history, or differences between 

athletes with a concussion history and athletes with no concussion history, in errors made at 
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baseline in each of the three mBESS stances and mBESS total error scores.96,103,105,126 A majority 

of student-athletes in the current study had normal results for each of the SCAT5 rapid 

neurological screen tests. This is consistent with the findings reported by Black et al96 in high 

school rugby athletes evaluated at preseason baseline testing. Interestingly, 13 male student-

athletes in the current study experienced pain on the passive cervical spine movement test, 

whereas only two female student-athletes experienced pain when performing this test. These 

observations may be associated with a previous history of concussion, as 11 student-athletes with 

a RHOC, nine of which were males, experienced pain on the passive cervical spine movement 

test compared to four student-athletes with No RHOC. Studies that involved professional male 

ice hockey athletes159 and male elite-level rugby athletes166 undergoing concussion screening 

within one day of a suspected concussion found that a small subset of athletes experienced pain 

on the passive cervical spine movement test regardless of whether they were diagnosed with a 

concussion or not. 

Force Plate Postural Sway Assessment 

     The significantly larger RMSdisp and faster COPvel observed in male student-athletes for the 

force plate postural sway assessment is consistent with previous studies which demonstrated that 

male athletes within various age groups exhibit significantly higher force plate COP measures of 

postural sway during 20 sec quiet standing tasks performed at baseline compared to age-matched 

female athletes.134,278,279 The mechanisms underlying the significant effects of sex on force plate 

COP measures of postural sway are likely multifactorial and complex. Male student-athletes in 

the current study were significantly taller and heavier than female student-athletes, which may 

have contributed to males having greater difficulty in maintaining their posture on the force plate 

while standing in the upright position with EO and EC. In addition, females benefit anatomically 
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from having a wider pelvis and shorter or smaller bone structure compared to males, which 

automatically lowers their centre of gravity closer to the ground (base of support) and provides 

them with better postural control and stability compared to males. Outside of sex-related 

anatomical factors, female student-athletes in the current study may have had more competitive 

experience in artistic sports (ex. gymnastics, figure skating and cheerleading) that require high 

quality postural control and fluidity between static and dynamic postural states.134,278,280 Howell 

et al278 reported that female athletes who competed in gymnastics, dance, and figure skating 

demonstrated significantly higher overall postural control ratings in all three mBESS stance 

conditions performed on a video-force plate system compared to both female and male athletes 

who participated in other sports (ex. soccer, basketball, lacrosse). Therefore, the significant 

differences between sexes in force plate COP measures of postural sway in the current study may 

have been influenced by a distinct training effect rather than solely sex-related anatomical 

characteristics. The absence of significant effects of concussion history for any force plate COP 

measures of postural sway in the current study is consistent with the findings reported by 

Dierijck et al120, which demonstrated no discernable baseline differences in RMSdisp and 

COPvel between young adult male athletes with a history of three or more previous SRCs and 

matched athletes with no history of SRC assessed in 60 sec quiet stance trials performed in EO 

and EC conditions. Multiple studies have examined the effects of acute concussion on force plate 

COP measures of postural sway in university varsity or collegiate student-athletes.127,131 Powers 

et al127 demonstrated that concussed university varsity football athletes had significantly larger 

RMSdisp AP and faster COPvel AP in EC conditions compared to non-concussed teammates, 

with COPvel AP still elevated in concussed athletes when assessed at RTS (26.44 + 14.03 days 

post-concussion). Pryhoda et al131 reported that COPvel ML quantified in a double leg stance 
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performed on a hard surface in EC conditions differentiated concussed collegiate student-athletes 

from non-concussed student-athletes at three days post-concussion. When collegiate student-

athletes were assessed at six months post-concussion after having received medical clearance to 

RTS several months prior, Pryhoda et al131 found that 60% of student-athletes (nine out of 15 

athletes) had not recovered within the proposed clinical thresholds for COPvel ML (6.2 mm/sec) 

quantified in the double leg stance on a hard surface. In contrast to these studies, Dierijck et al120 

assessed quiet stance postural control in a cohort of concussed ice hockey and football athletes at 

