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Abstract 

Sex-related differences are commonly overlooked in most biomedical fields including 

concussion research. Much of the current concussion literature focuses on the analyses of 

males or a combined approach, lacking the separation of sexes for analytical purposes. 

Methods: Data were collected from 299 university athletes with varying concussion 

histories. Kinematic visuomotor measures and emotional symptoms were assessed through a 

basic visuomotor task and SCAT self-report measures. Results: Visuomotor performance 

varied substantially with concussion history and sex, with multiple concussions being linked 

to better performance. Emotionality results revealed females with 2 or more concussions have 

higher odds of being irritable, while 21-22-year-old females have lower odds of being 

nervous/anxious compared to their younger counterparts. No significant emotionality results 

were discovered for males. Conclusion: This study underscores distinctive recovery metrics 

between sexes in emotional and visuomotor domains following concussive injury. Findings 

suggest the need for tailored diagnostics and treatment for athletes following injury.  
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Chapter 1: Introduction 

 Concussions are clinically diagnosed mild traumatic brain injuries (mTBI) resulting 

from transmitted impulsive forces to the brain or rapid acceleration-deceleration of the head 

(Master et al., 2018; Mullally, 2017). Annually, millions of individuals sustain concussions, 

with some experiencing prolonged effects (Champagne et al., 2023; Master et al., 2018). 

While concussive injuries are often sport-related, other mechanisms include falls, motor 

vehicle accidents, work-related injuries and interpersonal conflict resulting from direct or 

indirect trauma. Acute concussion recovery is typically associated with few or no 

complications, with recovery in days to weeks (Master et al., 2018). For persons with 

persistent symptoms, for one month or longer, the complexities may vary. Concussions can 

produce a variety of emotional and cognitive symptoms including, anxiety, depression and 

chronic headaches, along with attention, concentration, and visuo-vestibular deficits (Master 

et al., 2018).  

 Relative to non-sport related concussive injury, sport-related concussions (SRC) have 

been extensively studied partially owing to the high incidence and visibility of concussions 

among athletic populations and particular implications for youth and young adults.  

 Again, much is known about the mechanisms surrounding concussions and their 

symptoms but scant research exists regarding the sex differences in the presentation of said 

symptoms. This research is potentially significant as it aims to address the gaps in literature 

surrounding these differences. Further, understanding and distinguishing the difference 

between sexes regarding concussive injury, whether an athlete or non-athlete, is fundamental 

in formulating appropriate diagnostic protocols and recovery strategies. 

1.1 Objectives & Hypotheses 

 This study is a comprehensive follow-up to the preliminary findings of Pierias (2021), 

where it was identified that males and females with concussion history exhibited distinctive 
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post-concussion outcomes, wherein females recovered more reliably on visuomotor skills and 

reported significantly greater emotionality symptoms than males. The main objectives of this 

research were to 1) investigate sex-related differences in visuomotor skills, cognition and 

emotionality in university athletes with and without concussion history, 2) examine the effect 

that concussion history has on participants’ complex skilled performance and emotionality, 

and 3) determine the nature of deficits across the aforementioned domains. Based on previous 

literature, it is hypothesized that females will recover more favourably in the visuomotor 

performance domain and lower in emotionality, while males will recover more favourably in 

the emotionality domain, and lower in visuomotor performance. Additionally, an increasing 

number of concussions decrease performance, with increasing performance across all age 

groups. It is further posited that among participants with concussion history, a positive 

relationship between the number of months lived since concussive injury and kinematic 

performance will exist such that the time between a concussion and the date of assessment 

decreases, performance will increase. 
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Chapter 2: Literature Review  

2.1 Clinical Presentation, Diagnosis and Assessment of Concussions 

 SRCs present with a broad spectrum of clinical symptoms, consistent with those 

observed in non-SRCs. This requires the need for a multidimensional approach to the 

assessment and diagnosis of SRC. Owing to differences in presentation between individuals, 

concussive symptoms can vary across emotional, cognitive, and physical domains. Common 

emotional and cognitive symptoms include but are not limited to amnesia, anxiety, 

irritability, fatigue, and mental fogginess, while physical symptoms commonly include 

postural stability or balance issues and headaches (Putukian & Johnson, 2011). Further, 

distinctions in prevalence rates between males and females are present with females reporting 

higher rates of concussion diagnoses than males (Black et al., 2017). Similarly, females 

report more symptoms and greater symptom severity scores on concussion diagnostic testing 

(Alsalaheen et al., 2021).  

 As this research focused on SRC history, it is imperative to address the sex-based 

disparities in concussion diagnoses among athletes. The lifetime prevalence of a SRC among 

adolescents is around 24.6% (Veliz et al., 2021), with up to a 19% likelihood of an athlete 

sustaining a concussive injury during a single season of contact sport participation (Goodwin 

et al., 2023). However, due to the heavy reliance on self-reported symptoms in concussion 

diagnostic protocols, prevalence rates vary substantially across athletic populations.  

 Together with disparities in prevalence, sex-based differences have been identified in 

the clinical presentation of symptoms. Select sports concussion literature finds that female 

athletes may report higher post-concussive symptoms than males during baseline 

assessments. In meta-analysis work by Brown et al. (2015), they found that females were 

43% more likely to report any symptoms associated with concussion at baseline testing. 

Additionally, for high school and college athletes, they observed significantly higher total 
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symptom scores for females, compared to males at baseline. Of the symptoms reported, 

females had a significantly higher rate of reporting difficulty concentrating, emotional 

symptoms, vision/hearing problems, headaches, and energy/sleep disturbances (Brown et al., 

2015). Comparable findings indicate that female athletes report significantly higher numbers 

of mild baseline symptoms compared to male athletes (Covassin et al., 2006). Additional to 

the increased number of symptoms reported by females, they also have greater symptom 

severity of feeling slowed down, pressure in the head, fatigue, drowsiness, dizziness, 

sensitivity to light, and sensitivity to noise (Bunt et al., 2021).    

 Part of the challenge surrounding the diagnoses of concussion in athletic and non-

athletic populations is due to proper education and understanding of when and how to 

identify relevant symptoms.  

 Current international protocols require athletes to be evaluated by a physician and 

meet baseline measurements of both cognitive and motor assessments separately prior to 

beginning return-to-sport progressions. However, these assessments are identical for males 

and females despite evidence indicating distinct neural, biological, cognitive, physical and 

emotional manifestations of the injury between sexes. There exist several diagnostic tools for 

diagnosing and monitoring sports-related concussions, including but not limited to Post-

Concussion Symptom Scale (PCSS), the Standardized Assessment of Concussion (SAC), the 

Sport Concussion Assessment Tool (SCAT), and Immediate Post-Concussion Assessment 

and Cognitive Testing (ImPACT) (Dessy et al., 2017). All assessments are used to evaluate 

and monitor SRCs, while the ImPACT and PCSS are also used in clinical settings.  

 A concern with most, if not all current diagnostic tools, is the lack of considering sex-

related information as diagnostic criteria using an evidence-based approach. Understanding 

the varying prevalence rates between sexes, in addition to nuances in the way males and 
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females clinically present and recover from concussions, is crucial to developing sound and 

safe concussion protocol programs, designed to keep athletes and non-athletes safe.  

2.2 Sex-Related Differences in Concussion 

 Sex-related differences are a component of research that has been overlooked in most 

biomedical fields, most notably in concussion research. Current literature often lacks 

separation of sexes for analytical purposes, focusing mainly on males or a combined 

approach. However, recent studies of cognition and brain networks have adjusted to include 

the comparison of, or separation of, the two. Some studies have shown differences in the 

prevalence of concussions in males and females, combined with differences in clinical 

presentation and recovery trajectories (Berz et al., 2013; V. C. Merritt et al., 2019; Ono et al., 

2016). For instance, work from Black et al. (2017) identified a greater incidence of 

concussion in female athletes compared to a similar number of male athletes. Analogous 

findings from a self-report study of Canadians, also found that women reported higher rates 

of concussions than males (Champagne et al., 2023).  

 Notably, previous work from our lab examined the effect of previous concussions on 

visuomotor skill performance and emotionality among varsity athletes (Pierias, 2021). 

Participants were required to self-report their previous concussion history and perform a 

computerized cognitive-motor integration (CMI) visuomotor task with a standard and non-

standard condition. Results indicated that concussion history significantly impacted male 

visuomotor performance and anxious symptoms, whereas concussion history did not display 

an effect on females in either domain.  

2.3 Recovery from Concussive Injury 

 Between 80% to 90% of SRCs resolve within seven to ten days (Gouttebarge & 

Kerkhoffs, 2021; Putukian & Johnson, 2011). Regarding concussion recovery, mixed 
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findings throughout literature have been reported. For instance, various findings have shown 

no sex differences in recovery among athletes relating to cognitive recovery and symptoms 

(Black et al., 2017; Hannah et al., 2021; Ono et al., 2016). In a study with collegiate athletes, 

no differences in return-to-sport recovery were found in athletes who played men’s and 

women’s sports (i.e., basketball, soccer, and lacrosse). However, athletes in women’s sports 

(i.e., field hockey, gymnastics, and equestrian), experienced longer symptom durations and 

return-to-academics time than those in men’s sports (i.e., football, wrestling, and golf) 

(Bretzin et al., 2022).  

However, a study examining the effect of concussion history and the time since an 

athlete’s concussion found no significant group differences between the concussed group and 

healthy controls regarding balance performance (Merritt et al., 2017). Further, they 

discovered no significant correlation between time since the most recent concussion and 

balance performance. Results suggest that time since an individual’s concussion, or their 

recovery time, may not be sufficient by itself to modulate postural performance. Additional 

research on concussive head injuries highlights sex-related differences in incidence, 

symptoms, and recovery trajectory, suggesting neurobiological and hormonal influences 

(Berz et al., 2013; Henry et al., 2010).  

2.4 Neural Differences in Visuomotor Performance and the Impact of Concussion 

 Visuomotor performance, or the coordination between visual perception and motor 

control, is essential for most, if not all activities across populations. This skill is expressly 

important for athletes as they are required to process multiplanar visual information and 

sensory input to express appropriate motor control or movements during gameplay. This skill 

is an integral part of spatial awareness, a skill necessary for all athletes. This complex 

relationship between vision and movement increases cognitive load, which can be 

unconsciously cognitively taxing for athletes, particularly post-concussive injury. The 
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integration between visual and motor processes during tasks primarily involves the motor 

cortex and cerebellum, along with parietal and occipital lobes (Culham et al., 2006). 

Literature has extensively documented that visuomotor performance can be modulated by 

various factors including biological sex.  

