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Thesis Summary 
 
Sport-related concussion is a major public health burden due to its concerning prevalence and 

possible negative, long-term consequences on brain health. However, approximately 85% of 

athletes recover within two weeks following sport-related concussion when assessed using 

self-reported symptoms, computerised neurocognitive testing, and clinician-administered 

static balance performance. This is a relatively consistent finding across existing studies, and 

across the spectrum of sex, age, sport, and level of play. Despite the acute clinical recovery 

experienced by most athletes following sport-related concussion, a notable minority 

experience a prolonged recovery that is characterised by persistent symptoms, adverse health 

related quality-of-life, and delayed return-to-sporting activity. 

 

Sport-related concussion typically induces a variety of impairments that involve many body 

systems. The complex array of somatic, cognitive, vestibular, oculomotor, autonomic, 

sensorimotor, and psychological impairments that can manifest following sport-related 

concussion underscores the need for many outcome measures to longitudinally identify 

concussion-associated impairments. In the absence of a comprehensive and longitudinal 

assessment incorporating many outcome measures, concussion-associated impairments may 

go unidentified. The clinical time-course of concussion recovery beyond three months and up 

to one-year after injury remains relatively under-investigated in the concussion literature. 

Consequently, it is unclear whether athletes experience impaired, or fluctuating, outcomes in 

the year following sport-related concussion that may contribute towards adverse brain health 

in later-life. 

 
Patient-, clinician-, and laboratory-based outcome measures assess different constructs with 

varying granularity and, when assessed simultaneously, enable a more holistic understanding 

of the wide spectrum of patient health and disability that a patient may experience after 

injury. To this end, we assessed patient-, clinician-, and laboratory-based outcomes within a 

clinical outcomes assessment framework to prospectively investigate the one-year recovery 

of athletes who presented to a university-affiliated hospital emergency department within 

one-week following sport-related concussion. 
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1.1 INTRODUCTION 

1.1.1 Epidemiology and natural history of sport-related concussion 

The prevalence of concussion in sport and the possible negative, long-term sequelae of 

concussive injury position sport-related concussion as a major public health burden.(1–6) 

Mainstream media demonise sport-related concussion due to its potentially negative, albeit 

ultimately unclear, long-term consequences.(6–12) However, it is the frequency with which 

concussions are sustained in popular contact and collision sports, despite substantial non-

disclosure and under-diagnosis,(13,14) that elevates sport-related concussion to an 

international research priority.(3,4,15–18) 

 

Sport-related concussion is a traumatic brain injury caused by a direct blow to the head, face, 

neck, or elsewhere on the body resulting in biomechanical forces being transmitted to the 

brain and transiently altered mental status.(19–21) In contact and collision sports, concussion 

accounts for greater than 10% of all injuries sustained across high school, collegiate, and 

professional levels of play.(5,15,16,22) The incidence rate of concussion in contact and 

collision sports varies both within- and between-sports, and appears to be modified or 

confounded by factors such as sex, age, nature of contact (e.g., tackle mechanism), and level 

of play (e.g., community-level, amateur, or professional).(23–27) Within-sport variability in 

the match incidence rate of sport-related concussion is highlighted by substantial statistical 

heterogeneity (I2) of quantitatively aggregated estimates in men’s rugby union (3.89 per 

1,000 match hours, I2 = 91%), men’s ice hockey (2.01 per 1,000 match hours, I2 = 98%), 

men’s American football (2.52 per 1,000 athletic exposures, I2 = 94%), and women’s ice 

hockey (2.27 per athletic exposures, I2 = 72%).(24) 

 

In the English Rugby Premiership – the highest tier of club rugby union in England – there is 

a match injury incidence rate of 17.9 concussions per 1,000 player match-hours.(22) This 

concussion incidence rate equates to approximately one sport-related concussion every three 

matches in the English Rugby Premiership when considering that the rugby ball is in play, 

and therefore players are at risk, for 36 minutes per match on average.(28) However, in 

English community-level rugby union, 1.2 sport-related concussions are incurred per 1,000 

player match-hours, yielding a rate of approximately one sport-related concussion every 46 

matches (when applying the same “ball-in-play” time of 36 minutes per match).(26,29) 

Despite a substantially lower concussion incidence rate in community-level rugby union 

compared with the professional club and international equivalents,(24) high global 



 4 

participation rates in community-level rugby union dictate that thousands of athletes will 

sustain a sport-related concussion every weekend. This reality applies to all athletes 

participating in contact and collision sports wherein there is a risk of sustaining a sport-

related concussion.(23–25) 

 

A thorough understanding of athlete recovery across acute, subacute, and long-term timelines 

following sport-related concussion is essential to adequately inform post-injury management 

and advocate for athlete welfare.(30–35) The incidence and prevalence of sport-related 

concussion has increased over time, likely due to improved data collection methodologies, 

clarified diagnostic criteria, and enhanced concussion education and awareness. However, the 

recovery trajectory of many athletes following sport-related concussion remains a source of 

confusion in research and clinical practice.(36–40) Sport-related concussion has been 

associated with a slew of concerning, long-term outcomes such as adverse psychiatric, 

emotional, cognitive, and behavioural health in later-life.(10,11,41–46) These associations 

certainly warrant attention. However, existing studies are observational and not designed to 

account for confounding, mediating, and effect modifying variables that elucidate the causal 

pathway along which long-term outcomes develop.(47,48) Moreover, research methodologies 

applied in these studies facilitate the introduction of numerous biases (e.g., recall bias, 

ascertainment bias, self-selection bias, differential misclassification) that may distort the 

direction and magnitude of true study effect estimates.(49–53) Therefore, the evidence for 

whether sport-related concussion is an independent, causative factor of impaired brain-health 

in later-life is unclear.(6,54–57) 

 

The potentially adverse, long-term health burden of sport-related concussion is in stark 

contrast with the acute clinical recovery experienced by most athletes who sustain this 

injury.(30–32,35) Approximately 85% of athletes recover clinically within 2-3 weeks 

following sport-related concussion when assessed using self-reported symptoms, 

computerised neurocognitive testing, and clinician-administered static balance 

performance.(5,18,27,58–62) The majority of athletes across the spectrum of age, sport type, 

and level of play return-to-sport within one-month following sport-related 

concussion.(26,27,60,61,63) Similarly, most student-athletes do not typically report or exhibit 

persistently reduced academic performance upon returning to school after sport-related 

concussion.(64–67) However, despite a successful return to normal aspects of everyday life 

for most athletes following sport-related concussion, a small but notable minority experience 
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a prolonged recovery (≥1 month) characterised by persistent symptoms, impaired health-

related quality of life (HRQoL), and a delayed return to school, work, and sport.(68–73) 

 

Identifying persistent concussion-associated impairments after sport-related concussion is 

crucial to enhance our understanding of patient recovery and delivery of targeted, 

individualised patient management. Although a standardised, multi-faceted assessment with 

high sensitivity is widely used to acutely diagnose sport-related concussion,(74–76) the 

discriminative capacity of this assessment battery diminishes with increasing time following 

injury.(77) Consequently, concussion-associated impairments that persist, or evolve, over 

time may remain undetected following injury due to the low discriminative capacity of the 

assessment measures used. Diffuse, non-localized, and functional injury to the brain – as is 

the case with sport-related concussion – typically induces a variety of impairments that 

involve many body systems.(19,38–40,78) The complex array of somatic, cognitive, 

vestibular, oculomotor, autonomic, sensorimotor, and psychological impairments that can 

manifest following sport-related concussion underscores the need for many outcome 

measures with robust psycho- and clini-metric properties to longitudinally identify the 

presence of concussion-associated impairments.(78,79) In the absence of a comprehensive 

and longitudinal assessment incorporating many outcome measures, persistent concussion-

associated impairments may go unidentified. 

 

In an effort to understand the long-term effects (i.e., >1 year) of sport-related concussion, 

retrospective research using longitudinal and case-control designs has investigated chronic 

and persistent correlates of concussion.(6) Similarly, a plethora of prospective research has 

investigated the nature and duration of acute (<72 hours) and sub-acute (3 days-3 months) 

recovery following sport-related concussion.(30–32,35,58,59,79) However, the clinical time-

course of concussion recovery beyond three months and up to one-year after injury remains 

relatively under-investigated in the concussion literature. Few longitudinal studies have 

prospectively investigated the presence and subsequent recovery of concussion-associated 

impairments up to one-year following sport-related concussion.(80,81) As a result, it is 

unclear whether, following the acute resolution of impairments, athletes experience 

fluctuations in clinical outcomes in the year following sport-related concussion that could 

contribute towards brain health in later-life.
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1.1.2 Presentation to the emergency department following sport-related concussion 

Sport-related concussion differs from other traumatic injuries as athletes may enter the 

healthcare system through a variety of access points following injury,(82) if indeed at 

all.(13,14,83) Patients’ point of healthcare entry following sport-related concussion, in 

addition to pre-injury characteristics such as sex, age, and concussion history, may partly 

explain the nature and duration of their clinical recovery.(47) Due to the traumatic nature and 

contact mechanism of sport-related concussion, and the constellation of physical, emotional, 

cognitive, and fatigue symptoms that are reported following injury, the emergency 

department is a frequent site of healthcare access for concussed athletes.(71,84–91) 

 

The epidemiology of emergency department visits following sport-related concussion varies 

substantially according to the patient demographic sampled, injury definitions used, and 

diagnostic criteria applied.(82,92–95) Annually, there are between 239 and 808 sport-related 

concussion emergency department visits per 100,000 persons in the United States.(95,96) 

These incidence rates suggest that between 775,000 – 2,750,000 individuals sustain a sport-

related concussion and present to an emergency department in the United States each year. 

 

Outside of the United States, many individuals sustain head injuries and present to hospital 

emergency departments.(97) In Europe, 232 to 468 individuals per 100,000 population 

present to emergency departments each year with mild traumatic brain injury (mTBI), the 

majority of which are sustained during sport and recreation.(98–102) In the United Kingdom, 

there are more than one million emergency department visits each year due to head injuries, 

90% of which are subsequently classified as mTBI and concussion.(103) In Australia, there 

are approximately 17 annual hospitalisations due to sport-related concussions per 100,000 

individuals participating in sport.(94) As sport-related concussion infrequently results in 

hospitalisation following emergency department presentation, this incidence rate likely 

underrepresents the rate at which concussed individuals present to the emergency department. 

 

It is unclear whether or not concussed athletes entering the healthcare system at distinct 

access points differ on characteristics that may be prognostic of recovery. Although recent 

large-scale, multi-centre cohort studies such as the NCAA-DoD CARE Consortium(104) 

represent landmark collaboration and knowledge generation in the field of sport-related 

concussion, these studies focus exclusively on student-athletes and military cadets recruited 

and tested in university and military settings, respectively. Few longitudinal studies have 
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prospectively investigated the one-year time-course of clinical recovery amongst amateur 

athletes who present to the emergency department following sport-related concussion across 

patient-, clinician-, and laboratory-oriented outcomes. 

 

1.1.3 Clinical outcomes assessment 

Sport-related concussion is a heterogeneous injury characterised by a constellation of self-

reported symptoms and objectively-identified impairments representing different 

domains.(39,40,105–108) Due to the wide variety of impairments that can manifest following 

sport-related concussion, evaluating concussion-associated impairments necessitates a multi-

dimensional assessment including outcomes that generate disease-oriented evidence and 

patient-oriented evidence.(109–111) Clinical outcomes assessments refers to the use of 

diverse and informative outcomes throughout recovery and care to assess injury progression 

and treatment progress.(110,112,113) To understand patients’ perceptions of their health and 

recovery and, in turn, to provide patient-centred care, clinical outcomes assessment 

frameworks have expanded to not only encompass aspects of health that clinicians deem 

important but also to incorporate aspects of health that are meaningful and important to 

patients themselves.(114) Numerous disablement models and outcomes frameworks exist that 

classify outcomes by the type of data they provide and by how decision-making is 

informed.(109–111,115) Within these models, outcome measures are broadly considered as 

patient-, clinician-, or laboratory-based.(110,111,115) 

 

1.1.4 Patient-based outcomes 

Patient-based outcomes refer to outcomes that are important to patients and that are 

meaningful to how they live their lives.(112,113) Patient-based outcomes are often 

psychometrically-sound, patient-reported outcome measures (PROMS) that evaluate patients’ 

perspectives of their own health status, reflecting self-reported morbidity and HRQoL. Event-

determined outcomes are outcome that are defined by the occurrence of an event of interest 

such as mortality, hospital admissions, and return-to-sport after injury.(116,117) Event-

determined outcomes are considered patient-based due to their importance to the patient and 

how they impact the patient’s life. Assessing patient-based outcomes enhances the 

interpretation of clinical recovery following sport-related concussion because patients may 

perceive that concussion-associated impairments affect their physical, psychological, and/or 

social well-being despite demonstrating a full recovery on clinician- and laboratory-based 

outcomes.(118)
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Although patient-based outcomes are intuitively considered subjective and self-reported, they 

may have subjective and objective sub-classifications.(119) Objective patient-based 

outcomes are standardised, self-reported evaluations of patient functioning and health status 

that do not consider the patient’s perceptions of their health.(110,119) Subjective, patient-

based outcomes refer to the patient’s individual- and value-specific perceptions of the their 

health.(119,120) For example, the Post-Concussion Symptom Scale (PCSS) is a self-

reported, 22-item, seven-point Likert scale that assesses the presence and severity of patients’ 

physical, cognitive, emotional, and sleep disturbance symptoms following sport-related 

concussion.(121,122) Self-reported symptoms are a patient-based outcome that is meaningful 

to patients following sport-related concussion. However, the PCSS measures patients’ self-

reported symptoms using a standardised scale that does not consider the effects of symptom 

presence or severity on patients’ lives. Consequently, patient-reported symptoms following 

sport-related concussion, as assessed using the PCSS, are considered an objective patient-

based outcome. 

 

Conversely, the Headache Impact Test-6 (HIT-6) is a self-reported, six-item scale that 

assesses the burden of headache on HRQoL.(123,124) Assessing headache burden using a 

condition-specific HRQoL PROM provides insights into patients’ perceptions of the effects 

of their headache on specific aspects of their health-related well-being, such as social, 

cognitive, and psychological functioning.(110,125) Because patients’ injury-specific 

perceptions and expectations of sport-related concussion, and beliefs about their ability to 

cope with concussion-associated disability, influence their perceptions of the effect of 

concussion on their HRQoL, two patients with the same objectively-assessed health status 

may have very different subjectively-defined HRQoL.(119) As a result, complementing 

objective patient-based outcomes with judiciously-selected subjective counterparts enables a 

patient-centred assessment about whether concussion-associated impairments resolve or 

persist over time.(125) 

 

Following sport-related concussion, objective (e.g., concussion-related symptoms) and event-

determined (e.g., return-to-sport and return-to-school) patient-based outcomes demonstrate 

relatively consistent findings that vary minimally according to sex and age.(59–61,65) More 

than 85% of collegiate and adult athletes exhibit a resolution of concussion-related symptoms 

that approximate baseline or normative values within two weeks following sport-related 

concussion.(58–61) Similarly, approximately 80% of athletes return-to-sport within one-
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month after sport-related concussion and only a very small, albeit notable, minority of 

athletes experience prolonged difficulties that require academic accommodations when 

returning to school.(26,60,61,64–67) The focus of subjective patient-based outcomes on 

patients’ perceptions of the effects of injury on physical, psychological, and social HRQoL 

facilitates the identification of impactful concussion-associated impairments that objective 

patient-based outcomes may overlook or regard as insignificant. 

 

HRQoL is a subjective patient-based outcome that can complements patient assessments 

when evaluated alongside objective patient-based outcomes following injury.(126,127) 

HRQoL refers to distinct physical, psychological, and social aspects of health that are 

influenced by patients’ individual experiences, beliefs, expectations, and 

perceptions.(128,129) Generic HRQoL PROMs assess a wide range of health statuses 

following injury, are applicable to a variety of patients with different injuries, and enable 

comparisons across injuries.(130,131) However, generic HRQoL PROMs are less sensitive 

when identifying the effects of injury-specific impairments on HRQoL.(110) Condition-, 

disease-, or injury-specific HRQoL PROMs evaluate patients’ perceptions of the effects of 

their injury, or their injury-associated impairments, on aspects of their HRQoL.(119,130) 

Condition-specific HRQoL PROMs are typically more responsive to longitudinal changes in 

function and disability following injury than generic HRQoL PROMs because they consider 

impairments related to a specific injury.(127,131) 

 

In the case of sport-related concussion, injury-associated impairments such as headache, 

fatigue, neck pain, anxiety, and dizziness may each affect physical, emotional, and/or social 

well-being in a very specific manner. Although generic HRQoL PROMs provide a broad 

understanding of the general state(s) of HRQoL, condition-specific HRQoL PROMs enable 

deeper insights into the specific sequelae of concussion-associated impairments that may 

negatively affect patients’ perceptions of health-related well-being. For example, by 

assessing generic HRQoL following sport-related concussion using the PedsQL-4.0 

tool,(132) we may identify adolescents who broadly perceive that their functioning in school 

is impaired despite their grades being comparable to their pre-concussion academic 

performance. However, assessing condition-specific HRQoL (e.g., HIT-6) may identify 

patients who perceive that a specific concussion-associated impairment (e.g., headache) 

negatively affects their ability to concentrate on work, school, or daily activities (e.g., 

cognitive functioning).(125)
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Generic HRQoL has been investigated amongst paediatric, adolescent, and collegiate student-

athletes following sport-related concussion, with conflicting results across heterogeneous 

studies complicating the identification of common trends.(133–136) Patients with persistent 

post-concussion symptoms up to and beyond three months following sport-related concussion 

consistently exhibit decreased physical, cognitive, and psychosocial HRQoL.(137–140) 

Similarly, in a prospective, longitudinal study, paediatric and adolescent patients who 

presented to the emergency department after sport-related concussion reported negatively 

affected HRQoL and school functioning up to three months following injury, irrespective of 

whether or not they reported persistent post-concussion symptoms.(140) However, many 

patients do not perceive specific aspects of their HRQoL to be persistently affected following 

sport-related concussion. (141–144) Typically, only a notable subgroup of patients – less than 

15% of concussed patients – report reduced generic HRQoL up to one-year following sport-

related concussion compared with their pre-concussion baseline or a non-concussed control 

group.(145–148) 

 

Compared with the use of generic HRQoL PROMs across the sport-related concussion 

literature,(133,135,137–139,142,149) condition-specific HRQoL remains relatively under-

assessed in the investigation of athlete recovery following sport-related concussion.(125,134) 

In the past decade, anecdotal observations in clinical practice have identified distinct 

“trajectories”, represented by specific impairment clusters (e.g., post-traumatic headache, 

anxiety, vestibular, etc.), that manifest throughout recovery following sport-related 

concussion.(39,40,105,150) It is unclear whether condition-specific HRQoL PROMs align 

with recovery trajectories following sport-related concussion and might be used to assist the 

identification of impairment-specific clusters, thus informing athletes’ post-concussive 

recovery. 

 

1.1.5 Clinician-based outcomes 

Clinician-based outcomes refer to outcomes that clinicians use to objectively assess, identify, 

and longitudinally monitor patient impairment and functional ability following 

injury.(110,111) Practitioners rely heavily on clinician-based outcomes due to the ability of 

these outcomes to quantify impairments and inform clinical decision-making when managing 

injury. However, clinician-based outcomes often bear little, if any, meaning to patients, who 

may be unaware of and, in some instances, undeterred, by such impairments.(110) Clinicians 

may consider an athlete to be fully recovered and ready to return-to-sport following sport-



 11 

related concussion on the basis of the return of their cognitive function and balance 

performance to preinjury baseline values.(19,32,151,152) However, the athlete may not feel 

clinically recovered and ready to return-to-sport due to their perceptions of the effects that 

low symptom severity has on their desired sporting performance, despite approximating their 

preinjury baseline values on clinician-based outcomes. 

 

Clinician-based outcomes form the central components of standardised assessment strategies 

recommended by best-practice guidelines and consensus statements to diagnose sport-related 

concussion and assess athletes’ post-injury recovery.(19,21,74,78,151) Common clinician-

based outcomes include cognition assessed using pen-and-paper format or computerised 

technology,(151,153) sensorimotor function evaluated through clinician-administered static 

and dynamic balance tests,(154–157) and evaluations of vestibular and oculomotor 

function.(158–161) Clinical assessment strategies that display robust psycho- and clini-metric 

properties (e.g., inter- and intra-rater reliability and minimal clinically important difference) 

have been developed to evaluate clinician-based outcomes following sport-related 

concussion.(151,162–165) For example, there are distinct computerised neurocognitive 

assessments (e.g., ImPACT, ANAM, CogState, CCAT) that are used to assess a variety of 

cognitive domains both at baseline and following sport-related concussion.(151,166) 

Similarly, balance tests such as the modified Balance Error Scoring System (mBESS), 

tandem walking gait, dynamic gait index, and functional gait assessment have been 

implemented to evaluate sensorimotor function after sport-related concussion.(151,167,168) 

Despite many clinical tests existing that evaluate distinct constructs of clinician-based 

outcomes, studies continuously indicate that approximately eight in every ten concussed 

athletes recover on clinician-based outcomes within two weeks following sport-related 

concussion.(30–32,58,59,153,157)  

 

Functional tests that aim to reproduce the challenges presented by a contextual, real-world 

environment may possess greater sensitivity to identify persistent impairments following 

sport-related concussion.(169–174) For example, vestibular impairments can manifest 

following sport-related concussion due to trauma to central (e.g., vestibular nuclei and 

cerebellum) and peripheral (e.g., semi-circular and otolith) anatomy of the vestibular 

systems.(167,175,176) Vestibular and oculomotor impairments are typically aggravated by 

specific environmental stimuli that provoke unpleasant symptoms such as headache, 

dizziness, and nausea.(160,161) Clinical tests have been developed to assess patients’ 
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abilities to perform, and their responses to, tasks that involve movements of the vestibular 

and oculomotor systems.(158–160,173,174) Of many oculomotor functions assessed by the 

Vestibular/OculoMotor Screening (VOMS), smooth pursuits and saccades may provoke 

symptoms that patients also experience during related tasks such as tracking slowly moving 

objects and reading, respectively.(177,178) Vestibular and oculomotor dysfunction is 

associated with prolonged recovery following sport-related concussion.(179–183) However, 

the prevalence of persistent vestibular and oculomotor impairments following sport-related 

concussion is unclear. 