72 hours, two weeks and one-month post-concussion and found no significant differences in 

RMSdisp and COPvel measures in both EO and EC conditions between concussed athletes and 

healthy non-concussed athletes matched for sport, age, BMI, and previous SRC history. Outside 

of the collegiate and university student-athlete population, Rochefort et al128 demonstrated that 

adolescents assessed at one-month post-concussion exhibited significantly larger AREA-CE of 

sway compared to healthy adolescent controls during two-minute double-leg stance standing 

trials performed in EO, EC and dual-task conditions on a Nintendo Wii Balance Board. In 

addition, Rochefort et al128 reported that the original BESS test failed to differentiate balance 

performance between concussed adolescents and healthy controls. As a whole, the collection of 

findings across studies provides supporting evidence for objectively evaluating postural control 

and sway in concussed athletes in a longitudinal manner using force plate methods in order to 

detect impairments that are not identified by the mBESS or BESS tests following the initial three 

to five days post-concussion when errors scores for these tests typically return to baseline 

values.102,148,149,153, 159,161 
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Cerebral Blood Flow Volume Assessment 

   The significant effects of sex observed in the current study on DU measurements of CCA and 

ICA BFV bilaterally and total cerebral BFV contrast with findings reported in multiple DU 

studies which demonstrated no significant role of sex for each of these measurements in healthy 

adult participants.187-192 However, student-athletes in the current study were exclusively young 

adult males and females, whereas the previous studies examined cerebral BFV in healthy adult 

male and female participants from various age cohorts throughout the lifespan (ex. 20 – 39, 40 – 

59, 60 – 85 years old).187-192 Therefore, it is difficult to make comparisons with the significant 

sex-related results in the current study for CCA, ICA and total cerebral BFV.  For example, 

Scheel et al189 (39 males, mean age, 51.8 + 19.4 years old; 39 women, mean age, 51.9 + 19.1 

years old) and Albayrak et al190 (90 males, mean age, 49.8 + 17.4 years old; 90 females, mean 

age 49.5 + 17.5 years old) examined cerebral BFV measurements primarily in healthy middle-

aged adults. The result of significantly higher left VA BFV in female student-athletes compared 

to male student-athletes partially aligns with the non-significant results from Albayrak et al190 

which demonstrated that healthy adult female participants between the ages of 20 to 39 years old 

had higher mean BFV in the left and right VA compared to healthy males within the same age 

group. Within sexes, both male and female student-athletes had significantly higher mean BFV 

in the left VA compared to the right VA, which is consistent with previous research that 

evaluated BFV differences between the left and right VA in healthy adults using DU.187,190,192 

There are multiple working hypotheses that could explain the isolated significant main effect of 

concussion history on right CCA BFV demonstrated in the current study, with student-athletes 

with a RHOC presenting with significantly lower mean BFV in the right CCA compared to 

student-athletes with No RHOC. It is possible that some of the student-athletes with a RHOC 
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may have sustained a concussion within the year prior to their preseason baseline data collection 

date and thus may have had some lingering deficits in BFV within the right CCA. Unfortunately, 

the descriptive statistics for time in years since last concussion were calculated and reported for 

all university varsity student-athletes with a RHOC. The calculation of the mean time in years 

since last concussion was not performed for student-athletes providing data for each individual 

baseline assessment, including the DU cerebral BFV assessment, as this was beyond the scope of 

this study. The sex of student-athletes in the RHOC and No RHOC groups may have also played 

a contributing factor in this outcome for right CCA BFV. Mean right CCA BFV for both female 

student-athletes with a RHOC (n = 25; 545.94 + 109.28) and male student-athletes with a RHOC 

(n = 16; 614.42 + 90.31) were noticeably lower compared to their same-sex counterparts of 

female student-athletes with No RHOC (n = 16; 593.20 + 79.55) and male student-athletes with 

No RHOC (n = 22; 674.76 + 132.47). At the same time, however, a significant interaction effect 

between sex and concussion history was not observed for right CCA BFV. It is also possible that 

student-athletes with a RHOC may have presented with less BFV in the right CCA as a result of 

the anatomical origins of the artery in addition to the effects of concussion. The right CCA 

originates from the brachiocephalic artery which also branches into the right subclavian 

artery.169,170 In contrast, the left CCA branches directly off the aortic arch.169,170 Given these 

differences in anatomical origin, the author of the current study speculates that the left CCA may 

receive a greater supply of blood flow compared to the right CCA. 