 Sex-based differences in visuomotor performance are evident in behavioural 

outcomes. For instance, females tend to perform better on tasks involving fine motor 

manipulations, while males perform better on tasks requiring spatial awareness and motor 

control (Halpern, 2013; Nicholson & Kimura, 1996). Researchers have attributed these 

differences in performance to distinctions in brain structure and activation between sexes. For 

instance, an fMRI study examining structural activation during a visuospatial cognitive task 

found that men showed significantly stronger parietal activation whereas women showed 

significantly greater right frontal activation (Weiss et al., 2003). Conversely, additional 

research has shown that women exhibit greater bilateral activity or greater brain area 

recruitment during visuomotor tasks compared to males (Smeha et al., 2022; Sneider et al., 

2011). This bilateral pattern of activation has been further observed during tasks not related 

to visuomotor control such as language processing (Shaywitz et al., 1995). Such findings may 

elucidate the differences in sex-based visuomotor performance. However, despite the general 

agreement that suggests differences exist between males and females, some studies have not 

observed a sex effect.  

 Along with biological sex, visuomotor performance can be further modulated by 

concussive injury. Symptoms individuals experience post-concussion can drastically impair 

coordination and reaction time, critical elements of visuomotor performance (Alsalaheen et 

al., 2021). Further, extant literature suggests females experience more severe and prolonged 

concussion-related symptoms compared to males, making them more vulnerable to poorer 

visuomotor performance outcomes (Koerte et al., 2020). 
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 While it is recognized that neural distinctions greatly modulate concussive outcomes 

and post-concussive performance, hormonal and structural brain differences between sexes 

are also understood to play a role in modulating these outcomes. For instance, a study 

examining if concussions occurred at different stages of the female menstrual cycle, 

determined that 66.7% of concussions occurred during the late luteal phase and the first two 

days of menstruation (La Fountaine et al., 2019). This 9-day phase is significant because this 

window is when estrogen and progesterone are approaching or at their monthly low. This 

may be further compounded by the fact that motor learning performance is decreased during 

the luteal phase of the menstrual cycle (Ikarashi et al., 2020). Females also have less cerebral 

spinal fluid compared to males (Cosgrove et al., 2007), and exhibit greater head-neck 

segment peak angular acceleration and displacement, making them more susceptible to 

concussive injury compared to males (Tierney et al., 2005). Alternatively stated, females’ 

heads accelerate quicker than males when subjected to a rotational force, further, their head 

and neck segments move further during said acceleration.  

 Visuomotor skills, or the integration between visual perception and motor skills, are 

seen as the ability to coordinate vision with bodily movements (Offit et al., 2013). 

Visuomotor deficits can be observed post-concussion in various populations. Recent work by 

Phillips et al. (2023), examined the impact of SRC in adolescence on two touchscreen 

visuomotor tasks. Findings showed that movement planning was impaired in concussion 

history (CHx) participants in the eye-hand decoupling condition, and concussion history 

patients had worse spatial movement planning, compared to controls. This suggests that 

prolonged deficits from a sport related concussion sustained in adolescence, may be observed 

up to four-years post-injury (Phillips et al., 2023).  

 Notable differences in measures such as reaction time between those with history of 

concussion and controls have been observed. Post-injury, previously concussed individuals 
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display increased reaction time (a common measure in visuomotor tasks) during a broad array 

of tasks, including Immediate Post-Concussion Assessment and Cognitive Test (ImPACT; 

Covassin et al., 2012), and grasping a falling measuring stick (Eckner et al., 2014).  

 Behavioural sex-related differences have been noted in several aspects of cognition 

such as verbal, visual-spatial and perceptual tasks, and dexterity and bimanual skill in the 

motor control domain (Kimura, 2002; Li, 2014; Weiss et al., 2003). Such observations create 

a clearer picture that male and female brains do, in fact, control aspects of cognitive and 

motor behaviour differently. For instance, previous works from our group suggest that 

following concussion, males performed worse than females on a cognitive-motor integration 

task (CMI) (Rogojin et al., 2023; Smeha, 2021). Irrespective of sex differences, CMI 

performance was worsened in those with concussion history compared to those without 

(Dalecki et al., 2016; Hurtubise et al., 2016).  

2.5 Cognitive Effects of Concussion 

 Cognition refers to any or all processes and activities involved in the explicit or 

conscious acquisition, storage, retrieval and processing of information (Bayne et al., 2019). 

Concussive injury has been found to impact various cognitive processes such as attention, 

memory, decision-making and neuropsychological performance. A longitudinal study by 

David et al. (2013), found that concussed adolescents had a significantly increased reaction 

time on an attentional test compared to controls. Findings suggest that concussed individuals 

have difficulty recovering executive function after injury and may require more time to 

achieve a full recovery (Mihalik & Wasserman, 2017).  

Visual changes resulting from concussive injury are a common cognitive effect. 

Impairment in higher cortical saccadic tasks has been found in acutely concussed individuals 

(Gunasekaran et al., 2019). Further, those with post-concussive visual motion sensitivity had 
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increased symptoms and considerably more ocular motor screening abnormalities while 

watching stimulating videos (Allen et al., 2021). Apart from notable differences visual  

sensitivity post-injury, those with a history of concussion respond more slowly to gaze depth 

perception tasks than those without a history of concussion (Mihalik & Wasserman, 2017).  

 An interesting concept put forth by Satz (1993), is the idea of brain reserve capacity 

(BRC). This theory suggests that the brain’s ability to withstand damage while maintaining 

function varies among individuals. The theory further suggests that individuals with a higher 

BRC have a greater buffer to withstand injuries without impairment; the threshold at which 

impairments become evident differs amongst individuals (Oldenburg et al., 2016). For 

instance, under this theory, two individuals with different BRCs may exhibit different 

impairments or symptoms following the same injury, a concept noted within concussion 

literature. Specifically, in a study of youth athletes, those with concussion history but greater 

sport experience reached a performance level of their non-history peers quicker than the 

individuals with concussion history and less sport experience (Dalecki et al., 2019). The BRC 

theory further posits that individuals with increased BRC as a protective factor may still 

experience challenges based on task, causing them to fall below the threshold of functional 

impairment.  

While this work supporting this theory primarily involves the study of degenerative 

diseases such as Alzheimer’s and Parkinson’s Disease, traumatic brain injuries have also 

been studied. For instance, in a study examining rehabilitation outcomes in moderate to 

severe TBI patients, it was discovered that longer educational exposure was associated with 

disability-free recovery. On similar note, another study discovered that greater brain volume 

and higher educational level, may reduce vulnerability to cognitive deficits (Kesler et al., 

2003).  
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2.6 Emotional Impact of Concussion 

 Emotionality, or the variety of subjective feeling states that predictably influence 

observable behaviours and physiological responses for functional purposes (Decker & 

Cadenhead, 2011). Individuals who have sustained a concussive injury are at an increased 

risk of depression, anxiety, problems with emotional regulation and irritability (Lima Santos 

et al., 2023; Merritt et al., 2019; Thomson et al., 2020). Rabelo (2017) determined that the 

more concussions an athlete sustains, the more depressive symptoms they experience, 

demonstrating the critical need to mitigate concussive injury across all populations.  

Further, findings show that lower fractional anisotropy in white matter tracts associated with 

emotional regulation may be linked with persistent symptomology (Lima Santos et al., 2021). 

More simply put, connectivity issues in areas of the brain linked with the regulating 

emotions, may explain ongoing symptoms experienced by those with concussion history.  

2.7 Brain Networks Implicated in Concussion  

 The default mode network has been found to have decreased between and within 

functional connectivity resulting from concussions (Chong et al., 2018; Healey et al., 2022a; 

Plourde et al., 2020; Zhu et al., 2015). Altered network connectivity, resulting from 

concussions, is known to effect visuomotor skills and contribute to depressive symptoms 

(Coutinho et al., 2016).  

 Consideration of injury recovery time is important in understanding the potential 

functional alterations the brain may experience resulting from concussive impact. For 

instance, Churchill et al. (2021) examined the local and global efficiency of concussed 

athletes at their acute injury stage, return to play (RTP), and one-year post RTP stage. At 

participants’ acute stage, they showed no local efficiency alterations but had elevated global 

efficiency, which resolved at RTP. However, at one-year post-RTP, athletes had reduced 

global efficiency, suggesting long-term structural abnormalities for those with history of 
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concussion (Churchill et al., 2021). Likewise, reduced brain network activation, reduced 

functional connectivity, and altered brain structures in the posterior internal capsule and right 

corona radiata, have been found post-concussive injury (Churchill et al., 2017; Healey et al., 

2022b; Kontos et al., 2016; Messé et al., 2013). Connectivity issues, reduced functioning, and 

structural changes of the brain, all contribute to the disparity in cognitive deficits experienced 

post-injury. Concerningly the resolution of these deficits sometimes does not occur before 

return to play as seen by Churchill et al. (2017). 

2.8 Compounding Effects of Multiple Concussions  

Incurring multiple concussions has been associated with protracted recovery time, 

symptoms and an increased risk of future concussive injuries. Athletes with a history of more 

than 3 concussions take longer to recover than athletes with 1 or no concussions (Covassin et 

al., 2013). Specifically, after 8 days, athletes that had a history of 3 or more concussions did 

not recover on their reaction time and verbal memory performance. A similar study with 

collegiate football players found that a history of multiple concussions was associated with 

slowed recovery, with symptoms lasting longer than those with 1 concussion (Guskiewicz et 

al., 2003). Additionally, individuals with previous concussion history exhibit delayed 

recovery in neurological function. This relationship seems to be further mitigated by the 

concurrent presence of learning disorders. Athletes with learning disabilities who experience 

a concussion perform worse than their non-learning disability concussed counterparts on 

neuropsychological measures (Collins et al., 1999). This relationship has been attributed to 

the potential lack of cognitive reserve in persons with learning disabilities. This finding 

underscores the significance of cognitive reserve as a resilience factor in concussion 

recovery. Despite this, alternate literature suggests no differences exist between individuals 

with three or more concussions and individuals with concussions in postural control measures 

(Dierijck et al., 2018). Several other studies established that multiple concussions did not 
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affect neuropsychological function among athletes (Brooks et al., 2016; Collins et al., 1999; 

Iverson et al., 2012; Macciocchi et al., 2001).  

Interestingly, more recent work from Buckley and colleagues examined 45 athletes 

with distinctive concussion history and learning disabilities (Buckley et al., 2020). 

Participants were divided into groups of no prior concussion, ≥3 prior concussions, or acute 

concussion. Subjects performed 5 trials of a gate initiation task on 4 forceplates. It was found 

that those with acute concussions had substantial impairments compared to those with ≥3 

prior concussions who showed moderate postural control impairments. The mixed findings 

throughout literature surrounding the effects of multiple concussions on neuropsychological 

and postural performance further underline the need to examine these relationships.  
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Chapter 3: Research Study 

3.1 Background  

The increasing prevalence of concussive injuries in sports has raised significant 

concerns about its long-term effects on health-related domains. Millions of individuals 

sustain concussions every year, with some experiencing prolonged effects (Champagne et al., 

2023; Master et al., 2018) Two of these domains have become central to concussion and SRC 

literature. Emotionality and visuomotor performance are two health domains that impact 

every aspect of our daily functioning. The concern for the impact of concussions on 

emotionality and visuomotor performance becomes all the more critical when we look at 

developing populations such as children and young adults.  