 

Functional movement tests have been used following sport-related concussion in both 

research and clinical settings to investigate sensorimotor function.(157,184–186) By using 

clinical tests that simulate the functional movements that athletes perform during everyday 

life (e.g., walking) or sports (e.g., jump-landing), clinicians may observe sensorimotor 

impairments that would otherwise evade clinical detection. Identifying subtle, underlying 

sensorimotor impairments following sport-related concussion that are associated with an 

elevated risk of subsequent, lower extremity musculoskeletal injury may inform future 

preventive strategies.(187–189) Applying functional movement tests in the laboratory setting 

using precise measurement technologies has identified persistent sensorimotor impairments 

following sport-related concussion.(171,172,190) For example, subtle reaction time and 

lower extremity joint angle differences between concussed and non-concussed athletes have 

been observed greater than one-month after return-to-sport following sport-related 

concussion.(172) Similarly, athletes with a history of concussion required a longer time to 

stabilise when landing after a series of single-leg hops compared with athletes without a 

history of concussion.(171) Using sport-specific tests in the clinical setting to identify 

persistent impairments on clinician-based outcomes (e.g., sensorimotor dysfunction) 

following sport-related concussion is an important next step in concussion research to inform 

patient management and minimize subsequent, lower extremity, musculoskeletal injury risk. 

 

1.1.6 Laboratory-based outcomes 

Laboratory-based outcomes investigate the sub-clinical characteristics (e.g., cellular, tissue, 

organ) of injury and injury-related impairments in a controlled, laboratory 

environment.(111,115) Laboratory-based outcomes typically address neurobiological 

recovery rather than clinical recovery to understand mechanisms that explain sub-clinical 

responses, for example to sport-related concussion, over time.(191,192) Laboratory-based 
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outcomes comprise neuroimaging, fluid biomarkers, genetics, and biomechanical outcome 

domains and related outcome measures.(187,192–197)  

 

The scientific literature on laboratory-based outcomes that estimate recovery following sport-

related concussion is fraught with conflicting evidence, complicating reliable evidence-based 

inferences.(191,192) For example, studies that investigate physiological recovery following 

sport-related concussion using laboratory-based neuroimaging outcomes such as task-based 

and rest-state functional Magnetic Resonance Imaging (fMRI), electroencephalogram (EEG), 

Diffusor Tensor Imaging (DTI), and Magnetic Resonance Spectroscopy (MRS) report 

varying timeframes, outcome measures, risk of bias, and statistical analyses, which make 

consistent patterns across studies difficult to reliably identify.(104,192–195) However, 

despite highly conflicting findings across studies that report laboratory-based outcomes, some 

trends appear within the literature. Neuroimaging studies using MRS have identified acutely 

reduced N-Acetylaspartate that resolves within one-month following sport-related 

concussion.(198–204) Conversely, studies investigating other neuroimaging outcomes, such 

as DTI and cerebral blood flow, report reductions in mean diffusivity (DTI) and/or increases 

in fractional anisotropy (DTI), and reduced resting cerebral blood flow up to six months 

following sport-related concussion.(198,205–214) However, studies that oppose these 

findings also exist.(205,215–217) 

 

Depending on the setting in which they are applied, some outcomes may overlap patient-, 

clinician-, and laboratory-based classifications.(111) For example, a clinician-based outcome 

(e.g., clinician-administered balance) might be investigated in a human movement laboratory 

using force-plate technology to assess the kinetic profile associated with clinical postural 

balance impairments following sport-related concussion, yielding a clinician-laboratory-

based outcome.(111,115) Longitudinally assessing clinician-based outcomes in a laboratory 

setting may identify subclinical changes that become clinical impairments over time. 

Consequently, clinician-laboratory-based outcomes may offer prognostic value by identifying 

a patient at elevated risk of long-term impairment and thus informing preventive strategies 

that can minimise the risk of adverse, long-term health. 

 

For two decades, concussion research has applied clinical tests in laboratory settings to 

investigate the recovery of athletes on biomechanical outcomes following 

injury.(154,155,218–224) Requiring that athletes perform challenging, functional movement 
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tests in a controlled laboratory setting following sport-related concussion has demonstrated 

promise by identifying persistent sensorimotor impairments during various walking, dynamic 

balance, and sport-specific tasks.(187,196,197,225–228) Persistent walking impairments 

have been observed in athletes greater than one-month following sport-related concussion 

during dual- (e.g., walking while simultaneously performing a cognitive task) and complex 

gait tasks (e.g., walking over an obstacle) compared with non-concussed, control 

athletes.(197,221,223,229–233) However, outcome multiplicity and a high risk of selective 

outcome reporting in these studies inhibit a clear understanding about whether these 

impairments represent genuine non-null effects or are artefactual.(197) Scoping and narrative 

reviews have theoretically linked persistent sensorimotor impairments on laboratory-based 

outcomes (e.g., neuromuscular control) and subsequent lower extremity musculoskeletal 

injury following sport-related concussion (i.e., a patient-based outcome),(187,234) 

highlighting the potential value of laboratory-based outcomes to inform patients’ risk of 

further injury after sport-related concussion.(111) Thus, clinical tests may offer additional 

value when applied in the laboratory setting using more precise measurement technologies to 

inform patient recovery and subsequent management decisions following sport-related 

concussion. 

 

By investigating clinician- and laboratory- or patient- and laboratory-based outcomes 

simultaneously, important relationships between different outcome classifications may be 

observed and inform patient-specific recovery and management.(111,115) Because patient-, 

clinician-, and laboratory-based outcomes assess different constructs with varying 

granularity, incorporating different outcome classifications into the assessment of patient 

recovery following sport-related concussion will enable a more holistic understanding of the 

wide spectrum of patient health and disability that a patient may experience. To this end, we 

aimed to apply patient-, clinician-, and (clinician-)laboratory-based outcomes within a 

clinical outcomes assessment framework to prospectively investigate the clinical recovery of 

amateur athletes following sport-related concussion.
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1.2 THESIS CHAPTER AIMS AND HYPOTHESES 

This doctoral thesis reports a prospective, matched-cohort study that investigates the one-year 

clinical recovery of amateur athletes who present to the emergency department within one-

week following sport-related concussion. 

 

Chapter two: Concussed athletes walk slower than non-concussed athletes during cognitive-

motor dual-task assessments but not during single-task assessments 2 months after sports 

concussion: a systematic review and meta-analysis using individual participant data. 

 

Aim 2.1: To determine whether athletes who sustain a sport-related concussion exhibit 

greater walking and quiet standing impairments in dual-task assessments versus single-task 

assessments when compared with non-concussed, control athletes. 

 

Aim 2.2: To determine whether athletes who sustain a sport-related concussion exhibit 

persistent walking and quiet standing impairments in single-task and dual-task assessments 

compared with non-concussed, control athletes. 

 

Chapter three: Persistent headache and dizziness health-related quality of life impairments 

after clearance to return-to-activity following sport-related concussion: a prospective, 

matched-cohort study.  

 

Aim 3.1: To prospectively investigate athlete-reported symptoms and condition-specific 

health-related quality of life up to two weeks after return-to-sporting activity following sport-

related concussion. 

- Hypothesis 3.1: Condition-specific health-related quality of life will be significantly 

different in athletes only in the first week following sport-related concussion 

compared with non-concussed, control athletes. 

 

Aim 3.2: To estimate the proportion of concussed athletes who experienced clinically 

impaired condition-specific health-related quality of life impairments following sport-related 

concussion compared with non-concussed, control athletes. 

- Hypothesis 3.2: A greater proportion of concussed athletes would exhibit condition-

specific health-related quality of life impairments following return-sporting activity 

after sport-related concussion compared with non-concussed, control athletes. 
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Chapter four: Condition-specific health-related quality of life amongst amateur athletes six 

months and one-year following sport-related concussion: a prospective, follow-up. 

 

Aim 4.1: To prospectively investigate the condition-specific health-related quality of life of 

amateur athletes six months and one-year after presenting to the emergency department of a 

national, university-affiliated hospital within one-week of sustaining a sport-related 

concussion. 

- Hypothesis 4.1: A minority (<15%) of concussed athletes will exhibit clinically 

impaired condition-specific health-related quality of life scores six months and one-

year following sport-related concussion. 

 

Aim 4.2: To estimate the proportion of concussed athletes who experienced clinically 

impaired condition-specific health-related of life impairments six month and one-year 

following sport-related concussion compared with non-concussed, control athletes. 

- Hypothesis 4.2: A greater proportion of athletes in the concussion group will exhibit 

clinically impaired condition-specific health-related quality of life scores six months 

and one-year following sport-related concussion compared with non-concussed, 

control athletes. 

 

Chapter five: Participation in perceived pre-injury level sport one-year following sport-

related concussion: a prospective, matched cohort study. 

 

Aim 5.1: To estimate the time taken by amateur athletes to (i) receive clearance to return-to-

sporting activity and (ii) return-to-preinjury level sport following sport-related concussion. 

- Hypothesis 5.1: The majority of concussed athletes will receive clearance to return-to-

sporting activity within three weeks following sport-related concussion. 

 

Aim 5.2: To estimate the proportion of amateur athletes who, despite returning to pre-injury 

level sport, were no longer participating at their pre-injury level of sport one-year following 

sport-related concussion 

- Hypothesis 5.2: Because this was an exploratory study, no a priori hypotheses were 

formulated. 

 



 17 

Chapter six: Clinical detection and recovery of vestibular and oculomotor impairments 

amongst amateur athletes following sport-related concussion: a prospective, matched-cohort 

study. 

 

Aim 6.1: To test existing hypotheses surrounding the psychometric properties of the VOMS 

in concussion and healthy athletic cohorts. 

- Hypothesis 6.1: The VOMS will demonstrate excellent internal consistency but poor 

test-retest reliability. 

 

Aim 6.2: To prospectively estimate the diagnostic accuracy of the VOMS, using previously 

established clinical cut-off values, to determine the presence of sport-related concussion 

following a positive VOMS test. 

- Hypothesis 6.2: The VOMS will possess a positive predictive value ≥80%. 

 

Aim 6.3: To identify clinical vestibular and oculomotor impairments exhibited by concussed 

athletes over time compared with non-concussed, control athletes using the VOMS. 

- Hypothesis 6.3: Concussed athletes will exhibit greater symptom provocation scores 

on the VOMS up to return-to-sporting activity following sport-related concussion 

compared with non-concussed, control athletes. 

 

Chapter seven: Longitudinal vestibular and oculomotor impairments amongst amateur 

athletes one-year following sport-related concussion: a prospective follow-up. 

 

Aim 7.1: To prospectively investigate the presence of vestibular and oculomotor impairments 

amongst amateur athletes six months and one-year after presenting to an emergency 

department hospital one-week following sport-related concussion. 

- Hypothesis 7.1: The concussion group will report a similar vestibular- and 

oculomotor-related symptom provocation scores on the VOMS six months and one-

year after sport-related concussion. 

 

Aim 7.2: To identify the proportion of athletes in the concussion group that exceed clinical 

cut-off thresholds on the VOMS compared with non-concussed, control athletes six months 

and one-year following sport-related concussion. 
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- Hypothesis 7.2: There will be a similar proportion of athletes in the concussion group 

who exceed clinical cut-off thresholds on the VOMS compared with the non-

concussed, control group at the six-month and one-year study assessments. 

 

Aim 7.3: To assess athletes’ perceptions of the effects of dizziness on their physical, 

emotional, and functional health-related quality of life six months and one-year following 

sport-related concussion compared with non-concussed, control athletes. 

- Hypothesis 7.3: The concussion group will perceive their dizziness to adversely affect 

their physical, emotional, and functional health-related quality of life to a similar 

extent compared with the non-concussed, control group at the six-month or one-year 

study assessments. 

 

Chapter eight: Using functional tests to investigate the presence of sensorimotor impairment 

in amateur athletes following sport-related concussion: a prospective, matched-cohort study. 

 

Aim 8.1: To longitudinally investigate the presence of sensorimotor impairments in amateur 

athletes following sport-related concussion using two functional movement tests. 

- Hypothesis 8.1: Concussed athletes will exhibit persistent sensorimotor impairments 

on functional movement tests after return-to-sporting activity following sport-related 

concussion compared with non-concussed, control athletes. 

 

Chapter nine: An evaluation of dual-task postural balance performance in amateur athletes 

following sport-related concussion: a prospective, matched-cohort study. 

 

Aim 9.1: To compare the single- and dual-task static postural balance performance of 

concussed athletes and non-concussed, control athletes using patient-, clinician-, and 

laboratory-oriented outcomes. 

- Hypothesis 9.1: Concussed athletes will exhibit persistent laboratory-oriented dual-

task postural balance impairments up after return-to-sporting activity compared with 

non-concussed, control athletes. 

 

- Hypothesis 9.2: Concussed athletes will exhibit greater patient- and clinician-oriented 

postural balance impairments compared with non-concussed, control athletes only in 

the first week following sport-related concussion. 
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Concussed athletes walk slower than non-concussed 
athletes during cognitive-motor dual-task assessments 
but not during single-task assessments 2 months after 

sports concussion: a systematic review and meta-
analysis using individual participant data 

 
 
 

This chapter is based on the following paper that is published in the 
British Journal of Sports Medicine: 
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concussed athletes during cognitive-motor dual-task assessments but not during single-task 
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2.1 ABSTRACT 

Objectives: To determine whether individuals who sustained a sports concussion would 

exhibit persistent impairments in gait and quiet standing compared to non-injured controls 

during a dual-task assessment. 

Design: Systematic review and meta-analysis using individual participant data (IPD). 

Data sources: The search strategy was applied across seven electronic bibliographic and grey 

literature databases: MEDLINE, EMBASE, CINAHL, SportDISCUS, PsycINFO, 

PsycARTICLES and Web of Science, from database inception until June 2017. 

Eligibility criteria for study selection: Studies were included if; individuals with a sports 

concussion and non-injured controls were included as participants; a steady-state walking or 

static postural balance task was used as the primary motor task; dual-task performance was 

assessed with the addition of a secondary cognitive task; spatiotemporal, kinematic or kinetic 

outcome variables were reported, and; included studies comprised an observational study 

design with case–control matching. 

Data extraction and synthesis: Our review is reported in line with the Preferred Reporting 

Items for Systematic review and Meta-Analyses-IPD Statement. We implemented the Risk of 

Bias Assessment tool for Non-randomised Studies to undertake an outcome-level risk of bias 

assessment using a domain-based tool. Study-level data were synthesised in one of three tiers 

depending on the availability and quality of data: (1) homogeneous IPD; (2) heterogeneous 

IPD and (3) aggregate data for inclusion in a descriptive synthesis. IPD were aggregated 

using a ’one-stage’, random-effects model. 

Results: 26 studies were included. IPD were available for 20 included studies. Consistently 

high and unclear risk of bias was identified for selection, detection, attrition, and reporting 

biases across studies. Individuals with a recent sports concussion walked with slower average 

walking speed (χ2=51.7; df=4; p<0.001; mean difference=0.06 m/s; 95% CI: 0.004 to 0.11) 

and greater frontal plane centre of mass displacement (χ2=10.3; df=4; p=0.036; mean 

difference −0.0039 m; 95% CI: −0.0075 to −0.0004) than controls when evaluated using a 

dual-task assessment up to 2 months following concussion. 

Summary/conclusions: Our IPD evidence synthesis identifies that, when evaluated using a 

dual-task assessment, individuals who had incurred a sports concussion exhibited 

impairments in gait that persisted beyond reported standard clinical recovery timelines of 7–

10 days. Dual-task assessment (with motion capture) may be a useful clinical assessment to 

evaluate recovery after sports concussion. 
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Protocol pre-registration: This systematic review was prospectively registered in 

PROSPERO CRD42017064861.
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2.2 INTRODUCTION 

Sports concussion is an international sports medicine priority. Typically, diagnosis of sports 

concussion is informed by athlete self-reported symptoms, computerised cognitive testing, 

and clinician-assessed static postural balance performance.(1,2) The discriminative capacity 

of these assessments, however, diminishes dramatically with increasing time following 

injury.(3–5) The fifth Concussion in Sport Consensus Statement Sport Consensus Statement 

identifies innovative assessment techniques to evaluate the time-course of concussion-

induced impairments as a research priority.(6) 

 

A cognitive-motor dual-task is one where an individual performs a physical task (such as 

walking or quiet stance) while simultaneously performing a cognitive task (eg, subtracting 

numbers backwards).(7) Cognitive-motor dual-task evaluations can detect latent gait 

impairments following sports concussion that extend beyond the reported recovery timelines 

for clinical symptoms, cognitive impairments, and static postural balance impairments.(8–11) 

Everyday movement tasks such as walking and quiet standing are completed regularly with 

little-to-no conscious effort, and participant performance does not tend to improve on these 

tasks with practice.(12) Therefore, walking and quiet standing are ideal tasks with which to 

simultaneously present a cognitive task to assess dual-task performance. 

 

Previous systematic reviews have investigated the psychometric properties of dual-task 

assessments,(13) described the constraints of dual-task protocols,(14) and quantified the dual-

task deficit of biomechanical outcomes in concussed and non-concussed athletes.(15) These 

systematic reviews concluded that wide variability existed in the reliability of dual-task 

assessment measures, that studies were of poor quality, but also that athletes walked with 

slower walking speed and greater frontal plane centre of mass (CoM) sway following sports 

concussion. Due to low study quality and large between-study differences,(9,11,14,16) these 

systematic reviews can make only tentative conclusions about the persistence of impairments 

under dual-task assessment in athletes following sports concussion. Given the inherent 

limitations of descriptive and quantitative aggregate data evidence syntheses, a meta-analysis 

using individual participant data (IPD) – in which the original data for each participant in 

relevant studies are centrally collected, validated, harmonised and re-analysed – is the gold-

standard approach to evidence synthesis.(17,18) We conducted a systematic review with IPD 

and posed the following review questions: 
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In individuals who have recently sustained a sports concussion and are compared with control 

participants:  

1. Are there greater walking and quiet standing impairments in dual-task assessments 

compared with single-task assessments?  

2. Are there persistent walking and quiet standing impairments in single-task and dual-

task assessments?  

 

2.3 METHODS 

2.3.1 Review authorship 

Two authorship groups undertook this systematic review. The ‘review authors’ comprised 

authors who initiated the review as well as selected studies, and collected, synthesised, 

verified, and analysed aggregate and IPD . The ‘contributing authors’ were the lead and 

supervising authors of included original research studies. Contributing authors provided IPD 

for review authors to independently validate, harmonise, and analyse. One author (DRH) was 

a member of both groups. Members of the ‘contributing authorship’ group did not manage 

datasets provided for IPD analysis. All authors approved the final manuscript.  

 

2.3.2 Protocol registration  

This systematic review was reported in line with the Preferred Reporting Items for 

Systematic review and Meta-Analyses using IPD (PRISMA-IPD) statement.(19) A review 

protocol was completed a priori and pre-registered at the International Prospective Register 

of Systematic Reviews (PROSPERO ID=CRD42017064861) 

http://www.crd.york.ac.uk/PROSPERO/display_record.php? ID=CRD42017064861. 

 

2.3.3 Literature identification and screening  

Two ‘review authors’ (FCB and ED) developed the search strategy (supplementary file A – 

search strategy). Search terms were mapped to Medical Subject Headings where possible. 

Search terms were entered under four concepts: (1) injury terminology; (2) motor task; (3) 

cognitive task, and; (4) sporting code. Search terms within each concept were grouped with 

the ‘OR’ Boolean operator and concepts were combined using the ‘AND’ Boolean operator 

to produce the search strategy and final yield. The search strategy was applied across seven 

electronic bibliographic and grey literature (i.e., non-formally published literature) databases: 

MEDLINE via PubMed; EMBASE via Ovid; CINAHL via Ebsco (for grey literature); 

SportDISCUS (for grey literature); PsycINFO (for grey literature); PsycARTICLES and Web 
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of Science. Search terms were applied from inception of each database to June 2017. 

Following dual-assessor (FCB and ED) screening of titles and abstracts, the full-length texts 

of remaining articles were retrieved to determine a study’s inclusion eligibility if ambiguity 

existed. Reference lists of relevant articles were hand-searched by one author (FCB) for other 

potentially relevant references. A content expert (DRH) provided feedback about whether 

ongoing or previously published studies were not identified following the electronic database 

search. 

 

2.3.4 Study selection 

Studies were included if: 

1. Individuals with a sports concussion and non-injured controls were included as 

participants. We accepted studies that included clinician- or investigator-determined 

concussion injury. Studies including patients with moderate and/or severe traumatic 

brain injury were excluded. 