     A majority of studies that have investigated the effects of SRC on global and regional 

measurements of CBF volume have primarily focused on the acute and sub-acute stages of SRC 

and limited their statistical analyses to comparing CBF volume differences between concussed 

athletes and healthy athlete controls matched by sex, age and sport.154,183-186 For example, 
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multiple studies have found significantly reduced regional CBF volume in various lobes, 

cortices, gyri and other brain structures in concussed collegiate athletes compared to sex-, age- 

and sport-matched healthy athletes.154,183,184 Unfortunately, there is a scarcity of long-term 

studies that have examined sex-related differences in global and regional CBF volume 

measurements in athletes with a history of SRC and athletes with no history of SRC. To the 

author’s knowledge, only Hamer et al281 pursued this research question using ASL techniques by 

recruiting 122 university varsity student-athletes from a variety of sports and dividing them into 

four cohorts based on sex and previous history of SRC. Hamer et al281 demonstrated that male 

student-athletes with a history of SRC had significantly lower bilateral CBF volume, 

predominately in the temporal lobes, compared to male student-athletes with no history of SRC. 

While Hamer et al281 found no significant differences in CBF volume between female student-

athletes with a history of SRC and female student-athletes with no history of SRC, they observed 

that female student-athletes with a history of SRC had significantly greater variability in 

temporal CBF volume distribution compared to male student-athletes with a history of SRC. As 

there were no significant differences in temporal CBF volume variability observed between male 

and female student-athletes with no history of SRC, this suggests that the significantly greater 

CBF volume variability observed in female student-athletes with a history of SRC relative to 

males with a history of SRC was unlikely influenced by sex-related hormonal differences at the 

time of ASL imaging. Therefore, the major findings from Hamer et al281 and the results of the 

current study provide strong justification to prioritize research in sex-specific models of 

neurophysiological recovery following SRC.     
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Brain Dynamic IndicatorTM and HurtSHynesTM Test  

 
     The significant main effects of sex observed for specific BrDITM variables in the current study 

contrast with findings reported in previous studies that examined performance in standard and 

non-standard visuomotor mapping tasks in university varsity student-athletes228 and youth 

athletes.230,231 Each of these studies demonstrated no significant effects of sex for any movement 

timing and movement execution variables.228,230,231 The author of the current study speculates 

that the significantly higher mean PV observed in male student-athletes compared to female 

student-athletes in both the standard and CMI condition may be associated with male student-

athletes having more competitive experience in sports that frequently involve non-standard 

visuomotor mapping tasks during competition and in-game scenarios. Over time they developed 

and honed their skills in using CMI in these scenarios and the ability to execute fast movements 

effectively and efficiently. The current study observed no significant effects of concussion 

history for any movement timing and movement execution variables measured in the standard 

condition and the CMI condition. This was surprising to the author of the current study, 

particularly for the CMI condition. The CMI condition of the BrDITM is a non-standard 

visuomotor mapping task that has a greater level of task complexity with two levels of vision and 

motor decoupling (explicit rule integration and sensorimotor recalibration) that is specifically 

designed to draw out lingering neurological deficits in athletes or individuals with a previous 

history of concussion that would not be identified with less sensitive standard visuomotor 

mapping tasks that test cognition and motor function seperately.222 Based on the results of the 

current study, however, it can be concluded that student-athletes with a RHOC had no any 

lingering deficits in CMI performance. The absence of a significant effect of concussion history 

on PV in the current study is consistent with findings reported in previous studies.229,231 
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Interestingly, student-athletes with a RHOC exhibited higher mean PV in their limb movements 

in both the standard and CMI condition compared to student-athletes with No RHOC, although 

this was not statistically significant. This observation contrasts with findings from previous 

studies that observed similar or higher mean PV in athletes with no history of SRC compared to 