Concussions are a form of mTBI that most commonly occur during sport 

participation, where injury results from transmitted impulsive forces to the brain or rapid 

acceleration-deceleration of the head (Master et al., 2018; Mullally, 2017). Previous studies 

have suggested that males and females recover differently in emotionality and visuomotor 

performance post-concussive injury. Specifically, females recover better in visuomotor 

performance and worse in emotionality, whereas males recover more favourably in 

emotionality and worse in visuomotor performance (Pierias, 2021).  

The objective of this study is to investigate the sex-related difference in kinematic 

visuomotor skill performance and emotionality after concussive injury. This study further 

examines findings from Pierias (2021) regarding the sex-based differences in emotionality 

and visuomotor domains. Based on previous studies, we hypothesize that females will 

recover better in visuomotor performance but worse in emotionality, while males will show 

the inverse relationship. Additionally, we hypothesize that an increase in concussions will 

decrease kinematic performance, but performance will increase with age. We further posit 
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that for participants with concussion history, more time lived since concussion will correlate 

with improved kinematic performance.  

3.2 Methods 

3.2.1 Participants  

 Study participants included 299 York University varsity athletes (F = 148), aged 17 to 

31 years, with a mean age of 19.71 ± 1.92 years. Participant data was collected from 3 varsity 

baseline testing years (2019, 2022 and 2023) and aggregated into one dataset. Descriptive 

statistics by CHx are summarized in Table 1, with descriptive stats by sex and CHx in Table 

2. All CHx participants were asymptomatic at the time of testing, in keeping with current 

return-to-play guidelines. No exclusion criteria were required for this study. Athletes were 

not aware of the nature of analyses being conducted on their task performance or self-report 

measures, limiting their ability to be influenced in their answers or performance.   

Table 1. Descriptive statistics and frequencies of participants with and without a history of 
concussion based on exposure and outcome variables. *Individuals without a history of concussion. n 
represents the number of non-missing observations for each variable. Some variables have missing 
data, which accounts for the differences in sample sizes. 

  All 
(n=299) 

Healthy* 
(n=202) 

Concussion History 
(n=86) 

  Mean or n SD or % Mean or n SD or % Mean or n SD or % 

Age (years) 19.72 1.92 19.63 1.79 19.92 2.19 

Sex 

Female 148 49.50% 101 50.00% 44 51.20% 
Male 151 50.50% 101 50.00% 42 48.80% 

Number of Previously Diagnosed Concussions 

0 202 70.10% 202 100% - - 
1 45 15.60% - - 45 52.30% 
2 26 9.00% - - 26 30.20% 
3 10 3.50% - - 10 11.60% 
4 3 1.00% - - 3 3.50% 
5 1 0.30% - - 1 1.20% 
6 0 0% - - 0 0% 
7 1 0.30% - - 1 1.20% 
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Time lived without 
concussion (months) 176.55 96.48 239.86 20.98 40.60 33.94 

Kinematic Variables for Direct Condition 

Reaction Time (ms) 296.54 105.45 305.32 115.10 282.12 81.09 

Movement Time (ms) 460.10 151.75 455.62 159.29 470.33 140.76 
Peak Velocity 
(normalized) 0.86 0.10 0.86 0.12 0.86 0.08 

Variable Error (mm) 4.72 4.27 4.75 3.89 4.72 5.00 

Absolute Error (mm) 24.26 14.57 23.08 14.53 25.75 14.54 

Path Length (mm) 104.40 8.33 104.59 8.89 104.00 7.45 

Kinematic Variables for SSR Condition 

Reaction Time (ms) 389.08 175.82 400.50 178.86 372.95 175.01 

Movement Time (ms) 891.39 480.02 868.99 472.50 951.72 515.79 

Peak Velocity 0.89 0.12 0.90 0.12 0.87 0.14 

Variable Error (mm) 12.19 15.94 13.16 16.78 10.41 14.33 

Absolute Error (mm) 22.69 16.24 23.72 16.01 18.94 16.44 

Path Length (mm) 124.44 36.40 123.81 27.43 122.29 23.61 

Direction Reversals (%) 17.75 18.20 16.76 17.27 20.55 20.92 

Emotionality Variables 

More Emotional 
0 (None) 228 82.30% 160 83.30% 68 80.00% 
1 (Mild) 29 10.50% 20 10.40% 9 10.60% 
2 (Mild) 13 4.70% 8 4.20% 5 5.90% 
3 (Moderate) 3 1.10% 2 1.00% 1 1.20% 
4 (Moderate) 3 1.10% 1 0.50% 2 2.40% 
5 (Severe) 0 0% 0 0% 0 0% 

6 (Severe) 1 0.40% 1 0.50% 0 0% 

Irritability 

0 (None) 220 79.40% 157 81.80% 63 74.10% 
1 (Mild) 35 12.60% 21 10.90% 14 16.50% 
2 (Mild) 17 6.10% 12 6.30% 5 5.90% 
3 (Moderate) 4 1.40% 1 0.50% 3 3.50% 
4 (Moderate) 1 0.40% 1 0.50% 0 0% 
5 (Severe) 0 0% 0 0% 0 0% 
6 (Severe) 0 0% 0 0% 0 0% 

Sadness 

0 (None) 235 84.80% 162 84.40% 73 85.90% 
1 (Mild) 30 10.80% 21 10.90% 9 10.60% 
2 (Mild) 6 2.20% 4 2.10% 2 2.40% 
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3 (Moderate) 5 1.80% 4 2.10% 1 1.20% 
4 (Moderate) 0 0% 0 0% 0 0% 
5 (Severe) 0 0% 0 0% 0 0% 
6 (Severe) 1 0.40% 1 0.50% 0 0% 

Nervous or Anxious 

0 (None) 180 65.00% 125 65.10% 55 64.70% 
1 (Mild) 44 15.90% 27 14.10% 17 20.00% 
2 (Mild) 28 10.10% 22 11.50% 6 7.10% 
3 (Moderate) 18 6.50% 15 7.80% 3 3.50% 
4 (Moderate) 1 0.40% 0 0% 1 1.20% 
5 (Severe) 5 1.80% 2 1.00% 3 3.50% 

6 (Severe) 1 0.40% 1 0.50% 0 0% 

 

3.2.2 Study Design 

 This study used a cross-sectional within-subject design. Subjects were recruited from 

the York University Athletic Therapy Clinic as part of standardized pre-season baseline 

testing. Baseline data collection was conducted in the York University Stadium Clinic. 

Written informed consent was obtained from participants prior to participation (Appendix A 

& B). Ethics approval was granted by the York University Research Ethics Board.   

3.2.3 Procedures   

3.2.3.1 Visuomotor Skill Assessment Task. Participants performed a cognitive-

motor integration (CMI) task to evaluate visuomotor performance. Visuomotor performance 

was assessed using the Brain Dynamics Indicator ™ (BrDI) on Samsung Tab A tablets. This 

assessment required participants to slide the index finger of their dominant hand from a 

central target to one of four peripheral targets (up, down, left or right) as quickly and as 

accurately as possible. The BrDI task included two conditions (each containing 20 trials): 

direct – where the target viewed and the finger movements are coupled (Figure 1a); and SSR 

– where the target viewed and the finger movements are decoupled (Figure 1b). The latter 

condition contained two levels of decoupling: (i) plane change; in which participants looked 
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at the upper half of the tablet while moving on the lower half, and (ii) reversal; in which the 

feedback was rotated 180°. The target distance was 35mm with the target sequence for each 

condition being randomized between the four targets, each target appearing 5 times.  

For the direct condition, subjects were instructed to look at the 8mm green ball (central 

target) and then move their finger as quickly and accurately as possible to the peripheral 

10mm target. For the SSR condition, participants were instructed to look at the 8mm green 

ball (central target) and then move the 5mm white dot representing their finger position to the 

10mm peripheral target. 

        a          b 

   
Figure 1. Diagram of the BrDI™ Visuomotor Task. a) Direct condition. Eye movements and finger 
movements are coupled when moving from the central target to the peripheral target. b) SSR 
condition. Movements occur on separate planes. Eye movements and finger movements are decoupled 
when moving from the central target to the peripheral target, while feedback is rotated 180°.  
 

3.2.3.2 SCAT Emotionality Measures. The SCAT5 and the SCAT6 are standardized 

assessment tools for evaluating concussions, designed for use by healthcare professionals 

(Echemendia et al., 2023). SCAT5 symptoms have demonstrated high test-retest reliability 

(Hänninen et al., 2021), and since the SCAT6 uses the same symptom evaluation criteria, the 

reliability holds for this in theory as well. Under the “Symptom Evaluation” subheading of 

both assessment tool versions, there is a list of 22 identical symptoms. Athletes had to rate 

said symptoms on a scale from zero to six according to how they typically feel, with zero 

representing no symptoms, 1 and 2 – mild symptoms, 3 and 4 – moderate symptoms, and 5 

and 6 – severe symptoms. For the purposes of this study, only the latter 4 symptom questions 
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were extracted from each participants’ SCAT. The four symptoms were more emotional, 

irritability, sadness, and nervous/anxious. These four symptoms were used to provide an 

understanding of individual emotionality levels.  

3.2.4 Variables 

Seven kinematic outcome variables were analyzed, specifically three time and four 

trajectory measures. Kinematic time measures include 1) reaction time (RT) – calculated as 

the time between the central target disappearing and movement onset, measured in 

milliseconds (ms), 2) movement time (MT) – calculated as time between movement onset 

and offset (comprised of full movement offset and ballistic or initial movement offset), 

measured in ms, and 3) peak velocity (PV) – the maximum velocity obtained for each trial, 

measured in mm/ms.  

 Trajectory measures include 1) normalized path length (nPL) – the distance from the 

starting point to the final destination of the entire motion, measured in millimetres (mm), 2) 

absolute error (AE) – average distance from each individual movement endpoint to the actual 

target location or end-point accuracy, measured in mm, and 3) variable error (VE) – the 

absolute distance between each individual movement endpoint from their mean movement or 

end-point precision, measured in mm. The seventh outcome measure, the percentage of 

direction reversals (%DR), is calculated as a deviation of greater than ±45° from a straight 

line between the center of the central and peripheral targets. This outcome measure is only 

applicable to the split-screen reversal (SSR) condition.  

Four emotionality outcome variables will be analyzed per participants’ SCAT 5 & 6 

responses. The variables are more emotional, irritability, sadness, and nervous/anxious. 