2. A steady-state walking task or a static postural balance task was used. Complex 

walking tasks, such as walking over or around an obstacle while responding to a 

cognitive task, were excluded. 

3. Dual-task performance was assessed using a motor task and a simultaneous cognitive 

task. 

4. Spatiotemporal or kinematic walking outcome measures or kinetic balance outcome 

measures were reported. 

5. Motor outcomes in single-task and dual-task conditions were reported. 

6. An observational study design (prospective, retrospective, or cross-sectional) with 

case-control matching was used. Case-report and case-series research designs were 

excluded. 

 

2.3.5 Outcome measures  

Primary and secondary outcome measures were classified into one of the three outcome 

domains (table 2.1) (supplementary tables A–C). The absolute single-task and dual-task 

performances of each outcome measure were computed. Dual-task costs were calculated by 

subtracting the absolute single-task value from the absolute dual-task value, normalising for 

single-task performance, and interpreted as the percentage change between single-task and 

dual-task conditions.(20)
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TABLE 2.1 Outcome measurement domain and associated outcome variables. 
Spatiotemporal Kinematic Kinetic 

Walking velocitya 
Tandem walking 
completion timeb 

Stride lengthb 
Stride timeb 
Step widthb 

CoM displacement in frontal and sagittal planesa 
CoM velocity in frontal and sagittal planesa 

Maximum horizontal CoP-CoM separation in 
frontal and sagittal planesb 

Peak CoM mediolateral accelerationb 

95% CoP ellipse areab 
Mean CoP velocity in 

frontal and sagittal planesb 

Abbreviations: CoM, centre of mass; CoP, centre of pressure 
a, primary outcome; b, secondary 

 

2.3.6 IPD acquisition, data cleaning, and harmonisation 

Authors of included studies were contacted by two members of the ‘review authorship’ group 

(FCB & DRH). We provided contributing authors with template datasets, which indicated the 

independent and dependent variables we sought for analysis. All data were anonymised 

before providing IPD to ‘review authors’. Duplicate samples were either (i) removed or (ii) 

combined into a single dataset to ensure data from each participant were included in the 

analysis only once. 

 

2.3.7 Aggregate data extraction 

If IPD were unavailable (table 2.2), review authors (FCB & ED) extracted aggregate data to 

systematically identify, compare, and report the characteristics of study methodologies and 

population demographics.(21) A template for aggregate data extraction within the following 

domains was developed:(22–36) 

1. Methodological characteristics: risk of bias (including selection of participants, 

confounding (such as sex,(22–26) age,(24,25,27–29) concussion history,(25,30–33) 

diagnosed learning disability or attention disorder,(25) diagnosed mood 

disorder(25,34,35) or history of migraine headaches),(25,36) measurement of injury, 

blinding of outcome assessment, incomplete outcome data, and selective outcome 

reporting). 

2. participant characteristics: sex, age, height, body mass, sport- type, and previous 

concussion history. 

3. study characteristics: observational study design, frequency of and interval between 

assessment time-points, sample size, and type of dual-task paradigm. 

4. outcome domain and associated outcome measures: spatiotemporal, kinematic, and 

kinetic outcome variables.
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TABLE 2.2 Responses of primary authors to requests for IPD 
Primary Author Responses Primary authors contacted 

N= 12 (K = 26) 
Satisfied to provide IPD unconditionally. n = 3 (k = 11) 
Provision of IPD conditional upon authorship. n = 1 (k = 4) 
Provision of IPD conditional upon approval by supervisory author. n = 1 (k = 4) 
Provision of IPD prohibited by ethics institutional board. n = 1 (k = 1) 
No response from author n = 4 (k = 4) 
IPD no longer available. n = 2 (k = 2) 

Abbreviations: n, number of authors; k, number of studies 
 

2.3.8 Risk of bias assessment within-studies and across-studies  

We implemented the Risk of Bias Assessment tool for Non-randomised Studies (RoBANS) 

to assess the risk of bias within and across included studies (supplementary file B – RoBANS 

criteria). Two authors (FCB & ED) independently performed separate outcome-level risk of 

bias assessments for spatiotemporal, kinematic and kinetic outcome domains.(37) We could 

not assess publication bias due to the observational design of included studies and because 

too few studies contributed to a common outcome measure.(21,38) We implemented the 

Strength of Recommendation Taxonomy to determine the strength of recommendation for the 

use of dual-task assessments to evaluate the recovery of walking and quiet standing 

impairments following sports concussion.(39) 

 

2.3.9 Statistical analysis  

We performed χ2 tests to compare the proportion of men and women in concussion and 

control groups. We undertook a three-tiered approach to data synthesis:  

1. Meta-analysis of homogeneous IPD that were harmonised across datasets to compile a 

'mega-dataset'. We used a ‘one-stage’ approach to combine IPD into a single meta-

analysis, using a linear mixed model (LMM), for each outcome measure. Fixed 

effects and their interactions for each outcome measure were examined while 

accounting for grouping factors (clusters) by implementing linear mixed-effects 

modelling(40–42) using the ‘lme4’ package in R and an unstructured variance-

covariance matrix.(43,44) Each model initially specified random effects (intercepts) 

to account for clustering of participants within each dataset and for repeated measures 

within each participant, with fixed effects specified for group membership 

(concussion and control) and time. Model selection confirmed that the participant 

random intercept improved model fit and was necessary using a likelihood ratio test 
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and the Akaike Information Criterion. Thereafter, LMMs were constructed with 

maximum likelihood estimation to evaluate both main effects for group and group-by-

time interactions. The results of the likelihood ratio test followed a χ2 distribution and 

results are expressed as χ2 statistics with p-values. We calculated mean differences 

with 95% CIs to assess post hoc differences between the concussion and control 

groups at each time-point. 95% CI were selected to minimise type I and type II errors. 

2. IPD that were too heterogeneous or sparse to harmonise were analysed within their 

original dataset to reproduce the originally reported findings.(45,46) ‘Review authors’ 

statistically analysed data for the review questions for which IPD were collected. 

Results were described narratively. 

3. For unavailable IPD and excessively heterogeneous data, aggregate data were 

extracted from included articles and narratively synthesised.(21) Outcome-level 

narrative syntheses were reported, systematically, in order of: 

i) population characteristics (sample sizes); 

ii) assessment time-points (quantity and intervals); 

iii) assessment protocol (single-task and dual-task conditions), and; 

iv) results of specific outcome domains (spatiotemporal, kinematic, kinetic). 

 

2.4 RESULTS  

The search identified 701 studies. After we identified and removed duplicate items, 372 

studies remained. Thirty-six studies were eligible for inclusion following title and abstract 

screening. Full-text screening eliminated 12 studies. A content expert identified one 

additional eligible study. Hand-searching identified one study. In all, 26 studies were 

included for aggregated data extraction (supplementary file C – PRISMA flow-diagram). 

 

2.4.1 Study characteristics 

There were 14 prospective longitudinal studies,(47–60) 11 cross-sectional studies,(61–71) 

and one retrospective longitudinal study.(72) Data for 1039 participants (concussed 

participants (n = 516); control participants (n=523)) were included in this review. Six 

individual patient datasets were contributed for IPD analysis by five authors, accounting for 

20 of 26 identified studies (supplementary table D). 
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2.4.2 Study time-points 

In all, 21 studies assessed participants within two days(47–52,54–64) to one-

week(53,68,69,72,73) following concussion. Five studies assessed participants for the first 

time approximately one-month or greater following concussion.(65–67,70,71) Duration of 

prospective longitudinal studies (k = 12) ranged from 1-2 months(47–52,54–59) to 12 

months(53) post-injury. In total, 22 studies reported concussion diagnosis by a physician, 

physiotherapist, or certified athletic trainer and in accordance with a best-evidence practice 

guideline/expert-led consensus statement. 

 

2.4.3 Participants 

2.4.3.1 Sex 

From aggregate data alone, there were 277 concussed male participants and 269 non-injured 

male control participants. There were 211 concussed female and 226 non-injured female 

control participants across 25 studies (supplementary tables E–F) (one study did not report 

participant sex). IPD were obtained for 187 concussed participants (102 men; 54.5%, 85 

women; 45.5%) and 175 non-injured control participants (87 men; 49.7%, 88 women; 50.3%) 

(χ2 = 0.85; p = 0.35). 

 

2.4.3.2 Age 

Nine studies implemented dual-task assessments in an adolescent population only (<18 

years), and 17 studies in an adult population (>17 years). The mean age of participants in 

individual patient datasets (k (number of datasets) = 6, n (number of participants) = 362) was 

17.3 ±3.9 years (concussion group = 17.5 ±3.9 years; control group = 17.2 ±3.9 years). The 

mean age of adolescents (k = 3, n = 218) was 14.9 ±1.9 years (concussion group =15.0 ±2.0 

years; control group =14.9 ±1.8 years). The mean age of adult participants (k = 4, n = 144) 

was 21.1±3.1 years (concussion group = 21.1 ±3.2 years; control group = 21.1 ±3.0 years) 

(supplementary table E). 

 

2.4.4 Assessment protocols 

Walking was the most frequently used motor task.(47–49) Three studies used quiet standing 

tasks conducted on a strain gauge force-plate(72) or a Wii balance board.(70,71) Individual 

patient datasets required participants to walk on an 8–10 m level walkway at a self-selected 

pace while completing ‘question-&-answer’ tasks (k = 5) or stand quietly on a Wii balance 

board while concurrently performing a Stroop test (k = 1) (supplementary file J). ‘Question-
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&-answer’ tasks were secondary cognitive tasks for 23 (82%) studies.(47–64,68,69,73) 

Visual(70–72) or auditory (50,55) Stroop tasks were the cognitive task in five studies. 

 

2.4.5 Outcome measures 

Table 2.3 details the outcome measures that were assessed in three broader outcome domains. 

We present quantitatively aggregated IPD (tier 1) for primary outcome measures in the main 

manuscript and include tier three (aggregate data) synthesis for primary outcome measures 

and tier 1 (IPD meta-analysis), tier two (heterogeneous IPD verification) and tier three 

(aggregate data) syntheses for secondary outcome measures in supplementary file D. We 

report separate statistical analyses and results of tier two (independently verified 

heterogeneous IPD) in supplementary files D–J.  

 

TABLE 2.3 Outcome variable allocation to analytic domains as determined by pre-
specified availability criteria (supplementary tables A – C) 

Tier Spatiotemporal Kinematic Kinetic 
Tier 1 

Individual  
patient data 

Walking velocitya 
Stride length b 

Stride time b 

CoM displacement & 
velocity in frontal & 

sagittal planes a 

Maximum CoP-CoM 
separation in frontal & 

sagittal planes b 

- 

Tier 2 
Verification analysis 

contributing to  
descriptive synthesis 

Walking speed a 
Tandem walking  
completion time b 

Step length b 
Step width b 

Peak CoM mediolateral 
acceleration b 

95% CoP ellipse a 
Mean A/P CoP velocity a 
Mean M/L CoP velocity a 

Tier 3 
Descriptive synthesis 

Walking speed a 
Stride length b 
Step width b 

- 95% CoP ellipse a 
CoP velocity a 

Abbreviations: CoM, centre of mass; CoP, centre of pressure  
a, primary outcome; b, secondary outcome 

 

2.4.6 Spatiotemporal walking outcomes  

2.4.6.1 Walking velocity  

Absolute single-task and dual-task performance, and dual-task cost  

On analysis of IPD, the concussion group walked slower than the control group, averaged 

across all time-points, during single-task (main effect: χ2 = 13.3, df = 1, p<0.001) and dual-

task conditions (main effect: χ2 = 23.6, df = 1, p<0.001). During the single-task assessment, 

the difference varied by time of assessment (interaction effect: χ2 = 38.2, df = 4, p<0.001), 

with slower walking speed evident at 48 hours (time-point one) and one-week (time-point 
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two) assessments in the concussion group. In dual-task assessments, the difference in walking 

speed between concussion and control groups also varied by time (interaction effect: χ2 = 

51.7, df = 4, p<0.001), with the concussion group walking slower from 48 hours up to two 

months (time-point five) following injury (interaction effect: χ2 = 51.7, df = 4, p<0.001) 

(figure 2.1) [supplementary IPD table 1]. Overall, the concussion group demonstrated greater 

dual-task costs compared with the control group across all time-point assessments (main 

effect: χ2 =9.96, df = 1, p = 0.002) and this was consistent over time (interaction effect: χ2 = 

4.76, df = 4, p = 0.31). 

 
FIGURE 2.1 Single-task, dual-task, and dual-task cost walking velocity 

Time-point one = 48 hours following sports concussion, time-point two = 1 week following sports concussion, 
time-point three = 2 weeks following sports concussion, time-point four = one month following sports 

concussion, and time-point five = two months following sports concussion 
 

2.4.6.2 Risk of bias: spatiotemporal outcomes 

Ten studies (56%) were at low risk of selection bias due to inadequate selection of 

participants (table 2.4). One study (6%) was at low risk of selection bias due to inadequate 

identification of or adjustment for confounding variables, with remaining studies at unclear 

(k=2; 11%) or high risk (k=15; 83%). All studies (100%) with spatiotemporal outcomes were 

at high risk of detection bias due to lack of investigator blinding, and the majority of studies 

(94%) were at unclear risk of bias for attrition bias due to a lack of transparency into the 
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extent of missing data. In all, 15 studies (83%) were at unclear risk of selective outcome 

reporting due to unavailability of a study protocol or due to the ambiguous selection of study 

outcomes for presentation (supplementary table G). 

 

2.4.7 Kinematic walking outcomes 

2.4.7.1 Mediolateral CoM displacement  

Absolute single-task and dual-task performance, and dual-task cost  

There was neither a significant overall difference in mediolateral CoM displacement during 

single-task walking between the concussion and control groups (main effect: χ2 = 0.2; df = 1; 

p=0.7) nor a significant group-by-time interaction (interaction effect: χ2 = 2.2; df = 4 ; p=0.7) 

from 48 hours up to two months following injury. However, during dual-task walking, the 

concussion group walked with greater mediolateral CoM displacement than the control group 

(main effect: χ2 = 6.2; df = 1; p = 0.013). This varied across the assessment time-points 

(interaction effect: χ2 = 10.3; df=4; p = 0.036) as the concussion group walked with greater 

mediolateral CoM displacement up to two months following injury (supplementary IPD table 

4). The concussion and control groups did not differ significantly in dual-task cost at each 

time-point (interaction effect: χ2 = 9.4; df = 4; p = 0.052). However, the concussion group 

demonstrated greater mediolateral CoM displacement dual-task cost than the control group 

when values were averaged across all time-points (main effect: χ2 = 8.0; df = 1; p=0.005).  

 

2.4.7.2 Mediolateral CoM velocity  

Absolute single-task and dual-task performance, and dual-task cost  

IPD analysis demonstrated that the concussion group did not exhibit significantly different 

mediolateral CoM velocity than the control group during single-task (interaction effect: 

χ2=3.6; df=4; p=0.5) or dual-task walking (interaction effect: χ2=8.9; df=4; p=0.1) up to 2 

months following concussion (supplementary IPD table 5). Dual-task cost (interaction effect: 

χ2=6.2; df=4; p=0.2) was not significantly different at all time- points up to two months 

following concussion (figure 2.2) (supplementary IPD table 5).
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FIGURE 2.2 Single-task and dual-task frontal plane CoM displacement 

Time-point one = 48 hours following sports concussion, time-point two = 1 week following sports concussion, 
time-point three = 2 weeks following sports concussion, time-point four = one month following sports 

concussion, and time-point five = two months following sports concussion 
 

2.4.7.3 Anteroposterior CoM displacement 

Absolute single-task and dual-task performance, and dual-task cost  

The concussion group walked with less anteroposterior CoM displacement compared with the 

control group at 48 hours post-injury during the single-task condition (interaction effect: 

χ2=13.13, df = 3, p=0.004) and up to one week post-injury during the dual-task condition 

(interaction effect: χ2 = 19.26, df = 3, p<0.001). Irrespective of time-point assessment, the 

concussion group walked with less anteroposterior CoM displacement for the dual-task 

condition (main effect: χ2 = 5.1, df = 1, p = 0.023) but not during the single-task condition 

(main effect: χ2 = 2.0, df = 1, p = 0.2) (supplementary IPD table 7). The concussion group 

did not walk with significantly different anteroposterior CoM displacement dual-task costs 

compared with the control group (main effect: χ2 = 3.4, df = 1, p = 0.06). There were no 

significant between-group differences in dual-task cost over time (interaction effect: χ2 = 6.5, 

df = 3, p = 0.09). 
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2.4.7.4 Anteroposterior CoM velocity  

Absolute single-task and dual-task performance, and dual-task cost  

Participants with sports concussion walked with slower anteroposterior CoM velocity 

compared with the control participants at 48 hours following injury during the single-task 

condition (interaction effect: χ2 = 38.3, df = 4, p<0.001). During dual-task walking, the 

concussion group walked with slower anteroposterior CoM velocity from 48 hours through 

one month following concussion (χ2 = 45.4, df = 4, p<0.001) (supplementary IPD table 8). 

Irrespective of time-point assessment, the concussion group walked with slower CoM 

velocity for the dual-task condition (main effect: χ2 = 11.8, df = 1, p<0.001) but not during 

the single-task condition (χ2 = 2.6, df = 1, p=0.1). No significant between-group differences 

in dual task cost were observed over time following concussion (interaction effect: χ2 = 6.5, 

df=4, p = 0.7). 

 

2.4.7.5 Risk of bias: kinematic outcomes 

In all, 13 studies were at high (k=12; 92%) or unclear (k=1; 8%) risk of selection bias due to 

inadequate adjustment for confounding (table 4). Every study (k=13; 100%) was at low risk 

of performance bias, high risk of detection bias, and at unclear risk of attrition bias. 

Reporting bias was unclear in ten studies (77%) and high in one study (8%) (supplementary 

table H). 

 

2.4.8 Kinetic balance outcomes  

95% centre of pressure (CoP) ellipse area and CoP velocity. The concussion group swayed 

over a greater stance area than the control group in dual-task compared with single-task quiet 

stance up to one month following concussion (based on results of IPD analysis and narrative 

synthesis of 95% CoP ellipse area) (supplementary table C).(70,71) Similarly, Rochefort et 

al.(70) observed that concussed individuals swayed faster than a non-injured control group in 

dual-task quiet stance compared with single-task quiet standing at one month following 

concussion (supplementary file K). In contrast, Dorman et al.(72) identified between-group 

differences in dual-task quiet stance at 10 days following injury. However, no significant 

between-group differences existed at one month following sports concussion.  
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2.4.8.1 Risk of bias: kinetic outcomes 

All three studies were at high or unclear risk of selection, detection, attrition or reporting bias 

due to suboptimal adjustment for confounding variables, lack of investigator blinding, 

unreported missing data and ambiguous selection of outcomes, respectively (table 2.4). 

 

TABLE 2.4 Outcome-level risk of bias assessment findings across studies 
 Selection Bias Selection Bias Performance Bias Detection Bias Attrition Bias Reporting Bias 

Risk of 
Bias 

Selection of 
participants 

n (%) 

Confounding 
variable 
n (%) 

Exposure 
measurement 

n (%) 

Blinding outcome 
assessment 

n (%) 

Incomplete 
outcome data 

n (%) 

Selective outcome 
reporting 

n (%) 
Spatiotemporal Outcomes (k = 18) 

Low 10 (56%) 1 (6%) 11 (61%) 0 (0%) 1 (6%) 3 (16%) 
Unclear 6 (33%) 2 (11%) 5 (28%) 0 (0%) 17 (94%) 15 (83%) 

High 2 (11%) 15 (83%) 2 (11%) 18 (100%) 0 (0%) 1 (6%) 
Kinematic Outcomes (k = 13) 

Low 10 (77%) 0 (0%) 13 (100%) 0 (0%) 0 (0%) 2 (15%) 
Unclear 2 (15%) 1 (8%) 0 (0%) 0 (0%) 13 (100%) 10 (77%) 

High 1 (8%) 12 (92%) 0 (0%) 13 (100%) 0 (100%) 1 (8%) 
Kinetic Outcomes (k = 3) 

Low 0 (0%) 0 (0%) 2 (67%) 0 (0%) 0 (0%) 0 (0%) 
Unclear 0 (0%) 0 (0%) 1 (33%) 0 (0%) 3 (100%) 1 (33%) 

High 3 (100%) 3 (100%) 0 (0%) 3 (100%) 0 (0%) 2 (67%) 
All Outcome Types (k = 26) 

Low 14 (54%) 1 (4%) 18 (69%) 0 (0.0%) 1 (4%) 3 (11.5%) 
Unclear 6 (23%) 3 (11%) 6 (23%) 0 (0.0%) 25 (96%) 20 (77.0%) 

High 6 (23%) 22 (85%) 2 (8%) 26 (100%) 0 (0.0%) 3 (11.5%) 
 

2.5 DISCUSSION 

We undertook an IPD meta-analysis to answer two pre-specified questions. When comparing 

concussed and control participants: 

1. Are there greater walking and quiet standing impairments in dual-task assessments 

compared with single-task assessments? 

2. Are there persistent walking and quiet standing impairments in single-task and dual-

task assessments? 

Dual-task assessments revealed persistent walking speed differences between the concussion 

and control groups that extended beyond standard clinical recovery timelines following sports 

concussion. This difference between the concussion and control group in the current IPD 

meta-analysis differs from many aggregate data review findings wherein group and task 

effects predominate. Our findings indicate that concussed individuals walk slower than 

control participants during dual- task assessment conditions but not necessarily during single-

task conditions. However, high risk of selection bias and detection bias across studies likely 

reduces the size of observed between-group differences in walking outcomes. 
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Plausible explanations exist for conflicting results between aggregate data systematic reviews 

and this IPD meta-analysis. Our use of IPD increased the statistical power of analyses, 

empowering the identification of statistically significant differences that may have been 

previously too small in underpowered studies to achieve a threshold of statistical 

significance. Additionally, our analyses of IPD were independent of original authors, 

reducing the likelihood of detection bias and increasing the credibility of current findings. 