athletes with a history of SRC.229,231 The non-significant but higher mean PV exhibited by 

student-athletes with a RHOC in the current study may have been confounded by the larger 

proportion of male student-athletes in the RHOC group (n = 25) compared to female student-

athletes with a RHOC (n = 14). As previously described, male student-athletes with a RHOC 

may have benefited from prior competitive sport experience and a highly developed CMI skillset 

in the context of their particular sport that was transferred to the BrDITM. Mean RT in both the 

standard and CMI condition were very similar between student-athletes with a RHOC and 

student-athletes with No RHOC. This was an unexpected result, as Hurtubise et al229 

demonstrated that asymptomatic professional ice hockey draft prospects with a history of SRC 

had significant performance deficits in RT in the CMI condition compared to age- and skill-

matched prospects with no history of SRC. The author of the current study is uncertain as to 

what could be the reason(s) for this discrepancy between studies, and therefore recommends that 

it should be explored further in future studies with more comparable participant sample sizes of 

athletes with a history of SRC and well-matched athletes with no history of SRC. The lack of a 

significant effect of concussion history on AE in the current study in both the standard and CMI 

conditions aligns with findings previously reported by Brown et al228 in university varsity 

student-athletes. In contrast, Hurtubise et al229 demonstrated that asymptomatic professional ice 

hockey draft prospects with a history of SRC had significantly larger AE, indicating reduced 

accuracy, compared to age and skill-matched draft prospects with No RHOC. On the other hand, 
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Dalecki et al231 showed that asymptomatic youth athletes with a history of SRC had significantly 

smaller AE and thus greater movement accuracy in both the vertical (standard) and horizontal 

rotated (CMI) conditions compared to age-matched athletes with no history of SRC. The 

discrepancies in findings across studies for AE could be explained by the recovery status of 

athletes following their most recent SRC.228,229,231 For example, the ice hockey draft prospects 

with a history of SRC in the study by Hurtubise et al229 had persisting performance deficits in AE 

due to not having achieved complete neurological recovery from their most recent SRC. No 

significant effects of concussion history on VE in the standard condition and CMI condition were 

observed in the current study, which is consistent with findings reported in previous 

studies.228,229,231 However, both a significant main effect of sex and a significant interaction effect 

between sex and concussion history were observed for VE in the standard condition. Female 

student-athletes had significantly larger VE in the standard condition compared to male student-

athletes, indicating reduced precision in this condition for female student-athletes. For the 

significant interaction effect on VE in the standard condition, female student-athletes with a 

RHOC exhibited significantly larger VE in the standard condition compared to male student-

athletes with a RHOC. As this significant interaction effect on VE in the standard condition was 

not observed between male and female student-athletes with No RHOC, it appears that female 

student-athletes with a RHOC were less precise in their arm movement end points in the standard 

condition. However, it has to be acknowledged that only 14 female student-athletes that 

completed the BrDITM assessment had a RHOC, and therefore this small sample of female 

student-athletes with a RHOC may have impacted the significance level of this interaction effect. 

Similar to the results for the BrDITM assessment, no significant effects of concussion history were 

observed for HurtSHynesTM Test variables. A significant main effect of sex was only observed 
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for total errors in the CMI condition, as male student-athletes made significantly more errors in 

the CMI condition compared to female student-athletes. A significant interaction effect between 

sex and concussion history was also observed for total errors in the CMI condition, as male 

student-athletes with No RHOC made significantly more errors in the CMI condition compared 

to female student-athletes with No RHOC. Interestingly, mean total errors in the CMI condition 

were comparable between male and female student-athletes with a RHOC. A significant 

interaction effect between sex and concussion history was observed for completion time in the 

standard condition. Again, the significant interaction effect was present between male and female 

student-athletes with No RHOC, as female student-athletes with No RHOC had significantly 

longer competition times in standard condition compared to male student-athletes with No 

RHOC. In summary, the absence of a significant effect of concussion history for completion time 

and total errors in both the standard and CMI conditions of the HurtSHynesTM Test, in addition 

to the significant interaction effects isolated between male and female student-athletes with No 

RHOC, provides supporting evidence that student-athletes with a RHOC in this study had 

neurologically recovered from their previous concussions. 