Participants were required to respond to how they typically felt on a scale of 0 to 6 for each 

of the four aforementioned emotionality variables. The scale began with 0 representing no 
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symptoms, 1 and 2 representing mild symptoms, 3 and 4 representing moderate symptoms, 

and 5 and 6 representing severe symptoms (see Appendices C and D, respectively). 

Exposure variables for this study are defined as biological sex (male or female), age, 

concussion history (concussed = history of concussion or healthy = no history of concussion 

(NCHx)), number of previous concussions (#PC) and time lived since concussion. Time lived 

since concussion is a measure of the number of months that have passed between a 

participant’s concussion and the assessment date. If a participant did not sustain a concussion, 

this value would be expressed as their age in months (or the time between their date of birth 

and the assessment date). 

3.2.5 Behavioural Data Processing 

Kinematic data, such as finger position, timing, and error metrics were collected for 

each trial and converted into a binary readable format using a custom C++ application. Failed 

trials were detected by the software and resulting in trial termination if the participant’s finger 

left the target home too early (<2000ms), MT was too long (>10000ms), RT was too long 

(>8000ms) or RT was too short (<150ms). Trials coded as DRs were analyzed as separate 

variables from correct trials. A custom Matlab analysis program (MathWorks, Inc., USA) 

was used to generate a velocity profile for each trial, recording movement onset and end at 

10% of the participant’s peak velocity. Each profile was scored by performing visual 

inspections and making corrections where necessary. Finally, the scored data was processed 

to generate 7 different movement and trajectory outcome measures.  

3.2.6 Statistical Analysis 

3.2.6.1 Missing Data. Study data included missing variable data for #PC (n = 11), 

CHx (n = 11), age (n = 12), time lived without concussion (n = 85) and all SCAT variables (n 

= 22), due to study restrictions. Kinematic missing data for RT, MT, PV, VE, AE and nPL (n 
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= 6 each) resulted from data output errors. Further, DR analyses were conducted on 2022 and 

2023 data as 2019 data was unavailable. All statistical analyses were conducted on completed 

cases, minimizing the adverse effect of missing data on statistical modelling. Descriptive 

statistics were calculated for continuous variables and frequency distributions for categorical 

variables.  

 Previous literature has found no differences between CHx and NCHx participants in 

direct task conditions (Dalecki et al., 2019), as a result only SSR kinematic variables were 

analyzed for multivariable linear regression analyses and analysis of variance (ANOVA). 

Further, in keeping with the objectives of this study, we wanted to determine the effect of 

CHx on complex skilled performance, hence using only SSR data.  

3.2.6.2 Data Transformations. All peak velocity values were normalized to match 

the directionality of all other kinematic variables, as seen in (1). Consequently, peak velocity 

data are unitless, with values closer to 1 indicating poor performance, and values closer to 0 

indicating inferior performance.  

PVtransformed = 1− "
(current PV−minimum PV)

maximum PV # 

(1) 

To conduct parametric testing on kinematic outcome variables, distributions required 

normality. Consequently, six of seven kinematic variables were transformed to meet 

normality assumptions. A reflective cube root transformation was performed on PV as seen in 

(2) due to its left-skewed distribution:  

$(maximum PV− current PV)3  

(2) 

Log10 transformations were applied to nPL, VE, and MT as seen in (3) considering their 

original right-skewness:  

log10 (variable) 
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(3) 

Square root transformations were applied to AE as seen in (4): 

√AE 

(4) 

Finally, cube root transformations were applied to %DR as seen in (5):  

$(%DR)3  

(5) 

No transformations were applied to RT as this variable met the assumptions of normality.  

3.2.6.3 Variable Recoding. The variable number of previous concussions was 

recoded into 3 groups: 0 concussions (healthy), 1 concussion, and 2 or more concussions. 

Further, each SCAT emotionality variable was recoded individually, where all 0 values were 

reported as no emotion versus emotion, respective to their SCAT variable. Recoding resulted 

in the following binary SCAT variables: no emotion – emotion, no irritability – irritability, 

no sadness – sadness, and not nervous/anxious – nervous/anxious. Finally, age was recoded 

into four groups before analyses: 17 to 18 years, 19 to 20 years, 21 to 22 years, and 23 years 

and older.  

3.2.6.4 Relationship between kinematic performance, sex and #PC. Two-way 

ANOVA was independently conducted for each transformed kinematic variable against the 

exposure variables sex, #PC to determine main and interaction effects. Post-hoc analyses 

were performed to determine significant pairwise differences between #PC groups.  

 Before, presenting ANOVA data, kinematic data were back-transformed for ease of 

interpretation and understanding. Tukey’s mean difference values and Tukey’s confidence 

intervals were back-transformed to their original values. Back-transformations were applied 

to PV (6), nPL, VE and MT (7), AE(8), %DR(9): 

(maximum PV− current PV)3 
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(6) 

10variable 

(7) 

AE2 

(8) 

%DR3 

(9) 

3.6.6.5 Association between kinematic performance, sex, #PC and age. 

Multivariable linear regression analyses were performed on non-transformed data to examine 

the effects of sex, number of previous concussions and age on each kinematic outcome 

variable.  

3.6.6.6 Relationship between kinematic performance and time lived since 

concussion. Finally, Spearman’s correlation analyses were performed to determine the 

relationship between time lived since concussion and all seven kinematic variables. The time 

lived since concussion variable was split to analyze CHx individuals and not their NCHx 

counterparts, aligning with the objectives of this research. Accordingly, all participants who 

sustained a concussion occurred in less than 150 months. For these analyses only 2019 and 

2022 data were examined, as 2023 data was unavailable.  

3.6.6.7 Relationship between emotionality, sex, and #PC. A chi-square test of 

independence and crosstabs were independently conducted to determine if significant 

associations existed between 1) emotionality variables and sex, and 2) emotionality variables 

and number of previous concussions.  

3.6.6.8 Association between emotionality, #PC and age. Binary logistic regression 

analyses were performed separately for males and females to determine the odds of reporting 
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emotion versus no-emotion, irritability versus no-irritability, sadness versus no-sadness, and 

nervous/anxious versus not nervous/anxious, based on number of concussions and age.  

Statistical analyses were performed using IBM SPSS v29.0.2.0 (IBM Corp., Armonk, 

NY, USA), and plots were generated using the ggplot2 package using R (v4.2.3) software. 

The significance level for all statistical tests was set at an alpha level of .05 (α = 0.05). All 

analyses met their respective statistical assumptions. All planned comparisons will include a 

stratified sex analysis.  

3.3 Results 

3.3.1 Descriptive Statistics 

 Descriptive statistics were calculated to determine and characterize the key 

continuous variables of interest among participants. The mean age of participants was 19.72 

years (SD = 1.92), while the mean age of healthy and CHx participants was 19.63 (SD = 

1.79) and 19.92 (SD = 2.19) years, respectively. Kinematic measures for both conditions 

showed standard performance metrics, in line with previous research. Figure 2 shows sample 

kinematic task trajectories of male and female participants with CHx and NCHx. A further 

breakdown of descriptive statistics based on sex and CHx is presented in Table 2.  
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Figure 2. SSR kinematic task trajectories for healthy and concussed male and female participants. 
Example SSR trajectories from four male and female healthy and concussed participants. Peripheral 
pink circles represent end-point targets, while the middle pink circle represents the task starting 
position. Green lines show participants’ paths, while endpoints are represented by blue dots with blue 
ellipses showing 95% confidence intervals. 
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Table 2. Descriptive statistics and frequencies of participants by sex with and without a history of 
concussion based on exposure and outcome variables. *Individuals without a history of concussion. n 
represents the number of non-missing observations for each variable. Some variables have missing 
data, which accounts for the differences in sample sizes. 
 

  All Females 
(n=148) 

All Males 
(n=151) 

Healthy* Female 
(n=101) 

Healthy* Male 
(n=101) 

Concussion 
History Female 

(n=44) 

Concussion 
History Male 

(n=42) 

  Mean 
or n SD or % Mean 

or n SD or % Mean 
or n SD or % Mean 

or n SD or % Mean or 
n SD or % Mean 

or n SD or % 

Age (years) 19.72 2.05 19.72 1.79 19.66 1.85 19.60 1.74 19.84 2.48 20.00 1.87 

Number of previously diagnosed concussions 

0 101 69.70% 101 70.60% 101 100% 101 100% - - - - 

1 23 15.90% 22 15.40% - - - - 23 52.30% 22 52.40% 

2 10 6.90% 16 11.20% - - - - 10 22.70% 16 38.10% 

3 6 4.10% 4 2.80% - - - - 6 13.60% 4 9.50% 

4 3 2.10% 0 0% - - - - 3 6.80% 0 0% 

5 1 0.70% 0 0% - - - - 1 2.30% 0 0% 

6 0 0% 0 0% - - - - 0 0% 0 0% 

7 1 0.70% 0 0% - - - - 1 2.30% 0 0% 

Time lived 
without 
concussion 
(months) 

179.19 96.51 173.17 96.87 240.60 20.99 238.89 21.11 41.43 39.85 39.61 25.80 

Kinematic Variables for Direct Condition 

Reaction Time 
(ms) 

278.30 87.99 314.29 117.64 287.33 92.52 323.13 131.82 260.92 76.68 304.33 80.48 

Movement  
Time (ms) 478.73 171.99 441.96 127.01 475.72 192.52 435.71 115.09 485.84 121.35 454.09 158.44 

Peak Velocity 
(normalized) 0.85 0.13 0.86 0.07 0.85 0.15 0.87 0.06 0.86 0.04 0.85 0.11 

Variable Error  
(mm) 4.48 4.56 4.95 3.97 4.34 3.46 5.15 4.25 4.95 6.50 4.49 2.73 

Absolute Error  
(mm) 26.61 13.92 21.98 14.88 24.18 14.39 22.00 14.66 31.66 11.73 19.56 14.73 

Path Length  
(mm) 102.51 9.11 106.25 7.05 102.72 9.74 106.45 7.56 101.99 7.92 106.10 6.35 

Kinematic Variables for SSR Condition 

Reaction Time  
(ms) 383.29 190.71 394.82 160.10 404.87 201.50 396.08 153.56 341.51 162.32 406.70 183.69 

Movement 
Time  
(ms) 

965.57 520.29 817.71 425.44 914.69 499.72 822.82 441.04 1103.14 556.56 789.22 416.41 

Peak Velocity 
(normalized) 0.88 0.15 0.90 0.09 0.90 0.14 0.90 0.09 0.85 0.17 0.89 0.09 

Variable Error  
(mm) 12.92 19.25 11.46 11.79 14.03 20.03 12.29 12.73 11.08 17.91 9.70 9.22 

Absolute Error  
(mm) 22.47 18.25 22.90 14.03 23.18 17.84 24.28 13.99 20.36 19.53 17.41 12.36 

Path Length  
(mm) 125.94 25.76 122.95 44.58 127.61 26.92 119.96 27.54 123.80 23.06 120.68 24.36 
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Direction 
Reversals 
(%) 