 

2.5.1 Verification of original study findings using original data  

We were unable to reproduce certain findings of original studies by re-performing the 

statistical analyses reported in the original articles. Low reproducibility rates are 

unsurprising,(74,75) as observational study findings are notoriously difficult to 

reproduce.(76) Disagreement between original study findings and independent re-analyses 

may be attributable to factors that include different sample sizes in the independent re-

analysis,(77) flexible post hoc analyses in original studies,(78) suboptimal reporting of 

statistical methods,(79) and lacking a reproducible workflow. 

 

2.5.2 Exploratory research 

Meta-analyses are frequently not possible in the area of sports concussion due to important 

differences between study methodologies. Studies contributing IPD were sufficiently similar 

to enable meta-analysis; however, studies from which only aggregate data were available 

varied across subpopulations studied, follow-up time-points, assessment protocols 

implemented, and outcome measures evaluated.(80) Consequently, we undertook 

independent analyses of these data but could not account for post hoc decisions that are 

frequently made by authors in the data collection, processing, analysis, and reporting of 

laboratory-oriented outcome measures.(78,81) 

 

2.5.3 Spatiotemporal outcomes 

The concussion group walked slower than the control group under dual-task conditions up to 

two months following sports concussion. The sports concussion group had reduced walking 

speed up to two weeks post-injury under single-task conditions, which reflects standard 

clinical recovery timeframes following sports concussion using traditional 

evaluations.(3,4,82) Differences in mean recovery times between single-task and dual-task 

assessments likely reflect a reduced ability of concussed athletes to complete more complex 

laboratory tasks that require greater attentional resources compared with a single-task 
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assessment. As sport involves the integration of multiple cognitive and physical tasks 

simultaneously, dual-task paradigms may better reflect the demands of sport than single 

tasks. Therefore, using cognitive-motor dual-tasks in the clinical rehabilitation setting may 

facilitate a better understanding about how athletes will perform on return-to-sporting 

participation following sports concussion. 

 

2.5.4 Kinematic outcomes 

The concussion group had greater frontal plane CoM sway up to two months following sports 

concussion that were not evident during the performance of a single motor task. The 

concussion group also exhibited less and slower anteroposterior CoM movement compared 

with the control group up to one-week and one month, respectively, during dual-task walking 

following sports concussion. These findings contrast to individual aggregate data studies, 

wherein main effects of group, time, or task predominate, reflected by previously-published 

aggregate data evidence syntheses.(9,11,14) 

 

2.5.5 Kinetic outcomes 

Both concussion and control groups demonstrated greater 95% ellipse sway area during dual-

task assessments compared with single-task quiet standing. However, while the concussion 

group demonstrated worse postural balance than the control group under the dual-task 

condition, included studies were not in complete agreement. Disagreement between studies 

may be attributable to conceptual differences in study design, participant age, test 

instrumentation, or medical support. This body of evidence, although small, opposes the 

‘constrained-action’ hypothesis, which suggests that a conscious focus on postural control 

interferes with automatic motor control regulating standing balance.(83,84) Under the 

‘constrained-action’ hypothesis, adding a cognitive stimulus enhances dual-task balance 

performance in healthy individuals compared with single-task performance by reducing  

sustained attention regulating standing balance.(85,86) However, the constrained-action 

hypothesis has a varied effect in ageing and neurologically impaired populations depending 

on the type and complexity of secondary task.(87–91) 

 

2.5.6 Methodological artefacts of dual-task paradigms 

Very simple or overlearned single tasks are easily completed when performed simultaneously 

with another task, minimising the divided attention effect of a dual-task. A ‘question-&-

answer’ task, as described by the Mental Status Examination,(92) was the most frequently 
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implemented cognitive task across selected studies. Novel cognitive or movement tasks 

possess substantial practice effects that contaminate the measurement of impairment 

following sports concussion. However, non-novel motor tasks such as walking have clinical 

value due to minimal practice effects.(93,94) Challenging cognitive tasks require additional 

attention, withdrawing attention from other performance domains.(50,61) Across studies in 

this systematic review, participants were not consistently instructed to allocate equal attention 

to both conditions in a dual task. In the absence of an instruction to prioritise one task, or 

both tasks equally, participants may subconsciously favour and prioritise one task. 

Consequently, individualised participant preferences in task prioritisation may have 

important implications on performance in single-task and dual-task paradigms.  

 

2.5.7 Limitations 

Outcome variability was large and group means obscured large differences within patient 

groups. Most included studies used prospective, longitudinal designs (with cases and 

controls). Without comparable pre-morbid data, reliably detecting concussion-induced 

impairments is challenging. Confidence intervals widened over time following concussion, 

indicating variable concussion recovery rates for individual participants. Few IPD were 

available for cognitive outcome measures due to a lack of cognitive data collected in original 

studies. Thus, we examined only motor outcome domains in this systematic review. The 

likelihood of publication bias within this body of evidence, while unamenable to statistical 

assessment due to large outcome variability, is high, as reasoned based on highly exploratory 

and ‘positive’ findings across included studies. 

 

2.5.8 Strengths 

We pre-registered our review protocol, whereas related reviews did not publish a review 

protocol.(14,16) Since the pre-registration of this meta-analysis, four systematic reviews were 

published that explore the use of dual-task assessments to identify impairments following 

sports concussion.(9,11,14,16) These reviews do not directly address the same research 

question but demonstrate considerable conceptual overlap.(95) Our use of IPD enabled us to 

identify and remove duplicate samples, and to statistically analyse original data rather than 

summary data. Our IPD meta-analysis could quantitatively synthesise the results of included 

studies, whereas aggregate data systematic reviews could only apply methods of vote 

counting(11,14) and narrative synthesis.(9,16) Larger sample sizes of IPD facilitated greater 

statistical power, increasing the ability to identify true persistent effects over time.(77) 
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2.5.9 Strength of recommendation to inform the recovery of walking and quiet 

standing impairments following sports concussion 

We synthesised only laboratory-based outcomes measures, which frequently possess limited 

meaning to patients.(96) However, laboratory outcome measures can be informative as 

surrogate outcomes by identifying subclinical changes that may become clinical and 

meaningful to patients over time.(97,98) The findings of laboratory outcome measures in this 

review were inconsistent and thus deter- mined a level ‘C’ strength of recommendation for 

this body of evidence and each associated outcome domain. Clinicians require clinical 

outcome measures, such as hand-timed average walking speed, that possess the clinical value 

to differentiate concussion and control groups over time. The acquisition and maintenance of 

motion analysis and force-plate laboratory equipment is expensive and, in conjunction with 

required operator expertise, exceeds the resources available to the majority of clinical 

practitioners. High risk of bias in each outcome domain increases the likelihood that 

differences between concussion and control groups and between single-task and dual-task 

conditions are less in magnitude than that observed in this IPD meta-analysis.  

 

2.5.10 Future research 

Consensus is required to establish minimum common data elements and core outcome sets 

for inclusion in observational studies in sports concussion dual-task research. This consensus 

will minimise between-study heterogeneity and facilitate meta-analysis of exploratory 

research.(99) An improvement on current study designs to include an assessment of pre-

morbid status is warranted for post-injury comparisons. Standardising research 

methodologies and improving their validity beyond the laboratory setting will facilitate a 

deeper understanding of dual-task walking and quiet standing balance impairments in 

different populations. 

 

2.6 CONCLUSION 

Analysing IPD from multiple sources, this systematic review identifies that individuals with 

sports concussion exhibit persistent walking impairments under a dual-task assessment 

compared with a single-task assessment. The concussion group demonstrated slower dual-

task average walking speed compared with the control group up to two months following 

sports concussion. The heterogeneity of review findings and conflicting evidence across 

included studies does not support a comprehensive set of variables to use clinically at this 
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time, requiring the development of minimum common data elements and core outcome sets 

to enable clinical inferences from dual-task concussion research.  

 

2.6.1 What is already known? 

x Concussion-induced impairments, as identified by athlete-reported symptoms, 

neurocognitive testing and static balance performance, typically recover within 7–10 

days following sports concussion.  

x Aggregate data systematic reviews and meta-analyses are important study designs that 

help to answer a pre-specified research question. If researchers can perform individual 

participant data (IPD) meta-analyses, they have more specific information with which 

to address pre-specified research questions.  

 

2.6.2 What are the new findings? 

x Individuals who incurred a sports concussion presented with impaired gait 

characteristics, which persisted beyond standard clinical recovery timelines reported 

for other post-concussive signs and symptoms. Persistent walking impairments were 

only identified using a dual-task assessment. Dual-task assessments may prove to be 

an important part of clinical assessments after sports concussion. 

x The harmonisation and analysis of IPD identified that concussed individuals, when 

asked to perform a cognitive-motor dual-task, walked slower and with greater frontal 

plane sway than non-concussed control up to 2 months following sports concussion.
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2.8 SUPPLEMENTAL MATERIAL 

Supplementary File A – Search Strategy 

PubMed Search Strategy: 

1 AND 2 AND 3 AND 4 

1. Injury Terminology 2. Motor Task 3. Cognitive Task 4. Sporting Codes 
“concuss*” OR motor OR  cognit* OR athlet* OR 

“sport related concuss*” OR locomotion OR attention OR football OR 
“brain concuss*” OR gait OR “divided attention” OR soccer OR 

“mild head injury” OR biomechanics OR “dual task” OR rugby OR 
“closed head injury” OR “postural control” OR percept* OR lacrosse OR 

“mild traumatic brain injury” OR “postural stability” OR psych* OR hockey OR 
mTBI OR balance OR neuropsych* OR gaelic football 

“mild brain injury” OR bess OR “cognitive function” OR  
“combat TBI” sot OR “cognitive impairment”  

 equilibrate OR   
 ctsib OR   
 sensory OR   
 “motor function”   
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Supplementary File B – Risk of Bias Assessment of Non-randomized Studies (RoBANS) 
Pre-specified criteria: 

 
1. Selection bias caused by inadequate selection of participants 
Low risk of bias: 
Matching on key variables. The study must have matched for sex-, age-, height-, weight-, activity-, to be judged 
as low risk of bias. 
Individualised assessment of pre-morbid baseline of concussed and control participants. 
All concussed participants are equal in recovery time since injury upon entry into study (e.g., all participants are 
tested at time-point 1 at mean 72 hours (SD =13 hours) following injury). This ensures that chronic, persistent 
concussion participants do not enter the study and confound the recovery process. 
 
High risk of bias: 
Absence of case-control matching. 
Systematic demographic differences between concussed and control participants.  
 
Unclear risk of bias: Matching on some but not all potentially important variables. 
 
2. Selection bias caused by inadequate confirmation and consideration of confounding variables 
Low: To be considered as low risk of bias, a study must assess, identify, and control for presenting confounding 
variables of sex, age, previous concussion history, history of migraines, history of mood disorder (i.e., anxiety 
and depression), history of learning disorder (i.e., dyslexia and ADHD). 
 
High: No identification and adjustment, within statistical analysis, of confounding variables of sex, age, history 
of previous concussion, history of migraines, history of mood disorder (i.e., anxiety and depression), or history 
of learning disorder (i.e., dyslexia and ADHD). 
 
Unclear: Assessment on some but not all potentially important confounding variables of concussion recovery. 
 
3. Performance bias caused by inadequate measurement of intervention (exposure): 
Low: Diagnosis by healthcare professional (ATC, sports physician, emergency physician, physiotherapist) 
using best-evidence concussion practice guidelines (CISG, AAN, etc.). 
 
High: Retrospective diagnosis by researcher/physician based on participant symptom-report or participant self-
reported medical diagnosis. 
Patient self-reported history. 
 
Unclear: Unspecified. 
 
4. Detection bias caused by inadequate blinding of outcome assessment: 
Low: 
No blinding, but the review authors judge that the outcome and the outcome measurement are not likely to be 
influenced by lack of blinding. 
Blinding of participants and key study personnel ensured, and unlikely that the blinding could have been 
broken. 
Either participants or some key study personnel were not blinded, but outcome assessment was blinded and the 
non-blinding of others unlikely to introduce bias. 
 
High: 
No blinding or incomplete blinding, and the outcome or outcome measurement is likely to be influenced by lack 
of blinding. 
Blinding of key study participants and personnel attempted, but likely that the blinding could have been broken. 
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Either participants or some key study personnel were not blinded, and the non-blinding of others likely to 
introduce bias. 
 
Unclear: Insufficient information to permit judgement of ‘Yes’ or ‘No’. 
The study did not address this outcome. 

5. Attrition bias caused by inadequate handling of incomplete outcome data 
Low: 
No missing outcome data. 
Reasons for missing outcome data unlikely to be related to true outcome (for survival data, censoring unlikely to 
be introducing bias). 
Missing outcome data balanced in numbers across intervention groups, with similar reasons for missing data 
across groups. 
For dichotomous outcome data, the proportion of missing outcomes compared with observed event risk not 
enough to have a clinically relevant impact on the intervention effect estimate. 
For continuous outcome data, plausible effect size (difference in means or standardized difference in means) 
among missing outcomes not enough to have a clinically relevant impact on observed effect size. 
Missing data have been imputed using appropriate methods. 
 
High: 
Reason for missing outcome data likely to be related to true outcome, with either imbalance in numbers or 
reasons for introducing bias. 
Missing outcome data are unbalanced in numbers across intervention groups. 
For dichotomous outcome data, the proportion of missing outcomes compared with observed event risk is 
enough to have a clinically relevant impact on the intervention effect estimate. 
For continuous outcome data, plausible effect size (difference in means or standardized difference in means) 
among missing outcomes is enough to have a clinically relevant bias in observed effect size.  
Potentially inappropriate application of simple imputation. 
 
Unclear: 
Insufficient reporting of attrition/exclusions to permit judgement of ‘Yes’ or ‘No’ (e.g. number randomized not 
stated, no reasons for missing data provided); 
The study did not address this outcome. 
Cross-sectional study designs (due to assessor inability to determine the extent of missing data). 
 
6. Reporting bias caused by selective outcome reporting 
Low: 
The study protocol is available and all of the study’s pre-specified (primary and secondary) outcomes that are of 
interest in the review have been reported in the pre-specified way. 
The study protocol is not available but it is clear that the published reports include all expected outcomes, 
including those that were pre-specified (convincing text of this nature may be uncommon). 
 
High: 
One or more reported primary outcomes were not pre-specified (unless clear justification for their reporting is 
provided such as an unexpected adverse effect). 
One or more outcomes of interest in the review are reported incompletely so that they cannot be entered in a 
meta-analysis.  
The study report fails to include results for a key outcome that would be expected to have been reported for such 
a study.  
 
Unclear: 
Insufficient information to permit judgement of ‘Yes’ or ‘No’. 
It is likely that the majority of studies will fall into this category.
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Supplemental File C – 
PRISMA Flow Diagram 
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database searching 

(n = 701) 

Records remaining after duplicates removed 
(n = 372) 

Records excluded 
(n = 334) 

Full-text articles excluded 
(n = 12) 

Studies included in 
descriptive synthesis 

(n = 8) 

Studies included in  
meta-analysis 

(n = 18) 

Records after title and 
abstract screening 

(n = 36) 

Full-text articles 
assessed for eligibility 

(n = 26)       Full-text articles included  
(n = 2): 

- handsearching (n = 1) 
- content expert (n = 1)  
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Supplementary Table A. Assessment of outcome availability – Spatiotemporal Outcomes 
Spatiotemporal Outcomes 

Lead author Year Walking 
Velocity 

Tandem 
Walking 

Cadence Stride 
Length 

Stride Time Step Length Step Width Single 
Support 

Double 
Support 

Parker 2005 A   A A  B   
2006    B   
2007         
2008         

Catena 2007 A   A A  B   
2007    B   

Chen 2015 C   C   C   
Chiu 2013 C         
Cossette 2016 C         
Cossette 2016 C         
Fait 2013 C         
Fino 2016 A         

2016         
Howell 2013 A     B    

2014         
2017 A B        
2017 A 

A 
 B A     B 

2017  B B     B 
Yasen 2017 A         

Colour: Yellow = Outcome included within synthesis; Green = Data available for outcome; Red = data not available from research article for study. 
Superscript: 

A = Sufficiently homogeneous individual patient data available for harmonization; 
B = Heterogeneous/Sparse individual-patient data for replication; 

C = Individual-patient data unavailable/Aggregate data extracted for qualitative synthesis. 
Merged cells: Individual patient data from multiple studies from same dataset.
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Supplementary Table B. Assessment of outcome availability – Kinematic Outcomes 
Kinematic Outcomes 

Lead author Year M/L  
CoM 

Displacement 

M/L  
CoM 

Velocity 

M/L Max 
CoP-CoM 
Separation 

A/P  
CoM 

Displacement 

A/P  
CoM  

Velocity 

A/P Max  
CoP-CoM  
Separation 

Parker 2005 A A A 
 

A A A 
 2006 

2007    
2008    

Catena 2007 A A A A A A 
2007 
2009   
2009       
2011 A A  A A  

Chen 2015       
Fait 2013       
Howell 2013 A A   A  

2014    
2015  A  
2015  B*     
2015 A A  A A  
2017 A A     

Colour: Yellow = Outcome included within synthesis; Green = Data available for outcome; Red = data not available from research article for study. 
Superscript: 

A = Sufficiently homogeneous individual patient data available for harmonization;  
B = Heterogeneous/Sparse individual-patient data for replication;  

C = Individual-patient data unavailable/Aggregate data extracted for qualitative synthesis. 
Merged cells: Individual patient data from multiple studies from same dataset. 

*: Mediolateral Acceleration
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Supplementary Table C. Assessment of outcome availability – Kinetic Outcomes 
Kinetic Outcomes 

Lead author Year 95% Cop Ellipse Area Mean CoP Velocity Mean A/P CoP Velocity Mean M/L CoP Velocity 
Dorman 2015 C C   
Rochefort 2017 B  B B 
Rochefort 2017 B  B B 

Colour: Yellow = Outcome included within synthesis; Green = Data available for outcome; Red = data not available from research article for study. 
Superscript: 

A = Sufficiently homogeneous individual patient data available for harmonization; 
B = Heterogeneous/Sparse individual-patient data for replication; 

C = Individual-patient data unavailable/Aggregate data extracted for qualitative synthesis. 
Merged cells: Individual patient data from multiple studies from same dataset.
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Supplementary Table D. Contributed Individual Patient Datasets & Corresponding Journal Articles 
Individual patient datasets accounted for 20 of 26 identified studies. Contributed individual patient datasets included four prospective longitudinal datasets and two cross-

sectional datasets, with study designs using case-control matching. Absolute sample sizes of raw-unit data comprised 362 participants (sport-related concussed participants [n 
= 187]; non-injured control participants [n = 175]). Demographic information and dependent variables were used to identify duplicate samples. 

Dataset lead-author Dataset affiliation Lead-author (Year) Article title Journal 
Catena University of Oregon Catena et al. 2007 Altered balance control following concussion is better detected with an attention test 

during gait.  
Gait Posture 

Catena et al. 2007 Cognitive task effects on gait stability following concussion. EBR 
Catena et al. 2009 Different gait tasks distinguish immediate vs. long-term effects of concussion on balance 

control.  
JNER 

Catena et al. 2011 The effects of attention capacity on dynamic balance control following concussion. JNER 
Fino Virginia Tech Fino et al. 2016 A preliminary study of longitudinal differences in local dynamic stability between recently 

concussed and healthy athletes during single and dual-task gait.  
J Biomech 

Howell University of Oregon Howell et al. 2013 Dual-task effect on gait balance control in adolescents with concussion. APMR 
Howell et al. 2014 The effect of cognitive task complexity on gait stability in adolescents following 

concussion. 
EBR 

Howell et al. 2015 Adolescents demonstrate greater gait balance control deficits after concussion than young 
Adults. 

AJSM 

Howell et al. 2015 Monitoring recovery of gait balance control following concussion using an accelerometer. J Biomech 
Howell et al. 2015 Return to activity after concussion affects dual-task gait balance control recovery. MSSE 
Howell et al. 2017 Single-task and dual-task tandem gait test performance after concussion. JSAMS 
Yasen et al. 2017 Cortical and physical function after mild traumatic brain injury. MSSE 

Howell Boston Children’s 
Hospital 

Howell et al. 2017 Dual-task gait differences in female and male adolescents following sport- related 
concussion. 