Oculomotor Assessment 

     The current study found no significant effects of sex, concussion history and interaction 

between sex and concussion history for saccade latency and antisaccade reaction time in 

university varsity student-athletes. Multiple studies have evaluated impairments in oculomotor 

performance in young adult athletes diagnosed with SRC and adults with mild closed head injury 

(mCHI) using computerized oculomotor tasks and longitudinally monitored the resolution of 

oculomotor impairments and overall clinical recovery.236-238,241 These studies examined various 

measures of oculomotor performance including antisaccade latency or reaction time, percentage 
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of directional errors in antisaccades (ex. performing a saccade instead of an instructed 

antisaccade) and memory-guided sequences of saccades and the number of self-paced saccades 

generated within a 30 sec time period. Johnson et al236 and Webb et al238 demonstrated that 

young adult athletes with SRC exhibited significantly longer antisaccade latencies or reaction 

times and significantly higher percentage of directional errors for antisaccades at one-week post-

concussion compared to healthy physically active controls matched by sex and age. Johnson et 

al236 also found that concussed athletes generated significantly fewer self-paced saccades in 30 

secs and made significantly more directional errors in memory-guided sequences of saccades at 

one-week post-concussion compared to healthy matched controls. Similar to these studies, 

Heitger et al241 determined that adult patients diagnosed with mCHI exhibited significantly 

longer antisaccade latencies and significantly more directional errors in memory-guided 

sequences at one-week post-injury compared to healthy sex- and age-matched controls with no 

history of head injury. Johnson et al237 and Webb et al238 evaluated concussed athletes with 

follow-up oculomotor assessments performed at 30 days post-concussion and 14 – 20 days 

following the initial assessment, respectively. While both studies demonstrated that the 

percentage of directional errors in antisaccades were still significantly higher in concussed 

athletes compared to healthy matched controls, antisaccade latencies or reaction times were not 

significantly different between groups at follow-up assessments.237,238 Additionally, Johnson et 

al237 reported that concussed athletes at 30 days post-concussion continued to present with 

deficits in self-paced saccades and memory-guided sequences of saccades, although some 

improvements were observed in these measures compared to values at one-week post-

concussion. Heitger et al241 continued to evaluate mCHI patients at three, six and 12 months 

post-injury. Compared to healthy sex- and age-matched controls with no history of head injury, 
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mCHI patients exhibited less deficits in antisaccade latency and significantly more directional 

errors in memory-guided sequences of saccades at 3 months post-injury.241 When evaluated at 

six and 12 months post-injury, no abnormalities in antisaccade latency and memory-guided 

sequences of saccades were observed in this cohort of mCHI patients.241 The lack of a significant 

effect of concussion history on saccade latency and antisaccade reaction time in the current study 

is therefore not surprising given the fact that a majority of student-athletes with a RHOC had 

sustained their most recent concussion beyond one year prior to participating in the preseason 

baseline testing protocol. Based on the findings from previous studies,88,237,238,241 university 

varsity student-athletes with SRC that present with oculomotor symptoms should be evaluated 

longitudinally using computerized oculomotor tasks in order to examine the presence of residual 

oculomotor impairments and to monitor their resolution.  

Stroop Colour and Word Test  

     To the author’s knowledge, this is the largest dataset of baseline values for errors made in 

each SCWT task collected from a population of adult male and female athletes. The current 

study demonstrated no significant main effects of sex, concussion history or interaction effects 

between sex and concussion history on errors made in the word task, colour task and 

interferences task and total errors for the entire SCWT. The absence of a significant effect of 

concussion history on SCWT errors in the current study expands on the findings of previous 

studies253,254 that examined SCWT performance in exclusively adult male athlete populations 

with smaller sample sizes compared to the current study. For example, Moore et al253 compared 