23.00 19.38 12.04 14.97 22.21 17.86 11.30 14.93 24.48 22.29 14.36 17.29 

Emotionality Variables 

More Emotional 

0 (None) 111 79.90% 117 84.80% 80 83.30% 80 83.30% 31 72.10% 37 88.10% 

1 (Mild) 15 10.80% 14 10.10% 8 8.30% 12 12.50% 7 16.30% 2 4.80% 

2 (Mild) 8 5.80% 5 3.60% 4 4.20% 4 4.20% 4 9.30% 1 2.40% 

3 (Moderate) 3 2.20% 0 0% 2 2.10% 0 0% 1 2.30% 0 0% 

4 (Moderate) 1 0.70% 2 1.40% 1 1.00% 0 0% 0 0% 2 4.80% 

5 (Severe) 0 0.00% 0 0% 0 0% 0 0% 0 0% 0 0% 

6 (Severe) 1 0.70% 0 0% 1 1.00% 0 0% 0 0% 0 0% 

Irritability 

0 (None) 110 79.10% 110 79.70% 81 84.40% 76 79% 29 67.40% 34 81.00% 

1 (Mild) 18 12.90% 17 12.30% 7 7.30% 14 15% 11 25.60% 3 7.10% 

2 (Mild) 8 5.80% 9 6.50% 6 6.30% 6 6% 2 4.70% 3 7.10% 

3 (Moderate) 2 1.40% 2 1.40% 1 1.00% 0 0% 1 2.30% 2 4.80% 

4 (Moderate) 1 0.70% 0 0% 1 1.00% 0 0% 0 0% 0 0% 

5 (Severe) 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 

6 (Severe) 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 

Sadness 

0 (None) 117 84.20% 118 85.50% 81 84.40% 81 84.40% 36 83.70% 37 88.10% 

1 (Mild) 12 8.60% 18 13.00% 7 7.30% 14 14.60% 5 11.60% 4 9.50% 

2 (Mild) 6 4.30% 0 0% 4 4.20% 0 0% 2 4.70% 0 0% 

3 (Moderate) 3 2.20% 2 1.40% 3 3.10% 1 1.00% 0 0% 1 2.40% 

4 (Moderate) 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 

5 (Severe) 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 

6 (Severe) 1 0.70% 0 0% 1 1.00% 0 0% 0 0% 0 0% 

Nervous or Anxious 

0 (None) 86 61.90% 94 68.10% 62 64.60% 63 65.60% 24 55.80% 31 73.80% 

1 (Mild) 24 17.30% 20 14.50% 13 13.50% 14 14.60% 11 25.60% 6 14.30% 

2 (Mild) 15 10.80% 13 9.40% 11 11.50% 11 11.50% 4 9.30% 2 4.80% 

3 (Moderate) 9 6.50% 9 6.50% 7 7.30% 8 8.30% 2 4.70% 1 2.40% 

4 (Moderate) 1 0.70% 0 0% 0 0% 0 0% 1 2.30% 0 0% 

5 (Severe) 3 2.20% 2 1.40% 2 2.10% 0 0% 1 2.30% 2 4.80% 

6 (Severe) 1 0.70% 0 0% 1 1.00% 0 0% 0 0% 0 0% 



28 

3.3.2 Frequencies 

 Additional frequency characteristics were calculated to determine and characterize the 

key categorical variables of interest among participants. Frequency data are also presented in 

Table 1. For healthy and CHx groups, the percentage of males and females was 

approximately even within each group. Table 3 highlights a breakdown of concussion history 

based on age groups. Most participants had zero previously diagnosed concussions (70.10%), 

with the second highest being having one previously diagnosed concussion (15.60%). For all 

SCAT emotionality measures, 0 was reported as the highest response.  

 

Table 3. Number of concussion history and no concussion history participants based on age group. Table 
data reflects information from participants with recorded concussion history.  
 

 17 – 18 years 19 – 20 years 21 – 22 years 23 years + 

No Concussion History 71 66 49 15 

Concussion History 25 32 23 6 

 

3.3.3 Relationship between kinematic performance, sex and number of concussions 

To examine any possible main effects and interactions as a function of group, we 

performed univariate ANOVA analyses on kinematic outcome variables. In general, we 

found that many of our movement control metrics were significantly related to the #PC 

(Table 4). Interestingly, AE was the only variable with a significant interaction effect 

between sex and #PC. Specifically, AE results were qualified by a significant interaction 

between sex and #PC (F(2, 278) = 4.62, p = .011, ηp2 = .032) and a main effect of the #PC 

(F(2, 278) = 4.05, p = .018, ηp2 = .028). Within the #PC group post-hoc analyses using 

Tukey’s HSD (see Table 5) revealed a significant difference between the 0 – 2 or more group 

(p = .028), but no other concussion groups (p<.05). Figure 3a highlights these pairwise 

differences while highlighting the inverse relationship in accuracy between males and 
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females. Despite sex not having a significant main effect (p = .992), visual distinctions are 

apparent between males and females with one previous concussion. Here, males have 

noticeably better accuracy than females, with this relationship shifting after 2 or more 

concussions.  

Similarly, MT analyses revealed a main effect of sex (F(1, 278) = 11.73, p = <.001, 

ηp2 = .040), and #PC (F(2, 278) = 5.14, p = .006, ηp2 = .036). Within the #PC group, there 

were significant MT differences between the 0 – 2 or more (p = .012) and 1 – 2 or more (p = 

.008) concussion groups, and no other groups (p<.05). Across all #PC groups males 

performed better than females, however both sexes showed the similar trends between #PC 

groups (Figure 3b). Further, common to both sexes, 0 and 1 concussion groups had similar 

MT, with a noticeable change in MT occurring in the 2 or more concussions group. Despite 

these observations, a significant interaction effect between sex and #PC was not present 

(p<.05). 

After analyzing RT, only a main effect of #PC emerged as significant (F(2, 276) = 

3.21, p = .042, ηp2 = .023), with further post-hoc analyses indicating significant RT 

differences between the 0 –  2 or more (p = .024) and 1 – 2 or more concussion groups (p = 

.020). This difference was not present in sex or through an interaction effect, or other post-

hoc pairwise comparison groups (p<.05). Similar to MT, the trend in RT performance was 

similar between both sexes. However, Figure 3c shows that RT performance is better in 

females who have 1 and 2 or more previous concussions.  

Similar to RT results, PV analyses revealed a main effect of #PC (F(2, 278) = 5.31, p 

= .005, ηp2 = .037). Further pairwise group comparisons revealed significant differences 

between the 0 – 2 or more concussion groups (p = .003) but no other groups (p<.05). Sex and 

interaction effects were not observed (p<.05). Despite this, Figure 3d highlights the visual 
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relationship between male and females with 2 or more concussions. Here males with 2 or 

more concussions perform noticeably better than their female counterparts.  

 Interestingly, similar to MT analyses, only DR had a significant group effect of sex. 

DR Analyses results revealed a main effect of sex (F(1, 278) = 3.98, p = .048, ηp2 = .026). No 

additional group or interaction effects were observed (p<.05). This sex difference was 

observable within the 0 concussions and 2 or more concussions group, as seen in Figure 3e. 

Males NCHx had a noticeably lower %DR than females with NCHx, with the same 

relationship observable in participants with 2 or more concussions.  

Finally, after analyses, VE and nPL results did not reveal significant main effects of 

sex, #PC, or interaction effects (p<.05). Despite these results, Figure 3f highlights the 

differences in sex-based nPL performance. For instance, in the 0 and 2 or more concussions 

group, males have a markedly higher nPL compared to females. This relationship is different 

from that observed in VE, where here, females with 2 or more concussions had observably 

better precision performance than males (Figure 3g). 
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Figure 3. Estimated marginal means of SSR kinematic variables from two-way ANOVA analyses. 
Plots were all created using original (non-transformed) kinematic data. Red dashed lines represent 
direct condition mean values for each respective kinematic variable, with shaded areas representing 
one standard deviation above and below the mean. Error bars represent the 95% confidence intervals. 
a. RT estimated marginal means plot. b. MT estimated marginal means plot. c. PV estimated marginal 
means plot. d. VE estimated marginal means plot. e. AE estimated marginal means plot. f. nPL 
estimated marginal means plot. g. %DR estimated marginal means plot. * = p< .05.  
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Table 4. Comparison of group means for all seven kinematic variables across sex and number of 
concussions exploring two-way interaction effects for SSR task condition. †Reflective Cube 
Transformed Data. ‡Square Root Transformed Data. §Log10 Transformed Data. △Cube Root 
Transformed Data. Significance is indicated in boldface. 
 

DV Source Sum of 
Squares df Mean 

Square F p-value η² 

PV† Sex 0.02 1 0.02 0.88 0.350 0.00 
(normalized) Number of Concussions  0.19 2 0.10 5.31 0.005 0.04 

 Sex × Number of Concussions 0.09 2 0.04 2.41 0.092 0.02 

 Error 5.04 278 0.02    

  Total 59.92 284         

nPL§ Sex 0.01 1 0.01 2.36 0.126 0.01 
(mm) Number of Concussions  0.00 2 0.00 0.34 0.710 0.00 

 Sex × Number of Concussions 0.02 2 0.01 1.62 0.199 0.01 

 Error 1.62 277 0.01    

  Total 1227.77 283         

VE§ Sex 0.22 1 0.22 1.20 0.274 0.00 
(mm) Number of Concussions  0.39 2 0.20 1.07 0.345 0.01 

 Sex × Number of Concussions 0.54 2 0.27 1.47 0.232 0.01 

 Error 51.03 278 0.18    

  Total 263.60 284         

AE‡ Sex 0.00 1 0.00 0.00 0.992 0.00 
(mm) Number of Concussions  22.73 2 11.36 4.05 0.018 0.03 

 Sex × Number of Concussions 25.88 2 12.94 4.62 0.011 0.03 

 Error 779.49 278 2.80    

  Total 6331.02 284         

RT Sex 88151.53 1 88151.53 3.09 .080 0.01 
(ms) Number of Concussions  183004.57 2 91502.28 3.21 .042 0.02 

 Sex × Number of Concussions 57904.36 2 28952.18 1.02 .364 0.00 

 Error 7871356.10 276 28519.41    

  Total 50553343.03 282         

MT§ Sex 0.49 1 0.49 11.73 <.001 0.04 
(ms) Number of Concussions  0.43 2 0.21 5.14 0.006 0.04 

 Sex × Number of Concussions 0.20 2 0.10 2.39 0.094 0.02 

 Error 11.56 278 0.04    

  Total 2395.66 284         

DR△ Sex 8.11 1 8.11 3.98 0.048 0.03 
(%) Number of Concussions  1.20 2 0.60 0.29 0.746 0.00 

 Sex × Number of Concussions 3.47 2 1.74 0.85 0.429 0.01 

 Error 309.78 152 2.04    

  Total 903.84 158         
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Table 5. Tukey’s post-hoc multiple comparisons of number of previously diagnosed concussions on 
peak velocity, absolute error, reaction time and movement time for SSR condition. †Reflective cube 
transformed data. ‡Square root transformed data. §Log10 transformed data. △Values back-transformed 
from their original data transformations. Significance is indicated in boldface. 
 