Gait Posture 

Howell et al. 2017 The effect of prior concussion history on dual-task gait following a concussion. J Neurotrauma 
Parker University of Oregon Parker et al. 2005 The effect of divided attention on gait stability following concussion.  Clin Biomech 

Parker et al. 2006 Gait stability following concussion. MSSE 
Parker et al. 2007 Recovery of cognitive and dynamic motor function following concussion. BJSM 
Parker et al. 2008 Balance control during gait in athletes and non-athletes following concussion. Med Eng Phys 

Rochefort University of Ottawa Rochefort et al. 2017 Balance markers in adolescents at one-month post-concussion. OJSM 
Rochefort et al. 2017 Self-reported balance status is not a reliable indicator of balance performance in 

adolescents at one-month post-concussion. 
JSAMS 

Gait Posture = Gait & Posture, EBR = Experimental Brain Research, JNER = Journal of NeuroEngineering, J Biomech = Journal of Biomechanics, APMR = Archives of Physical Medicine & Rehabilitation, AJSM = 
American Journal of Sports Medicine, MSSE = Medicine & Science in Sports & Exercise, JSAMS = Journal of Science & Medicine in Sport, J Neurotrauma = Journal of Neurotrauma, Clin Biomech = Clinical 
Biomechanics, BJSM = British Journal of Sports Medicine, Med Eng Phys = Medical Engineering & Physics, OJSM = Orthopaedic Journal of Sports Medicine
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Supplementary Table E. Study Design & Participant Characteristics for Aggregate Data Studies 
Lead Author 

(Year) 
Study Design Sample 

size 
Assessment 
time-points 

Concussion Group Control Group 

Sample 
size (n) 

Sex  
(M/F) 

Age 
(years) 

Weight 
(kg) 

Height 
(cm) 

Sample 
size (n) 

Sex  
(M/F) 

Age 
(years) 

Weight 
(kg) 

Height 
(cm) 

Catena (2007) Cross-sectional N = 28 1 n = 14 8M/6F 22.3 (4.5) 75.2 
(15.4) 

173.4 
(8.5) 

n = 14 8M/6F 22.3 (3.1) 75.1 
(16.9) 

172.8 
(8.5) 

Catena (2007) Cross-sectional N = 28 1 n = 14 8M/6F 22.3 (4.5) 75.2 
(15.4) 

173.4 
(8.3) 

n = 14  8M/6F 22.3 (3.1) 75.1 
(16.9) 

172.8 
(8.5) 

Catena (2009) Prospective, 
longitudinal 

N = 60 4 n = 30 16M/14F 21.5 (3.3) 83.2 
(24.7) 

176.7 
(10.8) 

n = 30 16M/14F 21.7 (3.1) 82.6 
(23.9) 

175.9 
(10.4) 

Catena (2011) Prospective, 
longitudinal 

N = 20 4 n = 10 5M/5F 21.0 (3.1) 71.7 
(10.5) 

173.6 
(11.5) 

n = 10 5M/5F 20.7 (4.1) 72.6 
(10.5) 

172.7 
(11.6) 

Chen (2015) Cross-sectional N = 30 1 n = 15 M9/6F 21.3 (3.3) 88.5 
(18.2) 

179.6 
(11.4) 

n = 15 9M/6F 21.2 (3.4) 84.8 
(22.1) 

179.1 
(9.9) 

Chiu (2013) Cross-sectional N = 46 1 n = 23 14M/9F 21.8 (3.6) BMI: 26.7kg/m2 

(5.3) 
n = 23 14M/9F 21.4 (3.2) BMI: 26.5kg/m2 

(5.0) 
Cossette (2014) Cross-sectional N = 14 1 n = 7 1M/6F 20.0 (1.6) 62.8 (8.4) 169.8 

(6.9) 
n = 7 1M/6F 22.4 (1.4) 65.8 

(15.7) 
167.1 
(9.4) 

Cossette (2016) Cross-sectional N = 27 1 n = 14 8M/6F 13.0 (1.6) - 1.6m 
(0.1) 

n = 13 8M/5F 12.8 (1.6) - 1.6m 
(0.1) 

Dorman (2015) Retrospective, 
longitudinal 

N = 44 4/2 n = 18 10M/8F 16.6 (1.6) - - n = 26 14M/12F 17 (2.8) - - 

Fait (2013) Cross-sectional N = 12 1 n = 6 4M/2F 19.7 (2.3) - - n = 6 4M/2F 20.1 (2.7) - - 

Fino (2016) Prospective, 
longitudinal 

N = 9 7 n = 5 2M/3F 19.0 (0.8) 65.1 (9.4) 168.5 
(7.1) 

n = 4 1M/3F 19.5 (1.3) 65.6 
(5.5) 

173.3 
(7.2) 

Howell (2013) 
 

Prospective, 
longitudinal 

N = 40 5 n = 20 18M/2F 15.3 (1.3) 74.8 
(16.6) 

173.7 
(6.4) 

 n = 20 18M/2F 15.6 (1.0) 70.7 
(13.6) 

173.4 
(8.1) 

Howell (2014) 
 

Prospective, 
longitudinal 

N = 46 5 n = 23 20M/3F 15.4 (1.3) 73.0 
(16.1) 

173.7 
(6.1) 

n = 23 20M/3F 15.7 (1.3) 70.4 
(12.7) 

173.2 
(7.8) 

Howell (2015) 
     Adolescents 
     Young adults 

Prospective, 
longitudinal 

N = 76 5 n = 38 
(n=19) 
(n=19) 
 

26M/12F 
(17M/2F) 
(9M/10F) 

 
15.1 (1.1) 
20.3 (2.4) 

74.2 
(16.9) 
71.8 
(15.4) 

173.9 
(6.5) 
171.5 
(9.5) 

n = 38 
(n=19) 
(n=19) 
 

26M/12F 
17M/2F 
9M/10F 

 
15.6 (1.1) 
20.4 (2.1) 

68.8 
(11.1) 
71.1 
(11.1) 

172.9 
(8.1) 
171.4 
(9.7) 

Howell (2015)  
 

Prospective, 
longitudinal 

N = 17 5 n = 10 7M/3F 19 (5.5) 67.1 
(10.7) 

170.9 
(6.7) 

n = 7 3M/4F 20 (4.5) 65.1 
(10.5) 

168.6 
(8.4) 

Howell (2015) 
 

Prospective, 
longitudinal 

N = 38 5 n = 19 16M/3F 15.4 (1.4) 67.6 
(10.1) 

171.7 
(5.8) 

n = 19 16M/3F 15.6 (1.1) 68.6 
(13.3) 

172.3 
(8.3) 
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Supplementary Table E continued. Study Design & Participant Characteristics for Aggregate Data Studies 
Lead Author 

(Year) 
Study Design Sample 

size 
Assessment 
time-points 

Concussion Group Control Group 

Sample 
size 

Sex  
(M/F) 

Age (years) Wgt 
(kg) 

Hgt 
(cm) 

Sample Sex (M/F) Age Wgt 
(kg) 

Hgt 
(cm) 

Howell (2017) 

Males 
Females 

Cross-sectional N = 86 1 n = 35 18M/17F 
 

 
15.4 (14.4-16.3) 

14.6 (13.2-15.1) 

 
61.4  
55.8 

 
167.0 
159.8 

n = 51 25M/26F  
14.2 
14.6 

 
61.8 
56.1 

 
170.5 
161.0 

Howell (2017) Prospective, 
longitudinal 

N = 17 5 n = 10 7M/3F 19 (5.5) 67.1 
(10.7) 

170.9 
(6.7) 

n = 7 4M/3F 20.0 (4.5) 65.1 
(10.5) 

168.6 
(8.4) 

Howell (2017)  
1 concussion 
2+ concussions 

Cross-sectional N = 68 1 n = 37 
(n=15) 
(n=22) 

17M/20F 
(7M/8F) 
(10M/12F) 

 
15.5 (14-17) 

16.7 (15.3-18.2) 

 
60.7 
64.3 

 
168.0 
166.1 

n = 31 11M/20F 15.0 
(95%CI 14.2-
15.8) 

60.9 
(95%CI 

54.9-66.6) 

165.5  
(95%CI 

161.0-170.0) 

Parker (2005) Cross-sectional N = 20 1 n = 10 4M/6F 20.2 (1.7) 84.2 
(20.1) 

185.0 
(12.0) 

n = 10 4M/6F 19.9 (1.9) 83.4 
(25.3) 

178.0 
(9.0) 

Parker (2006) Prospective, 
longitudinal 

N = 30 4 n = 15 9M/6F 20.6 (1.6) 91.0 
(28.7) 

180.0 
(13.0) 

n = 15 9M/6F 20.6 (1.8) 89.0 
(30.0) 

179.0 
(12.0) 

Parker (2007) Prospective, 
longitudinal 

N = 58 4 n = 29 15M/14F 21.6 (3.3) 81.8 
(24.1) 

176.0 
(11.0) 

n = 29 15M/14F 21.4 (3.4) 83.3 
(23.7) 

176.0 
(0.12) 

Parker (2008) 
Athlete 
Non-athlete 

Prospective, 
longitudinal 

N = 56 4 n = 28 
(n=14) 
(n=14) 

NR  
20.7 (1.3) 
22.4 (4.6) 

102.4 
(23.1) 
68.9 
(10.2) 

186.0 
(7.0) 
169.0 
(8.0) 

n = 28 
(n=14) 
(n=14) 

NR  
20.6 (1.5) 
22.9 (4.3) 

100.7 
(23.9) 
67.0 
(9.3) 

185.0 
(7.0) 
168.0 
(7.0) 

Rochefort (2017) 
OJSM 

Cross-sectional N = 66 
 

1 n = 33 12M/21F 14.2 (1.5) NR NR n = 33 9M/24F 15.0 (1.5) NR NR 

Rochefort (2017)  
Balance - 
Balance + 

Cross-sectional N = 63 
 

1 n = 33 
(n=20) 
(n=13) 

13M/20F 
(12M/8F) 
(1M/12F) 

12-17 NR NR n = 30 11M/19F 12-17 NR NR 

Yasen (2017) Prospective, 
longitudinal 

N = 40 5 n = 20 10M/10F 21.2 (4.4) 71.2 
(15.2) 

171.7 
(9.2) 

n = 20 10M/10F 21.4 (4.6) 71.3 
(10.9) 

171.9 
(9.7) 

M = Male; F = Female; Wgt = Weight; Hgt = Height



 87 

Supplementary Table F. Individual Patient Data – Study Characteristics 
Dataset 

Lead 
Author  

Concussion Group Control Group 

T1 
(days) 

T2 
(days) 

T3 
(days) 

T4 
(days) 

T5 
(days) 

T6 
(days) 

T7 
(days) 

Sport 
(n=) 

T1 
(days) 

T2 
(days) 

T3 
(days) 

T4 
(days) 

T5 
(days) 

T6 
(days) 

T7 
(days) 

Sport 
(n=) 

Parker  35.2 
hours 
(11.3) 

4.93 
(1.1) 

14.3 
(2.3) 

28.3 
(1.9) 

na na na Football (n=10) 
Rugby (n=5) 
Lacrosse (n=3) 
Soccer (n=2) 
Basketball (n=1) 
Cycling (n=1) 
Tennis (n=1) 
Triathlon (n=1) 
Volleyball (n=1) 
Recreational (n=16) 

na 3.2 (1.0) 13.2 
(2.2) 

26.9 
(2.7) 

na na na Football (n=8) 
Rugby (n=2) 
Lacrosse (n=3) 
Soccer (n=1) 
Basketball (n=1) 
Tennis (n=1) 
Volleyball (n=1) 
Recreational (n=16) 

Catena  50.0 
hours 
(7.0) 

7.4 
(1.3) 

15.6 
(1.6) 

28.4 
(2.4) 

na na na Rugby (n=3) 
Soccer (n=2) 
Lacrosse (n=1) 
Recreational (n=6) 

na 5.8 
(1.8) 

12.7 
(1.7) 

25.1 
(3.1) 

na na na Rugby (n=3) 
Soccer (n=2 
Lacrosse (n=1) 
Recreation (n=4) 

Howell UO 2.3 
(0.7) 

8.3 
(1.7) 

16.2 
(2.9) 

30.5 
(4.1) 

57.7 
(4.0) 

na na - na 7.4 (1.7) 15.5 
(3.5) 

29.5 
(3.3) 

57.3 
(6.3) 

na na - 

HS (N=56) 
 

Conc (n=31) 
Norm(n=25) 

2.1 
(0.7) 

8.0 
(1.6) 

16.1 
(3.2) 

30.5 
(3.8) 

57.9 
(3.3) 

na na Football (n=22) 
Soccer (n=6) 
Wrestling (n=2) 
Volleyball (n=1) 

na 7.5 (1.9) 16.2 
(4.4) 

30.4 
(3.6) 

56.9 
(5.9) 

na na Football (n=17) 
Soccer (n=4) 
Wrestling (n=2) 
Basketball (n=1) 
Volleyball (n=1) 

Uni (N=40) 
 

Conc(n =20) 
Norm (n =19) 

2.5 
(0.8) 

8.7 
(1.8) 

16.2 
(2.5) 

30.7 
(4.6) 

57.4 
(5.0) 

na na Rugby (n=4) 
Cycling (n=4) 
Soccer (n=2) 
Basketball (n=1) 
Snowboarding (n=1) 
Wrestling (n=1) 
MVA (n=1) 
Recreational (n=6) 

na 7.2 (1.4) 14.6 
(1.2) 

28.2 
(2.6) 

57.8 
(6.9) 

na na Rugby (n=4) 
Soccer (n=2) 
Tennis (n=1) 
Recreational (n=12) 

Fino na 16.3 
(0.6) 

23.2 
(2.3) 

28.5 
(1.3) 

36.2 
(1.9) 

44.5 
(2.9) 

352.3 
(54.1) 

na na 14.5 
(2.1) 

22.8 
(1.9) 

28.5 
(1.3) 

37.3 
(1.5) 

44.5 
(2.9) 

379.5 
(20.5) 

na 

Howell BCH 9.5 
(4.8) 

na na na na na na Soccer (n=9) 
Football (n=7) 
Ice Hockey (n=6) 
Volleyball (n=3) 
Lacrosse (n=2) 
Basketball (n=2) 
Baseball (n=1) 
Cheer (n=1) 
Diving (n=1) 
Equestrian (n=1) 
Field Hockey (n=1) 
Karate (n=1) 
Sailing (n=1) 
Sledding (n=1) 
Water-skiing (n=1) 
Wrestling (n=1) 
Gym Class (n=1) 
Recreational (n=5) 

na na na na na na na Soccer (n=11) 
Lacrosse (n=6) 
Track & Field (n=6) 
Football (n=5) 
Ice Hockey (n=4) 
Baseball (n=3) 
Basketball (n=2) 
Dance (n=2) 
Swimming (n=2) 
Cross Country (n=1) 
Equestrian (n=1) 
Fencing (n=1) 
Field Hockey (n=1) 
Gymnastics (n=1) 
Softball (n=1) 
Skiing (n=1) 
Volleyball (n=1) 
Other (n=2) 

Rochefort  32.2 
(3.3) 

na na na na na na Soccer = 4 
Recreational play = 4 
Hockey = 3 

na na na na na na na - 
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Football = 1 
Skiing = 1 
Bicycling = 1 
Trampoline = 1 
Non sport-related injury/fall = 
8 
Motor vehicle collision = 1 
Assault = 2 
Mouthguard use = 6 
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Supplementary Table G. Risk of Bias Assessment – Spatiotemporal Outcomes  
Spatiotemporal Outcomes - Risk of Bias Assessment (k = 18) 

Lead author (Year) Selection bias 
(participant selection) 

Selection bias 
(confounding) 

Performance bias 
(exposure measurement) 

Detection bias 
(assessor blinding) 

Attrition bias 
(incomplete data) 

Reporting bias 
(selective outcome reporting) 

Catena (2007) Unclear High Low High Unclear Unclear 
Catena (2007) Unclear High Low High Unclear Unclear 
Chen (2015)  Unclear High High High Unclear Low 
Chiu (2013)  Low High Low High Unclear Unclear 
Cossette (2014)  Unclear High Unclear High Unclear Unclear 
Cossette (2016)  Unclear Unclear High High Low Unclear 
Fait (2013) Low High Unclear High Unclear Unclear 
Fino (2016)  Low High Unclear High Unclear Unclear 
Howell (2013)  Low High Low High Unclear Unclear 
Howell (2014)  Low High Low High Unclear Unclear 
Howell (2017)  High High Low High Unclear Unclear 
Howell (2017) Unclear Unclear Unclear High Unclear Unclear 
Howell (2017)  High Low Unclear High Unclear Unclear 
Parker (2005)  Low High Low High Unclear Low 
Parker (2006)  Low High Low High Unclear Low 
Parker (2007)  Low High Low High Unclear Unclear 
Parker (2008)  Low High Low High Unclear High 
Yasen (2017)  Low High Low High Unclear Unclear 

Risk of bias graded as per pre-specified criteria generated using the Risk of Bias Assessment for Non-randomised Studies (RoBANS) [Appendix]
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Supplementary Table H. Risk of Bias Assessment – Kinematic Outcomes 
Kinematic Outcomes - Risk of Bias Assessment (k = 13) 

Lead-author (Year) Selection bias 
(participant selection) 

Selection bias 
(confounding) 

Performance bias 
(exposure measurement) 

Detection bias 
(assessor blinding) 

Attrition bias 
(incomplete data) 

Reporting bias 
(selective outcome reporting) 

Catena (2007) Unclear High Low High Unclear Unclear 
Catena (2007)  Unclear High Low High Unclear Unclear 
Catena (2009)  Low High Low High Unclear Unclear 
Catena (2011)  Low High Low High Unclear Unclear 
Howell (2013)  Low High Low High Unclear Unclear 
Howell (2014) Low High Low High Unclear Unclear 
Howell (2015)  Low Unclear Low High Unclear Unclear 
Howell (2015)  High High Low High Unclear Unclear 
Howell (2015) Low High Low High Unclear Unclear 
Parker (2005)  Low High Low High Unclear Low 
Parker (2006)  Low High Low High Unclear Low 
Parker (2007) Low High Low High Unclear Unclear 
Parker (2008)  Low High Low High Unclear High 

Risk of bias graded as per pre-specified criteria generated using the Risk of Bias Assessment for Non-randomised Studies (RoBANS) [Appendix]. 
 
 

Supplementary Table I. Risk of Bias Assessment – Kinetic Outcomes 
Kinetic Outcomes - Risk of Bias Assessment (k = 3) 

Lead-author (Year) Selection bias 
(participant selection) 

Selection bias 
(confounding) 

Performance bias 
(exposure measurement) 

Detection bias 
(assessor blinding) 

Attrition bias 
(incomplete data) 

Reporting bias 
(selective outcome reporting) 

Dorman (2015)  High High Unclear High Unclear Unclear 
Rochefort (2017)  High High Low High Unclear High 
Rochefort (2017)  High High Low High Unclear High 

Risk of bias graded as per pre-specified criteria generated using the Risk of Bias Assessment for Non-randomised Studies (RoBANS) [Appendix]
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Supplementary Table J. Individual Patient Datasets – Protocol Characteristics 

Dataset 
(Lead Author) 

Sample Size N 
[Group sizes (n/n)] 

Population Assessment  
time-points 

Experimental protocol 

Dynamic Gait       

Catena  N = 22 
Concussion (n = 12) 

 Control (n = 10) 

Adult university athletes  
diagnosed with concussion by a sports physician 
or certified athletic trainer. 
Position Statement: AAN 

4 time-points 
1) 47.0 (7.0) h 
2) 7.4 (1.3) d 
3) 14.6 (1.6) d 
4) 28.4 (2.4) d 

Single task: Walk barefoot 8m at a comfortable, self- 
selected pace  
Dual-task:  
(1) Walk barefoot 8m at a self-selected pace while 
continuously responding to questions according to the MSE  
(2) Walk barefoot 8m at a comfortable, self-selected pace 
with a test of reaction time (RT) to an audible cue with a 
handheld trigger  
Subjects were not instructed to prioritize a task  

Fino N = 9 
Concussion (n = 5) 

 Control (n = 4) 

Varsity athlete diagnosed with concussion by a 
sports medicine physician. 
Position Statement: None reported. 

7 time-points: 
1) 7.0 (0.0) d 
2) 15.6 (1.5) d 
3) 23.0 (2.0) d 
4) 28.5 (1.2) d 
5) 36.6 (1.8) d 
6) 44.5 (2.7) d 
7) 363.2 (42.3) d 

Single Task:  
Walk barefoot around 18m course marked with six 1.5m 
tall pylons requiring five ~90° turns  
Dual-Task:  
Serially subtract by 7’s starting from a random number 
between 900 and 999 while walking around course  
No prioritization of task was explicitly instructed  

Howell N = 95 
Concussion (n = 51) 

Control (n = 44) 

Sport-active adolescents & young adults 
diagnosed with concussion by a sports physician 
or certified athletic trainer. 
Position Statement: 4th CISG 

5 time-points: 
1) 1.2 (1.3) d 
2) 7.9 (1.7) d 
3) 15.8 (3.2) d 
4) 30.0 (3.8) d 
5) 57.5 (5.2) d 

Single Tasks:  
Walking at a self-selected speed 8m to a target, walk 
around it and return to the original position.  
Dual Tasks:  
(1) Walking at a self-selected speed 8m to a target, walk 
around it and return to the original position while spelling a 
five letter word backwards.  
(2) Walking at a self-selected speed 8m to a target, walk 
around it and return to the original position while 
subtracting by sixes or sevens from a randomly presented 
two digit number. 
 

Howell N = 96 
Concussion (n = 44) 

Control (n = 52) 

Adolescents diagnosed with concussion by a 
sports physician. 
Position Statement: 4th CISG 

1 time-point: 
1) 9.5 (4.8) days 

Single Tasks:  
(1) Standing with eyes open, hands on hips and feet 
together while completing a cognitive task. 
(2) Walking at a self-selected speed 8m to a target, walk 
around it and return to the original position.  
Dual Tasks: 
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Walking at a self-selected speed 8m to a target, walk 
around it and return to the original position while spelling a 
five letter word backwards, while subtracting sixes/sevens 
from a randomly presented two digit number, or while 
reciting the months in reverse order starting from a 
randomly chosen month. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

University athletes & non-athletes diagnosed with 
concussion by a sports physician or certified 
athletic trainer. 
Position Statement: AAN 

4 time-points 
1) 35.2 (11.3) 
hours 
2) 4.1 (1.4) days 
3) 13.8 (2.3) days 
4) 27.7 (2.4) days 

Single Task: Walk 10 m at a comfortable, self-selected 
speed barefoot.  
Dual-task: Walk 10 m at a comfortable, self-selected speed 
barefoot while performing simple mental tasks (spell five 
letter word in reverse, subtract by 7s, recite months of the 
year in reverse).  
No instruction was given regarding prioritization of task.  