SCWT performance between university varsity soccer athletes with a history of SRC (27.3 ± 3.6 

months since last SRC) and regular exposure to sub-concussive head impacts, university varsity 

soccer athletes who regularly sustained sub-concussive head impacts but self-reported no history 
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of SRC and non-contact sport university athletes matched to soccer athletes by BMI, age, 

education and years of sport participation. Using a series of repeated measures ANOVAs, Moore 

et al253 demonstrated no significant main effects of group for errors made in the word, colour and 

interference task of the SCWT. Clough et al254 demonstrated no significant differences in SCWT 

performance between male amateur Australian rules football athletes with a history of SRC 

(greater than six months since last SRC) and sex- and age-matched athletes with no history of 

neurotrauma or participation in collision sports. In contrast to the results of the current study and 

previous research,253,254 Caffey and Dalecki251 demonstrated that non-athlete college students 

with a history of SRC from adolescence (45.30 ± 23.45 months since last SRC) had a 

significantly higher Stroop error rate on a computerized SCWT compared to sex- and age-

matched non-athlete college students with no history of SRC. Caffey and Dalecki251 also found 

that students with a history of SRC had a significantly higher error rate in the Stroop incongruent 

task condition (equivalent of the interference task in the current study) compared to the college 

students with no history of SRC. To the surprise of the author of the current study, student-

athletes with a RHOC had comparable mean errors in the interference task to student-athletes 

with No RHOC. Therefore, it can be concluded that student-athletes with a RHOC did not 

experience greater difficulties on the interference task compared to their No RHOC counterparts 

in having to activate the commonly inhibited response of stating the ink colour of the colour-

word and subduing the cognitive interference associated with the predominant response of 

stating the colour-word. It has been hypothesized that injury-induced dysfunction and alterations 

within the frontoparietal networks and interconnections between brain structures may be a 

contributing factor in poor performance on the SCWT for individuals with a previous history of 

concussion or TBI.223,224,226,251 However, the results of the current study for the SCWT 
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demonstrate that a history of SRC has no long-term effects on executive cognitive functioning in 

young adult athletes competing at the university varsity level. 

Strengths and Limitations  
 

     As previously stated, this is the largest study of its type to analyze preseason baseline data 

collected from Canadian male and female university varsity student-athletes using a variety of 

validated baseline assessments. Comparable sample sizes of male and female student-athletes 

provided baseline data for each assessment. Additionally, preseason baseline data was collected 

from male and female student-athletes from a variety of collision sports, contact sports and 

limited contact/non-contact sports. Therefore, the results of this study can be generalized to male 

and female university varsity student-athletes at other Canadian universities competing in the 

same sports within the U Sports governing body. However, this study has some limitations that 

need to be addressed. A healthy survivor effect may be present in the subset of student-athletes 

with a RHOC. Some athletes may have retired from their sport during adolescence due to their 

history of one or multiple SRCs and therefore they did not reach the competitive university 

varsity level. As a result, there may be a cohort of former athletes that present with impairments 

or deficits in some of the baseline assessments used in this study. Concussion history data may 

have been influenced by recall bias. Student-athletes self-reported the number of previously 

diagnosed concussions that they had experienced, and if they had at least one previously 

diagnosed concussion, they also self-reported the recovery time of their most recent concussion 

and the number of years since their most recent concussion. As concussion non-disclosure 

amongst young adult and youth athletes is still a prominent issue, there may have been some 

student-athletes that avoided reporting a recent history of SRC (especially if they were actively 

playing their sport(s) in the summer or offseason) on their demographic information sheet in 
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order to start their season or training camp on time without delay. Common reasons or factors 

that athletes often describe for not disclosing a possible SRC or a recent history of SRC include 

the following: they do not want to be removed from a game or competition; fears related to 

losing future playing time or a roster spot; they believe that the concussion and the symptoms 

that they are experiencing are not serious or severe; they face immense pressure from coaches, 

teammates and/or parents to “tough it out” and continue playing in order to avoid “letting their 

team down”.113,282-286 There was substantial variation in the sample sizes of student-athletes 

providing data for each assessment. For example, the SCAT5 and force plate postural sway 

assessments were well attended by student-athletes and thus received a comprehensive dataset 

for the descriptive analyses. However, less student-athletes participated in the BrDITM and DU 

cerebral BFV assessments given that these assessments were longer in duration. For future 

preseason baseline testing protocols, we hope to have a more evenly distributed allocation of 