            
95% CI 

DV Number of 
Concussions 

Number of 
Concussions 

Mean 
Difference△ Std. Error p-value Lower 

Bound△ 
Upper 

Bound△ 

PV† None  One  1.00 0.02 0.882 0.9999 1.000 
(normalized) 

Two or more 1.00 0.02 0.003 1.000 1.002 

  One  Two or more 1.00 0.03 0.066 1.000 1.002 

AE‡ None One 0.20 0.28 0.241 0.04 1.23 
(mm) 

 Two or more 0.55 0.29 0.028 0.00 2.01 

  One  Two or more 0.08 0.36 0.703 0.32 1.32 

RT None  One  -20.16 28.16 .475 -75.60 35.27 
(ms) 

 Two or more 65.64 28.99 .024 8.57 122.71 

  One  Two or more 85.80 36.66 .020 13.64 157.97 

MT§ None  One  1.08 0.03 0.597 0.90 1.30 
(ms) 

 Two or more 0.79 0.03 0.012 0.66 0.96 

  One  Two or more 0.74 0.04 0.008 0.58 0.93 

 

3.3.4 Relationship between emotionality, sex, and #PC  

 A chi-square test of independence was performed on all emotionality-related 

measures to determine a relationship between emotionality and sex, and emotionality and 

#PC. Results revealed no significant association between variables for any emotionality and 

sex analyses (p<.05) or emotionality and #PC analyses (p<.05). Despite this, 57.1% of 

females reported being emotional, whereas 51.3% of males reported not feeling emotional. 

Further crosstabulations revealed that among participants with NCHx, 83.3% reported not 

being emotional, 73.3% with one concussion reported not being emotional, and 82.9% of 

participants with 2 or more concussions reported not being emotional.  

Crosstabulations of irritability indicated that approximately equal rates of males and 

females reported being irritable and not irritable. Further, among participants with no 
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previous concussions, 81.8% reported not being irritable. Similarly, among those with one 

previous concussion, 75% reported not being irritable, while 73.2% of participants with 2 or 

more concussions reported not being irritable.  

Males and females reported approximately equal rates of males and females reported 

being sad and not being sad. Further crosstabulations revealed that among participants with 

no previous concussions, 84.4% reported not being sad. Similarly, among those with one 

previous concussion, 84.1% reported not being sad, while 87.8% of participants with 2 or 

more concussions reported not being sad.  

Similar to all other emotionality measures, 54.6% of females reported being 

nervous/anxious, whereas 52.2% of males reported not feeling nervous/anxious. Further, 

among participants with no previous concussions, 65.1% reported not being nervous/anxious. 

Similarly, among those with one previous concussion, 70.5% reported not being 

nervous/anxious, while 58.5% of participants with 2 or more concussions reported not being 

nervous/anxious.  

3.3.5 Association between emotionality, #PC and age 

Binary logistic regression analyses were performed on male and female participants 

separately to determine whether the #PC and age predicted the odds of more or less 

emotionality. Analyses of female participants showed that the overall model was not 

statistically significant in predicting the odds of females being irritable (χ2(5) = 7.30, p = 

.199). However, female participants with two or more concussions were approximately 208% 

more likely to be more irritable than those with NCHx [95% CI 1,08, 8.84]. All other 

predictors for females were non-significant (Table 6). A similar analysis was performed male 

participants. Here, the overall model was not statistically significant in predicting the odds of 

males being irritable (χ2(5) = 4.12, p = .532), with no predictors emerging as significant 

(p<.05).   
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Further analyses for nervousness/anxiousness in females found a non-statistically 

overall model (χ2(5) = 7.29, p = .200). However, being 21 – 22 years old significantly 

predicted females being more nervous/anxious [95% CI .14, .99]. Specifically, 21 to 22-year-

old females were 63% less likely to be more nervous/anxious compared to 17 and 18-year-

olds. No other predictors were significant for females. A comparable analysis for males found 

a significant overall model in predicting the odds of being nervous/anxious, χ2(5) = 12.77, p = 

.026. Despite a significant overall model, no significant predictors emerged for males 

(p<.05). 

 A non-significant overall model was discovered for the odds of males (χ2(5) = 6.67, p 

= .246) and females (χ2(5) = 3.37, p = .644) being more emotional. No predictors emerged as 

significant for either sex in determining the odds of being emotional (p<.05).  

Final analyses for males (χ2(5) = 4.76, p = .446) and females (χ2(5) = 4.41, p = .492) 

found a non-significant overall model in predicting the odds of being sad, with no significant 

predictors emerging for either sex (p<.05).  
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Table 6. Association between participants’ age, number of previously diagnosed concussions and 
four SCAT emotionality binary outcomes. † Binary logistic regression. ‡ Data are presented as odds 
ratios using exponentiated beta values. Odds are representing being more emotional compared to not 
being more emotional, being more irritable compared to not being irritable, being sad compared to not 
being sad, and being nervous/anxious compared to not being nervous/anxious. △ Reference category 
= Zero previous concussions. §Reference Category = 17 to 18 year old. Significance is indicated in 
boldface. 

  Females Males 
   95% CI    95% CI   

  Variables† OR‡ Lower 
Bound 

Upper 
Bound 

p-
value OR‡ Lower 

Bound 
Upper 
Bound 

p-
value 

M
or

e 
Em

ot
io

na
l 

Number of 
Concussions       0.296       0.757 

One△ 2.28 0.80 6.52 0.124 0.95 0.24 3.74 0.943 
Two or More△ 1.45 0.46 4.59 0.525 0.55 0.11 2.67 0.456 

Age       0.832       0.184 
19 to 20 yrs old§ 1.41 0.53 3.80 0.493 1.66 0.58 4.80 0.347 
21 to 22 yrs old§ 0.86 0.26 2.91 0.813 0.30 0.06 1.55 0.151 
23 yrs and older§ 0.96 0.17 5.33 0.965 0.66 0.07 6.18 0.717 

Irr
ita

bi
lit

y 

Number of 
Concussions       0.087       0.756 

One△ 2.01 0.67 6.02 0.214 1.26 0.41 3.95 0.687 
Two or More△ 3.08 1.08 8.84 0.036 0.68 0.18 2.61 0.576 

Age       0.629       0.369 
19 to 20 yrs old§ 1.29 0.49 3.41 0.601 1.21 0.46 3.18 0.705 
21 to 22 yrs old§ 0.75 0.22 2.50 0.638 0.40 0.11 1.41 0.153 
23 yrs and older§ 0.39 0.04 3.46 0.395 0.96 0.17 5.38 0.959 

Sa
dn

es
s 

Number of 
Concussions       0.917       0.848 

One△ 1.24 0.36 4.26 0.738 0.94 0.24 3.70 0.931 
Two or More△ 0.88 0.23 3.46 0.858 0.63 0.13 3.06 0.566 

Age       0.309       0.354 
19 to 20 yrs old§ 0.69 0.25 1.93 0.483 0.94 0.32 2.79 0.914 
21 to 22 yrs old§ 0.25 0.05 1.20 0.082 0.26 0.05 1.29 0.098 
23 yrs and older§ 0.34 0.04 2.97 0.330 1.29 0.22 7.45 0.776 

N
er

vo
us

/A
nx

io
us

 

Number of 
Concussions       0.592       0.204 

One△ 1.58 0.60 4.16 0.350 0.34 0.09 1.26 0.107 
Two or More△ 1.35 0.50 3.63 0.550 1.32 0.47 3.69 0.597 

Age       0.118       0.067 
19 to 20 yrs old§ 0.66 0.29 1.48 0.310 1.48 0.63 3.50 0.373 
21 to 22 yrs old§ 0.37 0.14 1.00 0.049 0.37 0.12 1.08 0.069 
23 yrs and older§ 0.23 0.04 1.17 0.076 0.58 0.10 3.19 0.527 
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3.3.6 Association between kinematic performance, sex, #PC and age 

Multivariable linear regression analyses were performed to examine the relationship 

between sex, #PC, age, and kinematic outcome measures. The overall RT model was 

statistically significant, F(6, 274) = 2.63, p = .017 indicating the model explains a significant 

portion of the variance in RT (Table 7). The adjusted R2 value of 0.034, further suggests that 

this model can account for approximately 3% of RT variability. The two or more concussion 

group (p = .019), and age groups 21 – 22 (p = .044) and 23 years and older (p = .018) 

emerged as significant predictors of RT. Specifically, having sustained two or more 

concussions was associated with a 68.17 ms decrease in RT compared to participants with no 

concussion history, indicating increased performance (Figure 4a). Conversely, being 21– 22 

was associated with a 53.31 ms increase and being 23 or older was associated with a 98.74 

ms increase in RT compared to 17 – 18-year-olds, indicating decreased performance across 

all groups. Figure 4a shows the relationship between RT for all age groups. Conversely, sex, 

having sustained one concussion and ages 19-20 years were not significantly predictive of RT 

(p<.05).  

MT analyses indicate the model explains a significant portion of the variance in MT, 

due to its overall significance (F(6, 276) = 3.30, p = .004). The adjusted R2 value of 0.047, 

further suggests that this model can account for approximately 4.7% of MT variability. Sex (p 

= .008) and having sustained two or more concussions (p = .004) emerged as significant 

predictors of MT. Specifically, being female was associated with a 152.26 ms increase in MT 

compared to males (Figure 4b). Similarly, having two or more concussions was associated 

with a 239.90 ms increase in MT compared to no concussion history, indicating decreased 

performance. Having sustained one concussion and all age groups were not significantly 

predictive of MT (p<.05).  
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Results for PV suggested that the overall model was statistically significant, F(6, 276) 

= 2.43, p = .027, indicating the model explains a significant portion of the variance in PV. 

The adjusted R2 value of .029, further suggests that this model can account for approximately 

2.9% of PV variability. History of two more concussions was associated with a .06 decrease 

in PV compared to no concussion history (p = .009), indicating increased performance 

(Figure 4c). All other groups were not significant predictors of PV (p>.05).  

 The overall model for VE was not statistically significant, F(6, 276) = 1.80, p = .100, 

indicating the model does not explain a significant portion of the variance in VE. Despite 

this, the age group 21 – 22 years emerged as a significant predictor of VE (p = .005). 

Specifically, being 21 or 22 years old was associated with a 7.07 mm increase in end-point 

precision compared to 17 – 18 year olds, indicating decreased performance (Figure 4d). All 

other groups were not significant predictors of VE (p>.05).  