Static Balance     
Rochefort N = 66 

Concussion (n = 33) 
 Control (n = 33) 

Adolescents diagnosed with concussion by an 
emergency medicine physician. 
Position Statement: 4th CISG 

1 time-point 
1) ~ 1-month 
post-injury 

Standing shoulder width apart on Wii Balance Board for 2 
minutes… 
Single Task:  
(1) Eyes open 
(2) Eyes closed 
Dual-task: 
(1) Eyes open & visual Stroop test 
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Supplementary Table K. Individual Patient Datasets – Patient Characteristics 

Dataset 
Lead Author 

(Location) 

Dataset 
study design 

Total 
sample 

size 

Ax 
time-
points 

Concussed Non-concussed 

Sample 
size 

Sex  
(M/F) 

Age 
(years) 

Wgt 
(kg) 

Hgt 
(cm) 

Concussion 
Hx. 

Sample 
size (n) 

Sex (M/F) Age 
(years) 

Wgt 
(kg) 

Hgt 
(cm) 

Concussion 
Hx. 

Parker (UO) Prospective, 
longitudinal 

N = 74 4 n = 41 24M/ 
17F 

21.3 
(3.0) 

82.3 
(23.5) 

176.0 
(12.2) 

n = 21  
(51.2%) 

n = 33 17M/ 
16F 

21.6 
(3.1) 

82.6 
(24.2) 

176.6 
(12.3) 

n = 8 
(24.2%) 

Catena (UO)  Prospective, 
longitudinal 

N = 22 4 n = 12 5M/7F 21.7 
(4.4) 

72.3 
(10.2) 

172.0 
(11.0) 

n = 3  
(25%) 

n = 10 5M/5F 20.9 
(4.0) 

72.6 
(10.5) 

172.7 
(11.6) 

n = 1 
(10%) 

Howell (UO) Prospective, 
longitudinal 

N = 95 5 n = 51 
 
 

36M/ 
15F 

17.5 
(3.3) 
 

71.5 
(15.1) 

172.3 
(7.4) 

na n = 44 
 

30M/ 
14F 

17.7 
(2.9) 

70.4 
(11.4) 

172.5 
(8.5) 

na 

  HS N=56 n = 31 26M/5F 15.4 
(1.3) 

70.7 
(15.0) 

172.6 
(6.1) 

na n = 25 
 

21M/4F 15.7 
(1.3) 

70.3 
(12.2) 

173.3 
(7.5) 

na 

  Uni N =39 n = 20 10M/10F 20.7 
(2.9) 

72.8 
(15.5) 

171.8 
(9.3) 

na n = 19 9M/10F 20.4 
(2.1) 

70.5 
(10.5) 

171.4 
(9.7) 

na 

Fino (VT) Prospective, 
longitudinal 

N = 9 7 n = 5 2M/3F 19.0 
(0.8) 

65.3 
(7.6) 

167.8 
(6.5) 

na n = 4 1M/3F 19.5 
(5.2) 

65.6 
(5.2) 

172.3 
(7.2) 

na 

Howell 
(BCH) 

Cross-sectional N = 96 1 n = 45 23M/22F 15.3 
(2.6) 

60.4 
(16.4) 

164.9 
(11.2) 

n = 26  
(57.8%) 

n = 51 25M/26F 14.4 
(2.1) 

58.9 
(15.7) 

165.7 
(15.7) 

n = 14 
(27.5%) 

Rochefort 
(Ottawa) 

Cross-sectional N = 66 1 n = 33 12M/21F 14.2 
(1.5) 

57.1 
(12.1) 

163.8 
(7.8) 

na n = 33 9M/24F 15.0 
(1.5) 

58.4 
(11.8) 

165.1 
(8.5) 

na 

M = Male; F = Female; Wgt = Weight; Hgt = Height; Concussion Hx. = Concussion history; UO = University of Oregon; VT = Virginia Tech; BCH = Boston Children’s Hospital; HS = High School; Uni = University
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Supplementary IPD Tables 
 

Spatiotemporal Variables of Individual Patient Data 
 

IPD Table 1 – Walking velocity: 
Single-task performance, dual-task performance, & dual-task cost (5 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 38.227 4 0.0001 
 group 13.255 1 0.0003 

Dual-task group*time 51.667 4 0.0001 
 group 23.61 1 0.0001 

Dual-task cost group*time 4.7582 4 0.313 
 group 9.9592 1 0.0016 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 152) 

Control 
(n = 141) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m/s) ~ 48 h 1.20 m/s 0.90 – 1.50 1.28 m/s 1.03 – 1.53 0.08 (0.04 - 0.12) 
 ~ 1 w 1.21 m/s 0.88 – 1.55 1.26 m/s 0.97 – 1.55 0.05 (0.01 - 0.08) 
 ~ 2 w 1.29 m/s 1.00 – 1.57 1.31 m/s 1.05 – 1.56 0.02 (-0.02 – 0.06) 
 ~ 1 m 1.30 m/s  1.00 – 1.59 1.31 m/s 1.06 – 1.57 0.02 (-0.02 – 0.06) 
 ~ 2 m 1.28 m/s 0.98 – 1.58 1.31 m/s 1.09 – 1.52 0.03 (-0.03 – 0.08) 
       
Dual-task (m/s) ~ 48 h 1.06 m/s 0.74 – 1.38 1.18 m/s 0.91 – 1.45 0.12 (0.08 – 0.16) 
 ~ 1 w 1.07 m/s 0.64 – 1.50 1.13 m/s 0.73 – 1.52 0.06 (0.01 – 0.11) 
 ~ 2 w 1.19 m/s 0.88 – 1.51 1.24 m/s 0.96 – 1.52 0.05 (0.01 – 0.09) 
 ~ 1 m 1.20 m/s 0.88 – 1.52 1.25 m/s 0.98 – 1.52 0.05 (0.01 – 0.09) 
 ~ 2 m 1.16 m/s 0.84 – 1.47 1.21 m/s 1.02 – 1.41 0.06 (0.004 – 0.11) 
       
Dual-task cost (%) ~ 48 h -11.7% -28.2 – 4.7 -7.74% -21.0 – 5.5 4.0% (1.8 - 6.2) 
 ~ 1 w -12.4% -32.9 – 8.1 -11.0% -32.7 –10.8 1.4% (-1.0 - 3.9) 
 ~ 2 w -7.4% -19.1 – 4.4 -4.9% -16.3 – 6.4 2.4% (0.8 – 4.1) 
 ~ 1 m -7.4% -21.6 – 6.9 -4.8% -15.1 – 5.5 2.6% (0.8 – 4.4) 
 ~ 2 m -9.5% -22.6 – 3.6 -6.8% -16.4 – 2.8 2.7% (0.4 – 5.0) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated slower walking velocity than the control group. 
A negative mean difference value indicates that the concussion group demonstrated greater walking velocity than the control group. 
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IPD Table 2 – Stride length: 
Single-task performance, dual-task performance, & dual-task cost (3 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 8.3613 3 0.0391 
 group 14.072 1 0.0002 

Dual-task group*time 24.229 3 0.0001 
 group 13.122 1 0.0003 

Dual-task cost group*time 8.5649 3 0.0357 
 group 0.385 1 0.5349 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 97) 

Control 
(n = 94) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m) ~ 48 h 1.34m  1.11 – 1.58 140.4 cm 1.19 – 1.62 0.06m (0.01 – 0.11) 
 ~ 1 w 1.28m 1.17 – 1.61 142.4cm 1.22 – 1.63 0.04m (-0.03 – 0.09) 
 ~ 2 w 1.41m 1.21 – 1.57 144.0cm 1.25 – 1.63 0.03m (-0.02 – 0.07) 
 ~ 1 m 1.41m 1.17 – 1.61 145.0cm 1.25 – 1.65 0.03m (-0.02 – 0.08) 
       
Dual-task (m) ~ 48 h 1.27m 1.13 – 1.45 134.5cm 1.12 – 1.57 0.09m (0.04 – 0.14) 
 ~ 1 w 1.19m 1.10 – 1.56 139.1cm 1.15 – 1.63 0.04m (-0.02 – 0.09) 
 ~ 2 w 1.37m 1.12 – 1.55 140.4cm 1.17 – 1.64 0.04m (-0.01 – 0.09) 
 ~ 1 m 1.38m 1.15 – 1.57 141.0cm 1.16 – 1.66 0.03m (-0.02 – 0.08) 
       
Dual-task cost  ~ 48 h -5.3% -16.6 – 6.1 -3.0% -10.9 – 4.9 2.3% (0.3 – 4.4) 
(%) ~ 1 w -7.4% -20.5 – 5.8 -7.6% -22.4 – 7.2 -0.2% (-2.2 – 1.8) 
 ~ 2 w -2.9% -10.2 – 4.4 -2.1% -10.3 – 6.1 0.8% (-0.8 – 2.4) 
 ~ 1 m -1.7% -14.8 – 11.4 -2.4% -8.9 – 4.1 -0.7% (-2.9 – 1.6) 
     
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated shorter stride length than the control group. 
A negative mean difference value indicates that the concussion group demonstrated longer stride length than the control group..
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IPD Table 3 – Stride time: 
Single-task performance, dual-task performance, & dual-task cost (2 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 11.083 3 0.0113 
 group 0.7113 1 0.399 

Dual-task group*time 16.414 3 0.0009 
 group 0.3995 1 0.5273 

Dual-task cost group*time 5.2381 3 0.1552 
 group 10.261 1 0.0014 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 52) 

Control 
(n = 43) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean  95%CI Mean (95%CI) 
Single-task (s) ~ 48 h 1.08s 0.90 – 1.27 1.08s 0.93 – 1.23 -0.004s (-0.04 – 0.03) 
 ~ 1 w 1.05s 0.91 – 1.20 1.07s 0.92 – 1.21 0.01s (-0.02 – 0.04) 
 ~ 2 w 1.05s 0.91 – 1.19 1.07s 0.91 – 1.23 0.02s (-0.01– 0.05) 
 ~ 1 m 1.04s 0.89 – 1.20 1.07s 0.91 – 1.22 0.03s (-0.01 – 0.06) 
       
Dual-task (s) ~ 48 h 1.15s 0.93 – 1.38 1.11s 0.95 – 1.27 -0.04s (-0.08 – 0.003) 
 ~ 1 w 1.09s 0.93 – 1.26 1.09s 0.94 – 1.25 0.001s (-0.03 – 0.03) 
 ~ 2 w 1.09s 0.93 – 1.25 1.09s 0.92 – 1.26 0.002s (-0.03 – 0.04) 
 ~ 1 m 1.09s 0.93 – 1.24 1.08s 0.93 – 1.24 -0.003s (-0.04 – 0.03) 
       
Dual-task cost  ~ 48 h 6.4% -8.4 – 21.1 3.2% -4.7 – 11.2 -3.1% (-5.6 – -0.6) 
(%) ~ 1 w 3.9% -3.7 – 11.6 2.7% -3.8 – 9.2 -1.2% (-2.7 – 0.2) 
 ~ 2 w 3.3% -3.3 – 9.8 1.7% -4.0 – 7.4 -1.6% (-2.9 – -0.3) 
 ~ 1 m 4.4% -7.8 – 16.7 1.5% -5.2 – 8.3 -2.9% (-5.1 – -0.7) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated shorter stride time than the control group. 
A negative mean difference value indicates that the concussion group demonstrated longer stride time than the control group.



 97 

Kinematic Variables of Individual Patient Data 
 

IPD Table 4 – Mediolateral Centre of Mass Displacement:  
Single-task performance, dual-task performance, & dual-task cost (3 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 2.2126 4 0.6967 
 group 0.1892 1 0.6636 

Dual-task group*time 10.253 4 0.0364 
 group 6.202 1 0.0128 

Dual-task cost group*time 9.4091 4 0.0517 
 group 8.0014 1 0.0047 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 103) 

Control 
(n = 87) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m) ~ 48 h 0.038 0.019 – 0.057 0.037 0.020 – 0.053 -0.0015m (-0.0041 – 0.0011) 
 ~ 1 w 0.036 0.017 – 0.055 0.037 0.021 – 0.053 0.0007m (-0.0019 – 0.0033) 
 ~ 2 w 0.037 0.020 – 0.055 0.037 0.019 – 0.055 -0.0005m (-0.0031 – 0.0021) 
 ~ 1 m 0.037 0.021 – 0.052 0.036 0.020 – 0.053 -0.0003m (-0.0027 – 0.0020) 
 ~ 2 m 0.037 0.021 – 0.052 0.036 0.023 – 0.048 -0.0011m (-0.0040 – 0.0018) 
       
Dual-task (m) ~ 48 h 0.045 0.021 – 0.070 0.040 0.020 – 0.060 -0.0052m (-0.0084 – -0.0019) 
 ~ 1 w 0.042 0.020 – 0.064 0.039 0.020 – 0.058 -0.0028m (-0.0058 – 0.0002) 
 ~ 2 w 0.041 0.018 – 0.063 0.040 0.022 – 0.058 -0.0003m (-0.0033 – 0.0026) 
 ~ 1 m 0.041 0.021 – 0.062 0.038 0.020 – 0.056 -0.0031m (-0.0060 – -0.0003) 
 ~ 2 m 0.042 0.023 – 0.062 0.039 0.024 – 0.053 -0.0039m (-0.0075 – -0.0004) 
       
Dual-task cost  ~ 48 h 21.3% -35.4 – 77.9 12.0% -38.3 – 62.2 -9.3% (-17.1 – -2.9) 
(%) ~ 1 w 17.9% -36.4 – 72.3 7.6% -44.1 – 59.3 -10.3% (-18.1 – -2.6) 
 ~ 2 w 9.8% -36.8 – 56.5 12.8% -42.0 – 67.6 3.0% (-4.4 – 10.3) 
 ~ 1 m 15.3% -40.8 – 71.5 7.2% -37.0 – 51.4 -8.1% (-15.5 – -0.7) 
 ~ 2 m 16.6% -25.6 – 58.8 9.8% -36.9 – 56.4 -6.8% (-16.0 – 2.3) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated less mediolateral CoM displacement than the control 
group. 

A negative mean difference value indicates that the concussion group demonstrated greater mediolateral CoM displacement than the control 
group.
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IPD Table 5 – Mediolateral Centre of Mass Velocity: 
Single-task performance, dual-task performance, & dual-task cost (3 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 3.685 4 0.4571 
 group 0.4124 1 0.5208 

Dual-task group*time 8.933 4 0.0628 
 group 0.02 1 0.8877 

Dual-task cost group*time 6.2379 4 0.1821 
 group 1.9367 1 0.164 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 103) 

Control 
(n = 87) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task  ~ 48 h 0.129 0.069 – 0.188 0.122 0.059 – 0.185 -0.0062m/s (-0.015 – 0.003) 
(m/s) ~ 1 w 0.128 0.065 – 0.190 0.127 0.067 – 0.187 -0.0004m/s (-0.009 – 0.009) 
 ~ 2 w 0.125 0.069 – 0.182 0.124 0.069 – 0.179 -0.0017m/s (-0.010 – 0.006) 
 ~ 1 m 0.125 0.070 – 0.180 0.124  0.063 – 0.185 -0.0003m/s (-0.009 – 0.008) 
 ~ 2 m 0.118 0.069 – 0.166 0.113 0.059 – 0.167 -0.0049m/s (-0.015 – 0.006) 
       
Dual-task  ~ 48 h 0.138 0.069 – 0.208 0.137 0.077 – 0.197 -0.0009m/s (-0.010 – 0.009) 
(m/s) ~ 1 w 0.137 0.072 – 0.202 0.138 0.056 – 0.220 0.0008m/s (-0.010 – 0.011) 
 ~ 2 w 0.132 0.071 – 0.193 0.136 0.077 – 0.195 0.0036m/s (-0.005 – 0.006) 
 ~ 1 m 0.133 0.064 – 0.202 0.133 0.068 – 0.198 -0.0004m/s (-0.010 – 0.009) 
 ~ 2 m 0.132 0.070 – 0.193 0.120 0.063 – 0.177 -0.0119m/s (-0.024 – 0.001) 
       
Dual-task cost  ~ 48 h 9.1% -35.6 – 53.8 16.1% -41.6 – 73.8 7.0% (-0.4 – 14.5)  
(%) ~ 1 w 9.0% -26.1 – 44.2 10.4% -41.9 – 62.8 1.4% (-5.0 – 7.8) 
 ~ 2 w 7.2% -33.4 – 47.9 12.1% -31.1 – 55.4 4.9% (-1.2 – 11.0) 
 ~ 1 m 7.9% -36.4 – 52.2 8.7% -30.3 – 47.7 0.8% (-5.3 – 6.9) 
 ~ 2 m 13.2% -30.7 – 57.0 8.9% -35.6 – 53.3 -4.3% (-13.4 – 4.8) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated less mediolateral CoM velocity than the control group. 
A negative mean difference value indicates that the concussion group demonstrated greater mediolateral CoM velocity than the control 

group.
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IPD Table 6 – Mediolateral Maximum Centre of Mass – Centre of Pressure Separation  
Single-task performance, dual-task performance, & dual-task cost (2 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 8.1713 3 0.0426 
 group 0.9899 1 0.3198 

Dual-task group*time 10.253 4 0.03637 
 group 6.202 1 0.01276 

Dual-task cost group*time 0.1003 3 0.9918 
 group 2.2608 1 0.1327 
     

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 53) 

Control 
(n = 43) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m) ~ 48 h 0.082 0.025 – 0.140 0.074 0.038 – 0.110 - 0.009 (-0.019 – 0.001) 
 ~ 1 w 0.083 0.022 – 0.145 0.076 0.037 – 0.114 - 0.008 (-0.019 – 0.003) 
 ~ 2 w 0.078 0.036 – 0.120 0.077 0.030 – 0.124 - 0.001 (-0.010 – 0.008) 
 ~ 1 m 0.076 0.035 – 0.117 0.078 0.025 – 0.130 0.002 (-0.008 – 0.011) 
       
Dual-task (m) ~ 48 h 0.081 0.033 – 0.129 0.076 0.037 – 0.115 - 0.006 (-0.015 – 0.004) 
 ~ 1 w 0.080 0.035 – 0.125 0.076 0.039 – 0.113 - 0.004 (-0.012 – 0.005) 
 ~ 2 w 0.080 0.032 – 0.128 0.079 0.040 – 0.119 - 0.001 (-0.010 – 0.009) 
 ~ 1 m 0.077 0.034 – 0.120 0.081 0.025 – 0.138 0.004 (-0.006 – 0.014) 
       
Dual-task cost (%) ~ 48 h 1.3% -26.2 – 28.8 3.7% -26.3 – 33.7 2.4% (-3.5 – 8.3) 
 ~ 1 w -0.4% -31.3 – 30.5 2.1% -20.1 – 24.2 2.5% (-3.2 – 8.1) 
 ~ 2 w 3.0% -25.1 – 31.0 6.2% -32.9 – 45.3 3.2% (-3.7 – 10.1) 
 ~ 1 m 3.2% -28.0 – 34.5 5.1% -18.4 – 28.7 1.9% (-3.9 – 7.7) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group.  

A positive mean difference indicates that the concussion group demonstrated less mediolateral maximum CoM-CoP separation than the 
control group. 

A negative mean difference indicates that the concussion group demonstrated greater mediolateral maximum CoM-CoP separation than the 
control group.



 100 

IPD Table 7 – Anteroposterior Centre of Mass Displacement:  
Single-task performance, dual-task performance, & dual-task cost (2 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 13.131 3 0.0044 
 group 2.0074 1 0.1565 

Dual-task group*time 19.26 3 0.0002 
 group 5.1426 1 0.0234 

Dual-task cost group*time 6.4705 3 0.0908 
 group 3.4201 1 0.0644 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 52) 

Control 
(n = 43) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m) ~ 48 h 1.34 1.11 – 1.58 1.41 1.19 – 1.62 0.065 (0.018 - 0.112) 
 ~ 1 w 1.40 1.17 – 1.63 1.43 1.22 – 1.55 0.026 (-0.019 - 0.071) 
 ~ 2 w 1.41 1.18 – 1.64 1.44 1.25 – 1.56 0.031 (-0.013 – 0.074) 
 ~ 1 m 1.41  1.18 – 1.65 1.44 1.25 – 1.57 0.030 (-0.015 – 0.074) 
       
Dual-task (m) ~ 48 h 1.28 1.03 – 1.54 1.37 1.14 – 1.45 0.086 (0.036 – 0.136) 
 ~ 1 w 1.35 1.09 – 1.62 1.41 1.19 – 1.52 0.057 (0.007 – 0.107) 
 ~ 2 w 1.37 1.12 – 1.62 1.41 1.19 – 1.52 0.037 (-0.013 – 0.086) 
 ~ 1 m 1.38 1.11 – 1.64 1.42 1.20 – 1.52 0.039 (-0.012 – 0.090) 
       
Dual-task cost (%) ~ 48 h -4.4% -16.1 – 7.3 -2.8% -10.3 – 4.7 1.6% (-0.5 – 3.7) 
 ~ 1 w -3.7% -13.9 – 6.5 -1.5% -8.6 – 5.7 2.3% (0.4 – 4.1) 
 ~ 2 w -2.5% -10.5 – 5.4 -2.1% -9.9 – 5.8 0.5% (-1.2 – 2.1) 
 ~ 1 m -2.6% -12.1 – 6.9 -1.9% -7.4 – 3.6 0.7% (-1.0 – 2.3) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated less anteroposterior CoM displacement than the control 
group. 