student-athletes for each baseline assessment in order to obtain a more thorough dataset of 

normative baseline values for the university varsity student-athlete population. Demographic 

characteristics including anthropometric measurements and concussion history data (ex. number 

of previous diagnosed concussions, years since last concussion) were analyzed based on the 

entire university varsity student-athlete population that participated in the study, rather than 

analyzing demographic characteristics of student-athletes providing data for each individual 

assessment. The inter- and intra-rater reliability of measuring cerebral BFV using DU was not 

addressed in this study. As DU is an operator-dependent procedure, a single sonographer was 

responsible for collecting cerebral BFV measurements in order to avoid operator bias. 

Nevertheless, DU is a valuable non-invasive diagnostic tool that can be utilized for assessing 

changes in cerebral BFV following SRC longitudinally, given its low operational costs, 
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accessibility for repeated measurements and its suitability for bedside monitoring.190,191 The 

reporting of errors for each task in the SCWT were performed manually by a single examiner 

due to the novel methodology used with the application of the VR goggles. For future preseason 

baseline testing protocols, it is recommended that error reporting should be automated within the 

NeuroFlex® vision software system in order to enhance the reliability and accuracy of error 

reporting. 

Future Directions 

     This dataset of normative baseline values collected from university varsity student-athletes 

can be utilized as a foundation for the development of a longitudinal study whereby concussed 

student-athletes are evaluated at the acute stage of SRC, throughout the recovery process and up 

to being cleared for RTS and RTL. With a larger sample size of student-athletes, future studies 

could examine differences in assessment variables between athletes in similar (ex. men’s football 

vs woman’s rugby) or dissimilar sports (ex. track and field vs men’s and women’s hockey 

combined) or make statistical comparisons between student-athletes grouped by participation in 

collision, contact and limited/non-contact sports. The author of the current study recommends 

that assessments that require an examiner to subjectively evaluate a student-athlete’s 

performance in a specific metric should be paired with an objective assessment for a similar 

metric, when possible, in future preseason baseline testing sessions and/or at post-concussion and 

recovery time points. The mBESS test for example can be paired with the force plate postural 

sway assessment to evaluate postural control deficits in concussed student-athletes during the 

initial three to five days post-concussion. If the student-athlete’s performance on the mBESS 

returns to their baseline values during or after this period, the force plate postural sway 

assessment can continue to be administered longitudinally through the remainder of the acute 
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stage of SRC and at scheduled timepoints during the athlete’s recovery up to RTS and RTL in 

order to determine if RMSdisp and COPvel measures have returned to baseline values. For the 

evaluation of CMI, the BrDITM should be used during the acute stage of SRC to objectively 

assess deficits in movement timing and movement execution variables in both the standard and 

CMI condition. The HurtSHynesTM Test can be paired with the BrDITM during the RTS and RTL 

progressions when the athlete has been medically cleared to engage in sport-specific exercise and 

participate in non-contact or full contact practice with their team. To address the potential link 

between concussion symptom presentation in female student-athletes with premenstrual 

syndrome and estrogen fluctuations during menses, menstrual cycle data should be collected 

from female student-athletes at future preseason baseline testing sessions, during the acute stage 

of SRC and at subsequent time points during their recovery. Female student-athletes could be 

asked to describe the symptoms that they typically experience during their menstrual cycle along 

with the severity of symptoms. This data would benefit researchers and athletic therapists in 

clinically differentiating symptoms related to menses and symptoms experienced following SRC.  

Conclusions  
 
     This study revealed that university varsity student-athletes with a RHOC had no deficits or 

impairments in a majority of baseline assessment variables compared to student-athletes with No 

RHOC. These results provide supporting evidence that a majority of athletes recover from their 

previous SRCs. Sex-related differences in this study were most pronounced in DU measurements 

of cerebral BFV, mBESS test errors and force plate COP measures of postural sway. In response, 

we need to direct our focus towards developing sex-specific models of recovery for these metrics 

in order to enhance our understanding of the differences between sexes. Overall, this study 
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expands our understanding of the variability of results for university varsity student-athletes 

across a variety of baseline assessments. 
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