Results for AE suggested that the overall model was not statistically significant, F(6, 

276) = .957, p = .455, indicating the model does not explain a significant portion of the 

variance in VE. However, having sustained two or more concussions emerged as a significant 

predictor of AE (p	=	.036). Specifically, two or more concussions were associated with a 

5.91 mm decrease in end-point accuracy compared to no concussion history, indicating 

increased performance. Figure 4e shows the relationship between concussion groups of 

significance. All other groups did not emerge as significant predictors of AE (p<.05).  

The overall model for nPL was statistically significant, f(6, 275) = 2.47, p = 0.024, 

indicating that the model explains a substantial proportion of the variance in nPL. The 

adjusted R2 value of .031, further suggests that this model can account for 3.1% of nPL 

variability. Sex (p = 0.003) and the age group 21 – 22 years (p = 0.019) emerged as 

significant predictors of nPL performance. Specifically, being female was associated with an 

nPL value 8.29 mm greater than males, indicating poorer performance. Further, being 21 – 22 
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years was associated with an 8.51 mm increase in nPL. No other significant predictors 

emerged (p<.05). 

Finally, the %DR overall model was statistically significant, F(6, 150) = 3.23, p = 

.005. The adjusted R2 value of .079, further suggests that this model can account for 

approximately 7.9% of DR variability. Sex emerged as a significant predictor of %DR (p	=	

<.001)). Specifically, being female was associated with a 10.51% increase in DR compared 

to males, indicating decreased performance. Figure 4g highlights this visual relationship of 

significance. The performance of males compared to females is notably different from the 

age-based and #PC-based relationships for this variable. All other groups did not emerge as 

significant predictors of DR (p>.05).  
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Figure 4. The effect of sex, age group, and number of previous concussions on kinematic 
performance. Linear regression analysis scatterplot for each kinematic variable visualized by sex, age 
group, and number of concussions. The regression line in black spans across or between groups with a 
shaded 95% CI. a. RT scatterplot. b. MT scatterplot. c. PV scatterplot. d. VE scatterplot. e. AE 
scatterplot. f. nPL scatterplot. g. %DR scatterplot.  
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Table 7. Multivariable linear regression analyses predicting kinematic performance in SSR condition. 
† Enter multiple regression analysis. ‡ Multivariate unstandardized linear regression coefficients. For 
each unit of the participants' characteristics there is an average 𝛽 increase (+) or decrease (-) in 
respective kinematic variables. Negative RT, MT and PV  𝛽 values indicate faster performance, while 
positive values indicate slower performance. †Reference Category = Males. §Reference Category = 17 
to 18 yrs old. ‡Reference category = Zero previous concussions. Significance is indicated in boldface. 
 

DVs IVs† 𝛽‡ 95% CI p-value 
Lower Bound Upper Bound 

PV Sex† 
    

 
Female -0.02 -0.05 0.01 0.245 

 Age§     

 19 to 20 yrs old -0.01 -0.05 0.02 0.526 

 21 to 22 yrs old 0.01 -0.03 0.04 0.774 

 23 yrs and older 0.06 0.00 0.12 0.061 

 Number of Previous Concussions‡    

 One 0.00 -0.04 0.04 0.949 
  Two or more -0.06 -0.10 -0.01 0.009 

nPL Sex† 
    

(mm) Female 8.29 2.89 13.70 0.003 

 Age§     

 19 to 20 yrs old 3.59 -3.01 10.19 0.285 

 21 to 22 yrs old 8.51 1.38 15.63 0.019 

 23 yrs and older 5.02 -5.92 15.95 0.367 

 Number of Previous Concussions‡    

 One -3.37 -10.92 4.18 0.381 
  Two or more 1.55 -6.24 9.34 0.696 

VE Sex† 
    

(mm) Female 1.97 -1.79 5.73 0.302 

 Age§     

 19 to 20 yrs old 4.09 -0.50 8.67 0.081 

 21 to 22 yrs old 7.07 2.12 12.01 0.005 

 23 yrs and older 3.75 -3.86 11.36 0.333 

 Number of Previous Concussions‡    

 One -2.98 -8.24 2.27 0.265 
  Two or more -3.41 -8.83 2.02 0.218 

AE Sex† 
    

(mm) Female 0.06 -3.75 3.88 0.974 

 Age§     

 19 to 20 yrs old 0.16 -4.50 4.82 0.947 

 21 to 22 yrs old 1.26 -3.77 6.29 0.622 

 23 yrs and older -0.63 -8.36 7.10 0.872 



43 

 Number of Previous Concussions‡    

 One -3.64 -8.98 1.70 0.181 
  Two or more -5.91 -11.43 -0.40 0.036 

RT Sex† 
    

(ms) Female -20.98 -60.45 18.50 0.296 

 Age§     

 19 to 20 yrs old 42.59 -5.60 90.78 0.083 

 21 to 22 yrs old 53.31 1.46 105.16 0.044 

 23 yrs and older 98.74 17.41 180.08 0.018 

 Number of Previous Concussions‡    

 One 16.08 -39.07 71.22 0.566 
  Two or more -68.19 -125.11 -11.27 0.019 

MT Sex† 
    

(ms) Female 152.26 40.74 263.78 0.008 

 Age§     

 19 to 20 yrs old -94.85 -231.03 41.33 0.171 

 21 to 22 yrs old -102.18 -249.11 44.74 0.172 

 23 yrs and older -22.21 -248.12 203.71 0.847 

 Number of Previous Concussions‡    

 One -50.01 -206.11 106.09 0.529 
  Two or more 239.90 78.76 401.04 0.004 

DR Sex† 
    

(%) Female 10.51 4.75 16.27 <.001 

 Age§     

 19 to 20 yrs old 2.27 -4.30 8.84 0.495 

 21 to 22 yrs old -2.54 -10.62 5.53 0.535 

 23 yrs and older 1.59 -10.95 14.13 0.802 

 Number of Previous Concussions‡    

 One -1.63 -9.68 6.41 0.689 

  Two or more 5.71 -1.73 13.15 0.131 
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3.3.7 Relationship between kinematic performance and time lived since concussion 

 Spearman’s rank-order correlation analyses were conducted to determine the 

relationships between the seven kinematic variables and the time lived since concussion 

separately for males and females. As seen in Table 8, none of the correlation analyses were 

statistically significant (p<.05). Although the correlation analyses were all insignificant, 

Figure 5a shows the interesting relationship between RT and time lived without concussion 

where both sexes show the same trend in RT performance. Specifically for individuals with 1 

previous concussion, RT performance improves for individuals who sustained their injury 

closer to the assessment date. Conversely, for individuals with 2 or more concussions, 

performance decreases for individuals who sustained their concussion closer to the 

assessment date. nPL shows a different relationship between sexes as seen in Figure 5b. 

Performance for females with 1 concussion increases as the months lived without concussion 

decreases but decreases with 2 or more concussions. On the other hand, males show an 

inverse relationship with performance improving for those with 2 or more concussions but 

decreasing for 1 concussion as the months lived without concussion decrease.  

Table 8. Spearman’s correlation results for SSR data and time lived without concussion. The table 
shows Spearman correlation coefficients (rₛ) along with p-values and sample sizes (N) for the 
relationships between kinematic variables and participants who had less than 150 months lived 
without a concussion. 
 

 Female Male 
Variables rs p-value N rs p-value N 

PV & Time Lived Without Concussion (< 150 months) 0.23 0.182 36 0.02 0.921 31 

nPL & Time Lived Without Concussion (< 150 months) 0.04 0.822 36 0.00 0.984 31 

VE & Time Lived Without Concussion (< 150 months) -0.02 0.891 36 -0.05 0.778 31 

AE & Time Lived Without Concussion (< 150 months) 0.01 0.978 36 -0.12 0.520 31 

RT & Time Lived Without Concussion (< 150 months) 0.22 0.199 36 0.00 0.996 31 

MT & Time Lived Without Concussion (< 150 months) -0.16 0.367 36 0.02 0.921 31 

%DR & Time Lived Without Concussion (< 150 months) 0.01 0.946 26 -0.31 0.381 10 
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Figure 5. Impact of time lived since concussion on SSR variables by sex and number of concussions. 
All plots reflect SSR kinematic data based on sex and number of previous concussive injuries. Solid 
regression lines represent the trend in kinematic performance over time for participants with one 
previous concussion diagnosis. Dotted regression lines represent the trend in kinematic performance 
over time for participants with two or more previous concussion diagnoses. “0” months lived without 
a concussion represents the assessment date. a. RT correlation plot. b. nPL correlation plot. 
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Chapter 4: Discussion and Conclusion 

 The main goal of this study was to investigate the sex-related differences in kinematic 

performance and emotionality after concussive injury. The central findings of this study are 

7-fold: 1) the effect of the number of previous concussions on participants’ accuracy differed 

significantly by sex, 2) a history of 2 or more concussions was a significant predictor of 

improved PV, AE and RT performance and worse MT performance, 3) being female was a 

significant predictor of worse nPL, MT and DR performance, 4) being 21 years or older was 

a significant predictor of worse RT performance, 5) females with a CHx of 2 or more were 

208% more likely to be irritable than those with NCHx , 6) 21-22-year-old females were 63% 

less likely to be nervous or anxious compared to 17-18-year-old females, and 7) females 

reported more emotionality symptoms than males irrespective of CHx. The findings of this 

study largely support the initial hypothesis, with significant evidence aligning with our 

expectations regarding emotionality and kinematic performance.  

 The relationship between multiple concussions and increased kinematic performance 

has been previously reported (Dalecki et al., 2019). Specifically, our findings noted two or 

more concussions as significant predictors of increased RT, PV and accuracy performance. 

This increase in performance after multiple concussive injuries may be attributed to a rise in 

brain resilience resulting from multiple years of sports experience. Dalecki et al. (2019) 

determined that youth with more years of eye-limb coordination sport experience were able 

to match the CMI performance of their peers more quickly than those with less sport 

experience. As CMI is particularly relevant for athletes, a more favourable recovery ensures a 

safe return to sport. Based on our analyses, our 2 or more concussion group may have higher 

brain resilience and motor skill reserve, causing significant group differences. Further, 

previously reported MT performance deficits in CHx individuals (Dalecki et al., 2019), are 

consistent with our findings of decreased MT performance for individuals with two or more 
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concussions. Although much of our kinematic findings demonstrate improved performance 

after multiple concussions, our analyses do not allow further examination of potential 

modulators. For instance, a lack of information exists for individual differences in resilience. 

This information would allow a more comprehensive understanding of the factors influencing 

recovery and kinematic performance.  