A negative mean difference value indicates that the concussion group demonstrated greater anteroposterior CoM displacement than the 
control group.
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IPD Table 8 – Anteroposterior Centre of Mass Velocity: 
Single-task performance, dual-task performance, & dual-task cost (3 datasets) 

 
Outcome Effect χ2 df p-value 

Single-task group*time 38.259 4 0.0001 
 group 2.5891 1 0.1076 

Dual-task group*time 45.362 4 0.0001 
 group 11.802 1 0.0006 

Dual-task cost group*time 2.3762 4 0.6669 
 group 0 1 1 

df = degrees of freedom; group*time = group x time interaction; group = main effect for group 
 

Condition Time-
points 

Concussion 
(n = 104) 

Control 
(n = 86) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task  ~ 48 h 1.34 1.02 – 1.67 1.43 1.14 – 1.72 0.086m/s (0.041 – 0.132) 
(m/s) ~ 1 w 1.42 1.07 – 1.77 1.46 1.15 – 1.76 0.033m/s (-0.015 – 0.082) 
 ~ 2 w 1.44 1.11 – 1.77 1.46 1.17 – 1.75 0.023m/s (-0.023 – 0.068) 
 ~ 1 m 1.45  1.12 – 1.79 1.48 1.19 – 1.76 0.020m/s (-0.026 – 0.067) 
 ~ 2 m 1.44 1.10 – 1.78 1.46 1.22 – 1.70 0.017m/s (-0.044 – 0.079) 
       
Dual-task  ~ 48 h 1.20 0.85 – 1.54 1.33 1.02 – 1.63 0.130m/s (0.083 – 0.178) 
(m/s) ~ 1 w 1.32 0.94 – 1.69 1.39 1.08 – 1.71 0.078m/s (0.027 – 0.129) 
 ~ 2 w 1.34 0.97 – 1.71 1.40 1.08 – 1.72 0.057m/s (0.007 – 0.108) 
 ~ 1 m 1.35 0.99 – 1.71 1.42 1.09 – 1.72 0.055m/s (0.005 – 0.105) 
 ~ 2 m 1.30 0.95 – 1.65 1.36 1.15 – 1.57 0.054m/s (-0.007 – 0.114) 
       
Dual-task cost  ~ 48 h -10.8% -27.5 – 5.9 -7.1% -20.6 – 6.4 3.7% (1.5 – 5.9) 
(%) ~ 1 w -7.5% -20.1 – 5.1 -4.2% -14.8 – 6.4 3.3% (1.6 – 5.0) 
 ~ 2 w -7.1% -19.7 – 5.6 -4.5% -16.1 – 7.2 2.6% (0.8 – 4.4) 
 ~ 1 m -7.0% -21.7 – 7.7 -4.6% -15.3 – 6.1 2.4% (0.5 – 4.3) 
 ~ 2 m -9.7% -21.9 – 2.4 -7.0% -16.4 – 2.4 2.8% (0.5 – 5.0) 
       

Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion group and the control group.  
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated less anteroposterior CoM velocity than the control 
group. 

A negative mean difference value indicates that the concussion group demonstrated greater anteroposterior CoM velocity than the control 
group.
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IPD Table 9 – Anteroposterior Maximum Centre of Mass – Centre of Pressure 
Separation 

Single-task performance, dual-task performance, & dual-task cost (2 datasets) 
 

Outcome Effect χ2 df p-value 
Single-task group*time 7.2497 3 0.06435 

 group 1.3848 1 0.2393 
Dual-task group*time 9.8671 3 0.01973 

 group 5.4962 1 0.01906 
Dual-task cost group*time 2.1035 3 0.5512 

 group 4.3734 1 0.0365 
df = degrees of freedom; group*time = group x time interaction; group = main effect for group 

 
Condition Time-

points 
Concussion 

(n = 53) 
Control 
(n = 43) 

Mean difference 
(Control – Concussion) 

  Mean 95%CI Mean 95%CI Mean (95%CI) 
Single-task (m) ~ 48 h 0.212 0.137 – 0.288 0.226 0.164 – 0.288 0.014 (-0.001 – 0.028) 
 ~ 1 w 0.233 0.157 – 0.310 0.234 0.169 – 0.300 0.001 (-0.013 – 0.016) 
 ~ 2 w 0.231 0.162 – 0.301 0.237 0.177 – 0.297 0.006 (-0.007 – 0.019) 
 ~ 1 m 0.235 0.169 – 0.301 0.244 0.178 – 0.310 0.009 (-0.005 – 0.022) 
       
Dual-task (m) ~ 48 h 0.191 0.116 – 0.266 0.217 0.156 – 0.277 0.026 (0.011 – 0.040) 
 ~ 1 w 0.217 0.142 – 0.292 0.227 0.161 – 0.294 0.010 (-0.004 – 0.025) 
 ~ 2 w 0.218 0.149 – 0.287 0.231 0.160 – 0.302 0.013 (-0.001 – 0.028) 
 ~ 1 m 0.222 0.152 – 0.292 0.235 0.159 – 0.311 0.013 (-0.002 – 0.028) 
       
Dual-task cost (%) ~ 48 h -8.3% -38.0 – 21.4 -3.8% -17.3 – 9.6 4.5% (-0.5 – 9.4) 
 ~ 1 w -6.3% -25.2 – 12.6 -2.7% -20.7 – 15.3 3.6% (-0.2 – 7.4) 
 ~ 2 w -5.0% -22.1 – 12.0 -2.5% -17.5 – 12.6 2.5% (-0.8 – 5.9) 
 ~ 1 m -5.0% -23.8 – 13.8 -3.6% -15.2 – 8.1 -1.4% (-1.9 – 4.7) 
       
Emboldened Mean Differences and 95% Confidence Intervals denote a statistically significant mean difference between the concussion 

group and the control group. 
The mean value of the concussion group is subtracted from the mean value of the control group. 

A positive mean difference value indicates that the concussion group demonstrated less anteroposterior maximum CoM-CoP separation than 
the control group. 

A negative mean difference value indicates that the concussion group demonstrated greater anteroposterior maximum CoM-CoP separation 
than the control group.
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Supplementary File D: Tier 2 & Tier 3 Outcome-level Narrative Synthesis 

 

SPATIOTEMPORAL OUTCOMES 
Primary Outcomes 
Gait Velocity 

Individual Patient Data Gait Velocity (Tier 2 - Non-harmonized IPD) 

Independent verification of IPD provided by Howell et al. 2017 observed that two concussion groups with different lifetime concussion history did not differ in average 

walking speed to each other or to a non-concussed, control group [supplementary file E]. Gender differences in average walking speed between concussion and control 

groups were examined by independent verification performed by review authors using original patient data from the same dataset by Howell et al. 2017. Both concussion and 

control groups, irrespective of gender, walked with significantly slower average gait speed and lower cadence in the dual-task condition compared to the single-task 

condition. No dual-task cost deficits of gait velocity were identified in either study. Both studies published from this dataset were deemed to be at either high or unclear risk 

of bias in domains of performance, detection, attrition and selective reporting. The assessment for, identification of, and adjustment for confounding variables in both studies 

determined a low risk of bias for selection bias caused by inadequate confirmation and consideration of confounding variable. 

 

Howell et al. (2014) prospectively implemented a cognitive-motor dual-task protocol in concussed and non-concussed adolescents and young adults that varied in cognitive 

task complexity. Four incrementally challenging cognitive tasks (one single-task and three dual-tasks) were presented to participants during level-walking at five time-points 

over two months to detect changes in average gait velocity. Verification of IPD observed that the concussion group walked significantly slower than the control participants 

within 72 hours (p < 0.001) and at 1-week (p = 0.004) following sport-related concussion, irrespective of whether a single- or dual-task was performed. However, no 

between-group differences existed beyond 1-week following sport-related concussion. The concussed participants walked, on average, with a slower average walking speed 

than control participants in each cognitive dual-task (single auditory Stroop (p = 0.011), multiple auditory Stroop (p = 0.008), and cognitive ‘question and answers’ (p = 

0.004)). Concussion and control groups did not walk at different mean gait velocities during the single-task conditions (supplementary file F).
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Extracted Aggregate Data Gait Velocity (Tier 3 – Descriptive Synthesis) 

Chen et al. 2015, and Chiu et al. 2013 undertook separate cross-sectional studies evaluating dual-task gait velocity within 48 hours following sport-related concussion. Both 

sets of participants walked at a self-selected pace along an 8m walkway with undivided attention (single-task) and while simultaneously performing a randomly-selected 

cognitive task of spelling a 5-letter word in reverse, subtracting from a three-digit number by sevens, or reciting the months of the year in reverse order (dual-task). While 

both groups demonstrated significant decrements in average gait speed from single- to dual-task performance, no between-group differences in gait velocity were observed in 

either study for single- or dual-task gait velocity.  

 

Fait et al. 2013 implemented a range of gait trials in elite young adult athletes (N = 12) one month following sport-related concussion. Motor tasks (comprising level-

walking), and visual Stroop test, were completed concurrently to create the dual-task condition. Concussion (n = 6) and control (n = 6) groups walked, on average, at similar 

gait speeds for all conditions, both single- and dual-task. Cossette et al. 2014 & 2016, similar to the protocol of Fait et al. 2013, implemented numerous motor and cognitive 

trials in combination on a population of adolescents two months following concussion (of response inhibition, verbal fluency and cognitive processing using an arithmetic 

task). No between-group differences existed between the average gait speed demonstrated across both groups.  

 

While all studies were at high risk of selection bias due to likely not adjusting for confounding variables, only Chiu et al. 2013 and Fait et al. 2013 were at low risk of 

selection bias through inadequate selection of participants. Chiu was the only study that sufficiently diagnosed participants with the injury exposure in order to be considered 

at low risk of performance bias, while the remaining studies were at either unclear or high risks of performance bias. All studies were inevitably at high risk of detection bias 

due to lack of assessor blinding, and unclear risk of bias for incomplete outcome data, due to a lack of transparency into the extent of data missing-ness affecting each study. 

Only Chen et al. 2015 was at low-risk for selective outcome reporting.
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Outcome 1: Gait Velocity 
Lead Author Sample sizes (N) Population Study assessments Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

5 time-points 
1) 1 (1) day 
2) 7 (3) days 
3) 15 (3) days 
4) 29 (3) days 
5) 57 (6) days 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task: 
The concussion walked significantly 
slower than the control group at 48 
hours and at 1-week following sport-
related concussion. 
 
Dual-task: 
The concussion walked significantly 
slower than the control group at every 
time-point up to 2-months following 
sport-related concussion. 
Dual-task cost: 
There was a main effect for group, 
wherein the concussion group 
demonstrated greater dual-task cost than 
the control group, irrespective of time-
point assessments. 

Fino 
 
 

N = 9 
Concussion (n = 5) 

 Control (n = 4) 

Adult varsity athletes 
diagnosed with concussion by 
a sports medicine physician. 

Howell N = 95 
Concussion (n = 51) 

Control (n = 44) 

Sport-active adolescents & 
young adults diagnosed with 
concussion by a sports 
physician or athletic trainer. 

Howell N = 96 
Concussion (n = 44) 

Control (n = 52) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Howell (2017) 
 

N = 82 
(n = 45/n = 37) 

 

Child & adolescent athletes 1 assessment time-point:  
~1 w post-injury. 

 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

No between-group differences were 
noted in single- or dual-task walking 
velocity, or dual-task cost walking 
velocity 1-week following sport-related 
concussion. 

Howell (2017) 
 

N = 96 
(n = 45/n = 51) 

Child & adolescent athletes 1 assessment time-point:  
~1 w post-injury. 

 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

The concussion group walked slower 
than the control group, irrespective of 
task, 1-week following sport-related 
concussion (p = 0.001; N2p = 0.12). 
Both groups walked slower in dual-task 
walking compared to single-task 
walking (p = 0.03; N2p = 0.05). 

Howell (2014) 
 

N = 96 
(n = 51/ n = 44) 

Adolescent and 
young adult athletes 

5 assessment time-
points:  

1) 2 (1 – 3) d 
2) 8 (5 – 13) d 
3) 15 (12 – 29) d 
4) 30 (23 – 46) d 
5) 54 (51 – 71) d 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
[2] Walking while simultaneously 
performing a single auditory 
Stroop task (dual-task). 
[3] Walking while simultaneously 

The concussion group walked slower at 
the 72-hour time-point following sport-
related concussion compared to all other 
assessment time-points, but the study 
failed to reject the null hypothesis (i.e., 
no between-group differences).  
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performing a multiple auditory 
Stroop task (dual-task). 
[4] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

 

Howell (2015) 
 

N = 17 
(n = 10/n = 7) 

 

Adolescent and 
young adult athletes 

5 assessment time-
points:  

1) 2 (0.8) d 
2) 8 (1.3) d 
3) 15 (1.6) d 
4) 30 (2.4) d 
5) 54 (1.9) d 

[1] Walking at a self-selected 
pace along a walkway with 
undivided attention (single-task). 
[2] Walking while simultaneously 
performing a multiple auditory 
Stroop task (dual-task). 

The concussion group walked slower 
than the control group during dual-task 
walking only at 48 hours following 
sport-related concussion (p = 0.004). 

Tier 3 (Aggregate Data – Descriptive Synthesis) 
Chen (2015) N = 30 

n = 15/n =15 
Adults diagnosed with Grade 
II concussion defined by the 
AAN by certified athletic 
trainers or physicians 
employed by the university 
intercollegiate sport program  
 

1 assessment time-point: 
~ 48 hours post-injury. 

[1] Walking at a self-selected 
pace along an 8-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

The concussion group walked 
significantly slower than the control 
group in both single- and dual-task 
walking conditions (p = 0.04). 
Concussion and control groups walked 
significantly slower in dual-task 
condition compared to single-task 
condition (p<0.001). 

Chiu (2013) N = 46 
n = 23/n = 23 

Young adults who were 
diagnosed by a certified 
athletic trainer or medical 
doctor with a Grade II 
concussion defined by the 
AAN. 

1 assessment time-point: 
< 48hrs post-injury. 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

The concussion group walked 
significantly slower than the control 
group during dual-task  (p = .04) only. 
Both concussion and control groups 
walked significantly slower in the dual-
task condition compared to the single-
task condition (p < 0.001). 

Cossette (2016) N = 27 
n = 14/n = 13 

Adolescents diagnosed with 
mTBI or concussion by a 
doctor, physiotherapist, or 
athletic trainer (diagnostic 
criteria unreported). 

1 assessment time-point: 
Mean time post-injury of 
67.1 +/-27.6 days   
(range = 2-15 weeks) 

[1] 8m-walk (single-task). 
 
[2] 8m-walk + (visual Stroop OR 
verbal fluency OR arithmetic). 
 
 

Concussion and control groups did not 
differ across single and dual-task 
condition performed (p > 0.50). 
Concussion & control groups walked 
significantly slower when performing a 
cognitive-motor dual-task, walking 
slowest in verbal fluency task and least 
with the visual Stroop task (p < 0.001). 

Fait (2013) N = 12 
n = 6/n = 6 

Elite athletes older than 16 
who were registered with 
provincial or national sports 
federation.  
 

1 assessment time-point: 
Mean =37.3 (4.8) days 
post-concussion 

[1] 9-m level-walk (single-task) 
[2] Visual Stroop (single-task). 
[3] 9-m level-walk + modified 
visual Stroop (dual-task) 

No differences existed between groups, 
motor conditions or cognitive 
conditions. Concussion and control 
groups walked, on average, at similar 
walking speeds for all conditions, both 
single- and dual-task. 
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Secondary Outcomes 
 
Average Tandem Walking Completion Time (Tier 2 - Non-harmonized IPD) 

Howell et al. 2017 implemented a cognitive-motor evaluation in adolescents and young adults following sport-related concussion by use of cognitive ‘question-&-answers’ 

task and a tandem gait task of motor performance. Independent verification of IPD observed that the concussion group walked with significantly slower tandem gait speed at 

72-hours, 1- and 2-weeks following sport-related concussion compared to the control group in both single- and dual-task conditions (supplementary file G). Concussion and 

control groups did not differ in dual-task cost exhibited for average walking speed from single- to dual-task. This study was at a high- or unclear risk for selection, detection, 

attrition, and reporting biases, while at low-risk for performance bias. 

 
Spatiotemporal Outcome: Tandem Gait Performance Time 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Howell (2017) 
 

N = 17 
(n = 10/n = 7) 

 

Adolescent and 
young adult athletes 

5 assessment time-points:  
1) 2 (0.8) d 
2) 8 (1.3) d 
3) 15 (1.6) d 
4) 30 (2.4) d 
5) 54 (1.9) d 

[1] Tandem gait walking at a self-
selected pace along a walkway 
with undivided attention (single-
task). 
[2] Tandem gait walking while 
simultaneously performing a 
multiple auditory Stroop task 
(dual-task). 

The concussion group achieved a slower 
tandem gait mean completion time than 
the control group during single- and 
dual-task tandem walking at 48 hours, 1-
week, and 2-weeks following sport 
related concussion. 
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Stride Length 

IPD meta-analysis (Tier 1) 

The sport-related concussion group walked with significantly shorter stride length than the control group, on 

average, in both single- (main effect: χ2=14.1, df=1, p<0.001) and dual-task conditions (main effect: χ2=13.1, 

df=1, p<0.001). However, this varied across time for single- (interaction effect: χ2=8.4, df=3, p=0.039), and 

dual-task (interaction effect: χ2=24.2, df=3, p<0.001) conditions. Shorter stride length in the concussion group 

was evident at 48 hours (tim-poin1) following concussion during the single- and dual-task conditions, but no 

between-group stride length differences persisted in either task beyond 48 hours [supplementary IPD table 2]. 

Although there was no significant difference in dual-task cost for stride length between the concussion and 

control groups, when average across all time-points (main effect: χ2=0.4; df=1; p=0.5), there was a significant 

group*time interaction (interaction effect: χ2=8.6; df=3; p=0.036). The sport-related concussion group 

demonstrated greater dual-task cost in stride length compared to the non-injured control group at 48 hours (time-

point 1) following sport-related concussion, but not at the other time-points. 

 

Heterogeneous IPD verification (Tier 2) 

Review authors independently verified cross-sectional IPD collected, analyzed, and reported by Howell et al. 

2017, that compared adolescent groups who experienced their first lifetime concussion, at least their second 

lifetime concussion (both approximately 8 days following concussion injury) and a non-concussed control 

group. A significantly shorter stride length in the dual-task condition was exhibited by the concussion group 

presenting with at least their second lifetime concussion compared to the non-concussed control group (p = 

0.013), and not by the first lifetime concussion group (p = 0.08) [supplementary file E]. No differences in stride 

length were identified between groups for absolute single-task stride length or dual-task cost. Similarly, a 

second study by Howell et al. 2017 using the same dataset identified that the concussion group walked with 

significantly shorter stride length 1 week following sport-related concussion compared to the control group, 

when not accounting for gender or task type (p < 0.001; N2
p = 0.14). 

 

Aggregate Data Descriptive Synthesis (Tier 3) 

Chen et al. 2015 assessed the single- and dual-task stride length of concussion and control groups approximately 

48 hours following sport-related concussion. Both groups walked with significantly shorter stride length from 

the single-task condition, which involved self-paced level-walking, to the dual-task condition, involving the 

concurrent performance of level-walking and cognitive question-and-answer based tasks. No between-group 

differences existed on either absolute single- or dual-task performance.
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Spatiotemporal Outcome: Stride Length 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

4 time-points 
1) 2 (1) days 
2) 6 (4) days 
3) 14 (2) days 
4) 28 (3) days 
 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task, dual-task, & dual-task 
cost: 
The concussion group walked with 
shorter stride length than the control 
group at 48-hours following sport-
related concussion during single- and 
dual-task walking, or dual-task cost. No 
between-group differences existed in 
stride length beyond 1-week following 
injury.  

Howell N = 96 
Concussion (n = 44) 

Control (n = 52) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Howell (2017) N = 82 

(n = 45/n = 37) 
 

Child & adolescent athletes 1 assessment time-point:  
~1 w post-injury. 

 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

The concussion group reporting at least 
their second lifetime concussion walked 
with significantly shorter stride length 
than the control group (p = 0.013), but 
not the group with their lifetime 
concussion. 
No differences existed between 
concussion and control groups in stride 
length dual-task cost. 

Howell (2017) 
 

N = 96 
(n = 45/n = 51) 

Child & adolescent athletes 1 assessment time-point:  
~1 w post-injury. 

 

[1] Walking at a self-selected 
pace along a 10-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

The concussion group walked with 
significantly shorter stride length than 
the control group when averaged across 
task and gender (p < 0.001; N2p = 0.14). 
No differences existed between 
concussion and control groups in stride 
length dual-task cost. 

Tier 3 (Aggregate Data – Descriptive Synthesis) 
Chen (2015) N = 30 

n = 15/n = 15 
Adults diagnosed with Grade 
II concussion defined by the 
AAN by certified athletic 
trainers or physicians 
employed by the university 
intercollegiate sport program. 

 

1 assessment time-point:  
~48 h post-injury. 