 Animal model research has also discovered similar findings regarding physical 

exercise and brain reserve impact on post-TBI outcomes (Kopczynski et al., 2023). In this 

study, researchers divided rodents into three groups: a high-volume physical exercise, low-

volume physical exercise, and sedentary. The high-volume group had free daily access to a 

running wheel, while the low-volume group only had access to the wheel intermittently, in 

48-hour on-off intervals. The sedentary group never had access to the running as it was 

always locked. After TBI the mortality rate in the high and low exercise groups was around 

20%, compared to 40% in the sedentary group. Further, engagement in physical activity prior 

to TBI sustained levels of pCREB and pro-BDNF. The findings suggest, that the pCREB-

BDNF pathway formulates the neurological basis for neural reserves. This work aligns with 

our findings suggesting that physical activity may formulate the basis of cognitive reserve.  

Enhanced recovery of CMI following concussive injury may further be linked to 

higher motor-skill reserve, developed through sport participation, facilitating behavioural 

recompensation. The presence of both increased motor skill reserve and brain resilience, 

mitigate the level of functional impairment experienced post-concussion. Figure 6a outlines 

the brain reserve capacity model for individuals with one concussion, adapted and modified 

from Satz (1993). Individuals with one previously sustained concussion fall into one category 

for domain-specific kinematic performance. For instance, a vulnerability factor sees that an 

individual has lower motor skill reserve and lower brain resilience, thus causing functional 

impairment. A protective factor posits that individuals with increased motor skill reserve and 
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brain resilience will not experience functional impairment. This theory aligns with better 

female RT performance and male MT, precision, and accuracy performance, for individuals 

with one concussion compared to their counterparts. Based on this model, the aforesaid 

groups displayed a protective factor respective to their kinematic performance domains. A 

challenge factor, however, postulates that although individuals with increased motor skill 

reserve and brain resilience may perform well on certain tasks, they may still face challenges 

with other tasks or domains, resulting in impairments. This theory aligns with our data from 

male RT and female MT, precision and accuracy performance, for individuals with one 

concussion. Said groups presumably faced a domain-specific kinematic performance 

challenge causing impaired functional performance. 

Similarly, Figure 6b outlines the BRC model for two or more concussions. Here the 

protective factor theory aligns with female RT, PV, precision and accuracy performance and 

male MT and nPL performance. Here, despite the history of multiple concussions, increased 

motor skill reserve and brain resilience serve as a buffer to mitigate the impact of cumulative 

concussive injury on kinematic performance. The challenge factor theory aligns with male 

RT, PV, precision, and accuracy performance and female MT and nPL performance. Brain 

resilience observed in females could be further attributed to bilateral activation in females 

during visuomotor control tasks (Smeha et al., 2022; Sneider et al., 2011), which further 

serves as a protective factor for functional impairment.  
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Figure 6. BRC functional impairment models for individuals with one or multiple SRCs. 
Vulnerability factor suggests that lower BRC allows for functional impairment after concussive 
injury. Protective factor suggests that increased BRC resulting from increased motor skill reserve and 
brain resilience does not allow for functional impairment after concussive injury. Challenge factory 
theory indicates that despite a higher BRC, the appropriate task or domain may challenge an 
individual with CHx, resulting in functional impairment. a) BRC model for one concussive injury. b) 
BRC model for two or more concussive injuries. Dotted boxes represent n number of additional 
injuries. 
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Contrary to our hypothesis, RT performance worsened with age. We expected to see 

an increase in RT performance with age, however the opposite was observed. In general, 

athletes have better kinematic performance than their non-athlete counterparts (Caramelli et 

al., 2020; Seidel & Ragert, 2019), however, within their group noteworthy differences are 

observed over a small number of years. It is plausible that poorer RT performance with age is 

attributed to cumulative sub-concussive impacts that become evident over time (Bailes et al., 

2013; Caccese et al., 2019).  

 Study results revealed an interesting relationship between male and female DR 

performance. Here group mean differences for females were considerably worse than males. 

Historically, males have been found to have higher levels of impulsivity (Weafer & de Wit, 

2014; Weinstein & Dannon, 2015), however, in a study of elite judo athletes females reported 

higher levels of impulsivity compared to males (Ferreira et al., 2017). Within our sample of 

athletes, although impulsivity was not explicitly measured, faster female RT and PV 

performance may be indirect indicators of impulsivity. This increase in RT and PV may 

cause females to start the task quickly, but make more corrective movements to compensate 

for incorrect initial movements. Simply put, sex differences in DR may be a function of 

impulsivity and not performance. Whereas slower male RT and PV may indicate a slower 

time to begin movements, but movements are completed correctly. This may further explain 

why males had marginally better precision performance overall compared to females; males 

are slower to begin movements because they are processing the correct movement.  

 In contrast to our initial hypothesis, time lived since concussion was not significantly 

correlated with kinematic performance in males or females. These findings contradict Dalecki 

(2019), where there was a significant relationship between the time since an individual’s last 

concussion and CMI performance. Our findings may be potentially attributed to a lack of 

statistical power necessary to detect a significant correlation between said variables. 
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Alternatively, there lies the possibility that the #PC is a more robust modulator of kinematic 

performance than time in elite athletes. The results appear to suggest that the time lived since 

an individual’s concussion does not correlate with their kinematic performance, but the 

presumed level of sport participation exposure plus CHx may effectively modulate kinematic 

performance.  

 Across all emotionality measures, results indicated that females reported experiencing 

more emotions than males. A point of interest is the potential influence of gender norms 

associated with symptom reporting (Alsalaheen et al., 2021; Brooks et al., 2018; Bunt et al., 

2021). A study of 986 adolescent athletes noted that females had greater symptom severity 

and higher reporting frequency of concussive symptoms (Alsalaheen et al., 2021). Similar 

results were observed in a cohort of Japanese collegiate athletes, where females had a higher 

reporting frequency than males across all concussive symptoms (Tanaka et al., 2023). In a 

study looking at the gender norms in concussion reporting among college athletes, females 

had greater concussion knowledge and concussion reporting intention than males (Kroshus et 

al., 2017). Together this literature emphasizes the influence of gender norms on concussion 

reporting among athletes. This is particularly relevant to the results of our study due to its 

potential explanation of the lack of statistical significance for the male logistic regression 

analyses. In essence, the lack of significant findings in the male logistic regression analyses 

may be attributed to a lack of symptom reporting among males rather than a lack of fit within 

the regression model. Further, males were more likely not to report a concussion because they 

thought their coach would get mad (Wallace et al., 2017). 

 Interesting results emerged regarding females’ irritability post-concussion. Again, the 

odds ratio was significantly higher for females with a history of 2 or more concussions, 

suggesting that the #PC increased the risk of becoming more irritable. Plausible explanations 

for these findings are two-fold: exposure to traumatic events poses a greater risk for 
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irritability in females and pituitary dysfunction following concussion in female athletes leads 

to mood disruptions, including irritability. In a study with 7422 adolescents examining the 

effects of traumatic experience exposure on irritability, the odds ratio for females was 

significantly higher than males (Henriksen et al., 2021), findings consistent with our data. 

Specifically, females who experienced a serious accident had 45% greater odds of being 

irritable. Results suggest that experiencing trauma serves as a potential modulator of 

irritability in females. In another study with 133 female athletes, researchers explored the 

relationship between hormones and the presence of pituitary dysfunction post-mTBI 

(Eggertsdóttir Claessen et al., 2024). They found that 12.2% of female athletes with a history 

of mTBI had pituitary dysfunction (either hypopituitarism or hyperprolactinemia). 

Hypothalamic-pituitary-adrenal (HPA) axis dysfunction has been linked to mood and anxiety 

disorders (Mathew et al., 2001), which provides a basis for dysfunction if disturbed. These 

findings in conjunction with our results suggest that females’ exposure to a traumatic event 

and pituitary dysfunction may cause increased irritability.  

 Additional unexpected results regarding nervousness and anxiousness between female 

age groups could be elucidated by situational factors. Again, our results found 21-22-year-old 

females had lower odds of being more nervous/anxious compared to 17 -18-year-old females. 

Situational factors may be modulating the relationship between nervousness/anxiousness in 

17–18-year-olds due to immediate life stressors, rather than changes in age. For instance, 

compared to 21-22-year-olds, this age group is generally in the early years of their university 

education and varsity athlete participation. In contrast, 21-22-year-olds are generally in their 

final years of university education and varsity athlete participation, possibly resulting in 

reduced nervousness and anxiousness. These abrupt and significant life changes could exert 

an influence on overall levels of nervousness and anxiousness for 17–18-year-old female 

athletes.  
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4.1 Limitations 

 Despite several significant findings, this study is not without limitations. Firstly, 

although this study had a relatively high sample size, a larger sample size would have been 

helpful in increasing statistical significance for correlation analyses. Further, the distribution 

of concussion history participants across age groups was not uniform. This may introduce 

bias into the statistical model by giving disproportionate weight to larger groups due to their 

greater contribution to the model's overall fit. Including mental health history and the number 

of years of elite-level training among participants as variables could have further enhanced 

regression modelling by allowing for an evidence-based recovery metric and intervening 

variable to be incorporated. Another limitation of the present study is that emotionality 

measures relied solely on self-report measures. The use of self-report measures within 

research is common, yet there remains the risk of memory-related errors in reporting. 

Similarly, the potential for underreporting bias among male athletes exists, due to gender 

differences in reasoning and rates of reporting. Addressing this limitation may allow for a 

better statistical model fit for future studies, providing an accurate representation of objective 

emotionality between sexes.  

4.2 Conclusions 

 This study investigates the sex differences in kinematic performance and emotionality 

after concussive injury. Our findings suggest that visuomotor tasks and self-report measures 

can detect sex-based behavioural and emotional changes after a concussion. We showed that 

across kinematic measures, sex, #PC and age were significant predictors of kinematic 

measure changes. Further, we showed that multiple concussions modulated irritability in 

female athletes. Our findings suggest that skill through sport experience enhances brain 

resilience thus mitigating the impact of multiple concussions on kinematic performance. 

Beyond this, the combination of enhanced motor skill reserve from high sport experience and 
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enhanced brain resilience capacity may further serve as a protective factor for functional 

impairments among athletes. Future research could focus on determining the influence of 

concussion severity on visuomotor kinematic performance among athletes with multiple 

concussions or the impact of injury with age.  
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Appendix A. Informed Consent 1 
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Appendix B. Informed Consent 2 
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Appendix C. Sport Concussion Assessment Tool 5 (SCAT5) 

 

Note. Page three of the SCAT5 where the symptom evaluation, 22-point symptom list is 

included. This research only requires the use of the bottom most symptoms: more 

emotional, irritability, sadness, and nervous or anxious (“Sport Concussion Assessment 

Tool - 5th Edition,” 2017).  
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Appendix D. Sport Concussion Assessment Tool 6 (SCAT6) 

 

Note. Page four of the SCAT6 where the symptom evaluation, 22-point symptom list is 

included. This research only requires the use of the bottom most symptoms: more 

emotional, irritability, sadness, and nervous or anxious (Echemendia et al., 2023). 

 