[1] Walking at a self-selected 
pace along an 8-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task (dual-task). 

Concussion and control groups walked 
with significantly shorter stride lengths 
in the dual-task condition compared to 
single-task condition (p < 0.001). 
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Stride Time 
 
IPD meta-analysis (Tier 1) 

The sport-related concussion group did not walk with different stride times than the non-injured control group when averaged across time-points for single-(main 

effect:χ2=0.7, df=1, p=0.4) and dual-task (main effect:χ2=0.4, df=1, p=0.5) conditions [supplementary IPD table 3]. The concussion group did not demonstrate different dual-

task costs than the non-injured control group on average following sport-related concussion (main effect: χ2=5.2, df=3, p=0.2). The sport-related concussion group 

demonstrated greater dual-task cost when values were averaged across all assessment time-points (interaction effect: χ2= 10.3, df = 1, p = 0.001).   

 
Spatiotemporal Outcome: Stride Time 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

4 time-points 
1) 2 (1) days 
2) 5 (2) days 
3) 14 (2) days 
4) 28 (3) days 
 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task, dual-task, & dual-task 
cost: 
The concussion group did not walk with 
different stride time than the control 
group at any assessment time-point 
following sport-related concussion 
during single-task and dual-task 
walking. However, a significant main 
effect for group exist for dual-task cost.  

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 
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Step Width 

Heterogeneous IPD verification (Tier 2) 

IPD contributed by Parker et al. 2015; 2006; 2007; 2008 was independently verified, observing that both 

concussion (n = 40) and control (n = 33) groups, irrespective of four longitudinal dual-task assessments over 1-

month, walked with significantly wider step width during the dual-task condition compared to the single-task 

condition (supplementary file H). No dual-task cost was observed in step width from single- to dual-task for 

either group. Similarly, Catena et al. 2007; 2007; 2009; 2011 implemented a cognitive ‘question-and answers’ 

task while young adult participants walked at a self-selected gait speed at four time-points over 1-month 

following sport-related concussion. Verification of IPD observed that concussion (n = 12) and control (n = 10) 

groups did not change their step width on either single- or dual-task conditions, or in dual-task cost from single- 

to dual-task (supplementary file I).  

 

Aggregate Data Descriptive Synthesis (Tier 3) 

Chen et al. 2015 undertook a cross sectional that assessed the dual-task performance of concussed, sport-active 

adults (n = 15) compared to a matched control group (n = 15). Participants were assessed approximately 48 

hours following injury, performing an eight-meter walk at a self-selected pace (single-task) while 

simultaneously performing a cognitive test comprising the spelling of a 5-letter word in reverse, subtraction by 

sevens, or reciting the months of the year in reverse order (dual-task). Groups did not differ in step width in 

either single- or dual-task conditions.
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Spatiotemporal Outcome: Step Width 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Catena (2007) 
 
 

N = 22 
(n = 12/ n = 10) 

Young adult varsity 
athletes  
diagnosed with 
concussion by a sports 
physician or certified 
athletic trainer. 
Position Statement: 
AAN 

4 assessment time-points: 
1) 47.0 (7.0) h 
2) 7.4 (1.3) d 
3) 14.6 (1.6) d 
4) 28.4 (2.4) d 

[1] Single-task: 
Walking at a self-selected pace 
along an 8-m walkway with 
undivided attention. 
Dual-task:  
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

The concussion group did not walk 
with a different step width compared 
to the control group in either single- or 
dual-task conditions, or in dual-task 
cost. 

Parker (2005) 
 
 

N = 73 
(n = 40/ n = 13) 

University athletes & 
non-athletes diagnosed 
with concussion by a 
sports physician or 
certified athletic trainer. 
 

4 assessment time-points: 
1) 35.2 (11.3) hours 
2) 4.1 (1.4) days 
3) 13.8 (2.3) days 
4) 27.7 (2.4) days 

[1] Single-task: 
Walking at a self-selected pace 
along a 10-m walkway with 
undivided attention. 
[2] Dual-task: 
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

The concussion group did not walk 
with a different step width compared 
to the control group. However, both 
the concussion and the control group 
demonstrated greater step width during 
dual-task walking compared to single-
task walking (p = 0.018; N2p = 0.076). 

Tier 3 (Aggregate Data – Descriptive Synthesis) 
Chen (2015) N = 30 

n = 15/n = 15 
Adults diagnosed with 
Grade II concussion 
defined by the AAN by 
certified athletic trainers 
or physicians employed 
by the university 
intercollegiate sport 
program.  

1 assessment time-point: 
~48 h post-injury 

[1] Walking at a self-selected pace 
along an 8-m walkway with 
undivided attention (single-task). 
 
[2] Walking while simultaneously 
performing a cognitive ‘Q&A’ task 
(dual-task). 

The concussion group did not walk 
with greater or lesser step width than 
the control group (p = 0.70).  
 
Neither group walked with 
significantly different step width in 
dual-task walking compared to single-
task walking (p = 0.19). 
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KINEMATIC OUTCOMES 
 

Outcome 5: Mediolateral Center of Mass Displacement 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

5 time-points 
1) 1 (1) day 
2) 6 (2) days 
3) 15 (3) days 
4) 29 (4) days 
5) 58 (5) days 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task & dual-task: 
The concussion group walked with 
significantly greater sway in the frontal 
plane up to 2-months following sport-
related concussion (p = 0.036), but not 
during single-task walking (p = 0.7). 
Dual-task cost: 
Averaging all time-point assessments, 
the concussion group demonstrated 
greater dual-task cost in frontal plane 
CoM sway than the control group (p = 
0.005). 

Howell N = 95 
Concussion (n = 51) 

Control (n = 44) 

Sport-active adolescents & 
young adults diagnosed with 
concussion by a sports 
physician or certified athletic 
trainer. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

 
 

Outcome 6: Mediolateral Center of Mass Velocity 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

5 time-points 
1) 1 (1) day 
2) 6 (2) days 
3) 15 (3) days 
4) 29 (4) days 
5) 58 (5) days 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task & dual-task: 
The concussion group did not 
demonstrate different CoM velocity in 
the frontal plane following injury during 
single-task walking, dual-task walking, 
or in dual-task cost.  
 
Dual-task cost: 
No between-group differences existed in 
dual-cost cost of mediolateral CoM 
velocity following sport-related 
concussion. 

Howell N = 95 
Concussion (n = 51) 

Control (n = 44) 

Sport-active adolescents & 
young adults diagnosed with 
concussion by a sports 
physician or certified athletic 
trainer. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 
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Frontal Plane Maximum Center of Pressure – Center of Mass Separation 
IPD meta-analysis (Tier 1) 

No time-point differences over time existed between concussion and control groups in maximum frontal plane CoM-CoP separation during single-task (interaction effect: 

χ2=8.2; df=3, p=0.04) and dual-task walking (interaction effect: χ2=10.3; df=4, p=0.04). Irrespective of time-point assessments, the concussion group walked with 

significantly greater maximum frontal plane CoM-CoP separation distance during dual-task walking (main effect: χ2=6.2, df=1, p=0.01) but not single-task walking (main 

effect: χ2=1.0, df=1, p=0.3). When averaged across time-point assessments, the concussion group did not demonstrate significantly different dual-task cost in maximum 

frontal plane CoM-CoP separation compared to the control group (main effect: χ2= 2.2, df=1, p=0.13). No variation in between-group differences existed over time (χ2= 0.1, 

df=3, p=0.9). 

 
Outcome 7: Frontal Plane Maximum Center of Mass – Center of Pressure Separation 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

4 time-points 
1) 1 (1) day 
2) 6 (2) days 
3) 15 (3) days 
4) 29 (4) days 
 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task, dual-task, & dual-task 
cost: 
No between-group differences existed at 
any time-point in single-task and dual-
task walking, or in dual-task cost. 
Irrespective of time-point assessments, 
the concussion group walked with 
significantly greater maximum 
horizontal separation between CoM and 
CoP in the frontal plane during dual-task 
walking (p = 0.01), but not during 
single-task walking (p = 0.3). 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 
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Outcome 8: Anteroposterior Center of Mass Displacement 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

4 time-points 
1) 2 (1) days 
2) 5 (2) days 
3) 14 (2) days 
4) 29 (4) days 
 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task & dual-task: 
The concussion group walked with 
significantly less CoM displacement in 
the sagittal plane than the control group 
48 hours following injury during single-
task walking (p = 0.004), but up to 1-
week following sport-related concussion 
during dual-task walking (p = 0.001). 
Dual-task cost: 
The concussion group demonstrated no 
differences in dual-task cost compared to 
the control group (p = 0.09). 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 

 
Outcome 9: Anteroposterior Center of Mass Velocity 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

5 time-points 
1) 1 (1) day 
2) 6 (2) days 
3) 15 (3) days 
4) 29 (4) days 
5) 58 (5) days 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task & dual-task: 
The concussion group walked with 
significantly less anteroposterior CoM 
velocity than the control group 48 hours 
following injury using a single-task 
assessment (p < 0.001), but up to 1-
month following sport-related 
concussion during dual-task walking (p 
< 0.001). 
Dual-task cost: 
The concussion group demonstrated no 
differences in dual-task cost compared to 
the control group (p = 0.09). 

Howell N = 95 
Concussion (n = 51) 

Control (n = 44) 

Sport-active adolescents & 
young adults diagnosed with 
concussion by a sports 
physician or certified athletic 
trainer. 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 
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Anteroposterior Maximum Center of Pressure – Center of Mass Separation  

IPD meta-analysis (Tier 1) 

The concussion group did not walk with significantly different maximum sagittal plane CoM-CoP separation during single-task walking (interaction effect: χ2=7.2; df=4, 

p=0.06). During dual-task walking, the concussion group walked with significantly less maximum horizontal separation distance between CoM & CoP in the sagittal plane 

48-hours following injury (interaction effect: χ2=9.9, df=3, p=0.02). When averaged across time-point assessments, the concussion group demonstrated significantly different 

dual-task cost in maximum sagittal plane CoM-CoP separation compared to the control group (main effect: χ2=4.4, df=1, p=0.04). 

 
Outcome 10: Sagittal Plane Maximum Center of Mass – Center of Pressure Separation 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 1 (Individual Patient Data Meta-Analysis) 
Catena N = 22 

Concussion (n = 12) 
 Control (n = 10) 

Adult varsity athletes  
diagnosed with concussion by 
a sports physician or certified 
athletic trainer. 

4 time-points 
1) 2 (1) days 
2) 5 (2) days 
3) 14 (2) days 
4) 29 (4) days 
 

[1] Single-task: 
Walking at a self-selected pace 
along an 8 – 10m level walkway 
with undivided attention. 
 
[2] Dual-task:  
Walking while simultaneously 
performing a cognitive ‘Q&A’ 
task. 

Single-task: 
No between-group differences existed in 
maximum horizontal separation of CoM 
and CoP in the sagittal plane at any time-
point in single-task walking (p = 0.06).  
Dual-task: 
The concussion group walked with 
significantly less maximum horizontal 
separation between CoM and CoP in the 
sagittal plane at 48-hours following 
injury during dual-task walking, only (p 
= 0.02). 
Dual-task cost: 
Across time-points, the concussion 
group demonstrated greater dual-task 
cost than the control group (p = 0.04). 

Parker N = 74 
Concussion (n = 41) 

 Control (n = 33) 

Adolescents diagnosed with 
concussion by a sports 
physician. 
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Outcome 11: Peak Mediolateral Centre of Mass (CoM) Acceleration: 

Heterogeneous IPD verification (Tier 2) 

Review authors independently verified the analyses undertaken by Howell et al.2015 using IPD contributed by the original authors. Recently concussed and control 

adolescents and young adults, responding to a multiple auditory Stroop task during level-walking, demonstrated no differences in peak CoM acceleration when longitudinally 

tested for 2-months following sport-related concussion (supplementary file J). 

 
Outcome 11: Peak Mediolateral Center of Mass Acceleration 
Lead Author 

(Year) 
Sample sizes (N) 

(Concussed/Control) 
Population Assessment  

time-points 
Experimental protocol Study findings 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Howell (2015) 
J Biomech 

N = 17 
(n = 10/n = 7) 

 

Adolescent and 
young adult athletes 

5 assessment time-points:  
1) 2 (0.8) d 
2) 8 (1.3) d 
3) 15 (1.6) d 
4) 30 (2.4) d 
5) 54 (1.9) d 

[1] Walking at a self-selected 
pace along a walkway with 
undivided attention (single-task). 
[2] Walking while simultaneously 
performing a multiple auditory 
Stroop task (dual-task). 

Concussed adolescents and young adults 
demonstrated no differences in peak 
CoM acceleration compared to the 
control group over 2-months following 
sport-related concussion. 
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KINETIC OUTCOMES 
Outcome 12: 95%CoP Ellipse 

Heterogeneous IPD verification (Tier 2) 

IPD was contributed by the authors of one kinetic dataset. Thus, the harmonization of IPD was not possible due 

to unavailability of another individual patient dataset. The review authors attempted to independently verify the 

results of the contributed IPD.(Rochefort et al 2017a; 2017b) Independent analysis of a single dataset for kinetic 

outcomes demonstrated that the concussion group swayed over a larger area approximately 1-month following 

sport-related concussion during the eyes open (p= 0.007), eyes closed (p=0.002), and dual-task (eyes open + 

Stroop) conditions (p= 0.003) compared to the control group.(Rochefort et al. 2017) The findings of the 

independent analysis, undertaken by review authors, agreed in directionality with published findings of original 

authors (supplementary file K). In a published subgroup analysis of this contributed dataset,(Rochefort et al. 

2017) concussed individuals with and without self-reported balance impairments did not sway with significantly 

faster or slower mean postural sway one-month following sport-related concussion. 

 

Aggregate Data Descriptive Synthesis (Tier 3) 

The remaining study, Dorman et al. 2015 for which no IPD were available, was synthesized descriptively with 

the aggregate data of the IPD dataset contributed by Rochefort et al. 2017. Dorman et al. 2015 investigated the 

longitudinal effects of concussion on postural sway by using a dual-task assessment protocol. Dual-task 

assessment comprised a motor task involving bilateral stance on a force-plate with eyes open or closed for 20 

seconds, and a cognitive task involving the participant to recite the months of the year in reverse order. 

Concussed participants (n = 18) were tested at four time-points, from within 10 days following injury up to 3 

months post-injury, while a non-concussed control group (n = 26) were tested at 2 time-points, one week apart. 

At time-point 1 (mean = 10 days following injury), between-group differences were observed on all single- 

(eyes open; p = 0.02, and eyes closed; p < 0.001), and dual-task conditions (eyes open with cognitive task; p = 

0.007, and eyes closed with cognitive task; p < 0.001). By assessment time-point 2 (mean 25 days following 

injury), between-group differences were identified only on dual-task conditions (eyes open with cognitive task; 

p = 0.01, and eyes closed with cognitive task; p < 0.007). Beyond the second time-point, neither group 

significantly improved balance stability scores.
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Outcome 12: 95% CoP Ellipse Area 

Lead Author (Year) Sample sizes (N) Population Study assessments Experimental protocol Study findings 
Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Rochefort (2017) N = 66 

(n = 33/n = 33) 
Sport-active, high school 
adolescents diagnosed with 
concussion by an emergency 
medicine physician. 

1 assessment time-point:  
~ 30 days following 
concussion 
 

[1] Bilateral stance + eyes 
open (single-task). 
[2] Bilateral stance + eyes 
closed (single-task). 
[3] Bilateral stance + eyes 
open + visual Stroop (dual-
task). 

The concussion group 
swayed over a greater stance 
sway area than the control 
group during the eyes open 
(p=0.007), eyes closed 
(p=0.002), & dual-task 
(p=0.003) conditions. 

Rochefort (2017) N = 63 
- Self-reported balance 

problems (n = 13) 
- No self-reported balance 

problems (n = 20) 
- Control group (n = 30) 

Sport-active, high school 
adolescents diagnosed with 
concussion by an emergency 
medicine physician. 

1 assessment time-point:  
~ 30 days following 
concussion 
 

[1] Bilateral stance + eyes 
open (single-task). 
[2] Bilateral stance + eyes 
closed (single-task). 
[3] Bilateral stance + eyes 
open + visual Stroop (dual-
task). 

The concussion group with 
self-reported balance 
problems swayed over a 
greater stance sway area than 
the control group during the 
eyes closed condition only 
(p = 0.001). The concussion 
group without self-reported 
balance problems swayed 
over a greater stance sway 
area than the control group 
during the dual-task 
condition only (p=0.003). 

Tier 3 (Aggregate Data – Descriptive Synthesis) 
Dorman (2015) 
 

N = 44 
(n = 18/n = 26) 

Sport-active, high school 
adolescents diagnosed with 
concussion by a board-
certified physician. 

Concussion group  
4 assessment time-points:  
1) 10d;  
2) 25d;  
3) 49d;  
4) 78d.  
 
Control group  
2 assessment time-points: 
~ 1-week apart 

[1] Bilateral stance + eyes 
open (single-task). 
[2] Bilateral stance + eyes 
closed (single-task). 
[3] Bilateral stance + eyes 
open + cognitive Q&A task 
(dual-task). 
[4] Bilateral stance + eyes 
closed + cognitive Q&A task 
(dual-task). 

The concussion group 
swayed over a sig. greater 
stance sway area than the 
control group ~10 days 
following concussion during 
both single-task [eyes open 
(p = 0.016) & eyes closed (p 
< 0.001)] and both dual-task 
conditions [eyes open + 
cognitive task (p=0.007), 
and eyes closed + cognitive 
task (p < 0.001)]. The 
concussion group swayed 
over a significantly greater 
stance sway area than the 
control group ~ 1-month 
following concussion during 
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dual-task conditions only; 
eyes open + Q&A (p = 
0.013) and eyes closed + 
Q&A (p = 0.007). 
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Outcome 13: Center of Pressure Velocity 

Heterogeneous IPD verification (Tier 2) 

The review-authorship team independently verified the findings of Rochefort et al, 2017 whereby the 

concussion group swayed with significantly faster mean frontal plane sway compared to the control group in the 

dual-task Stroop condition only (p = 0.007), and not in the eyes open (p = 0.04) or eyes closed (p = 0.02) single-

task conditions, one month following sport-related concussion, once Bonferroni adjustments were implemented 

for multiple comparisons (0.05/3 = 0.0167). Irrespective of single- or dual-task condition implemented, the 

concussion compared swayed with significantly greater mean sagittal plane sway compared to the control group 

(p < 0.001). 

 

In an attempt to verify the subgroup analysis of the dataset contributed by Rochefort et al,2017 concussed 

individuals with and without self-reported balance impairments did not sway with significantly faster or slower 

mean postural sway in the sagittal or frontal plane than the control group with the eyes open, eyes closed or in 

the dual-task condition, one-month following sport-related concussion. 

 
Dorman et al. 2015 also used mean CoP Velocity as an outcome to assess postural stability performance by both 

concussion and control groups following concussion. A similar pattern to the outcome of 95% CoP Ellipse Area 

was observed, wherein between-group differences were identified at the first assessment time-point on single-

task conditions (eyes open; p = 0.01, and eyes closed; p < 0.001), and dual-task conditions (eyes open with 

cognitive task; p < 0.001, and eyes closed with cognitive task; p < 0.001). However, unlike group performances 

on 95% CoP Ellipse Area, no between-group differences existed at time-point two, on either single- (eyes open; 

p = 0.72, eyes closed; p = 0.15) or dual-task conditions (eyes open with cognitive task; p = 0.63, and eyes closed 

with cognitive task; p = 0.32).
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Outcome 13: CoP Velocity 
Lead Author (Year) Sample sizes (N) Population Study assessments Experimental protocol Study findings 

Tier 2 (Unharmonized Individual Patient Data – Verification Analysis) 
Rochefort (2017) 
 

N = 66 
(n = 33/n = 33) 

Sport-active, high school 
adolescents diagnosed with 
concussion by an emergency 
medicine physician. 

1 assessment time-
point:  
~ 30 days following 
concussion 
 

[1] Bilateral stance + eyes open 
(single-task). 
[2] Bilateral stance + eyes closed 
(single-task). 
[3] Bilateral stance + eyes open + 
visual Stroop (dual-task). 

The concussion group 
swayed faster in the frontal 
plane than the control group 
during the dual-task only (p 
= 0.007), and in the sagittal 
plane regardless of task (p = 
0.019). 

Rochefort (2017) 
 

N = 63 
- Self-reported balance 

problems (n = 13) 
- No self-reported balance 

problems (n = 20) 
- Control group (n = 30) 

Sport-active, high school 
adolescents diagnosed with 
concussion by an emergency 
medicine physician. 

1 assessment time-
point:  
~ 30 days following 
concussion 
 

[1] Bilateral stance + eyes open 
(single-task). 
[2] Bilateral stance + eyes closed 
(single-task). 
[3] Bilateral stance + eyes open + 
visual Stroop (dual-task). 

Concussion groups with and 
without self-reported 
balance problems did not 
differ in mean sway velocity 
in frontal and sagittal planes. 
The concussion group 
without self-reported 
balance problems swayed 
faster in the frontal plane 
compared to the control 
group in the dual-task 
condition only (p = 0.003). 

Tier 3 (Aggregate Data – Descriptive Synthesis) 
Dorman (2015) 
Mean CoP Velocity 

N = 44 
(n = 18/n = 26) 

Sport-active, high school 
adolescents diagnosed with 
concussion by a board-
certified physician. 

Concussion group  
4 assessment time-
points:  
1) 10d;  
2) 25d;  
3) 49d;  
4) 78d.  
 
Control group  
2 assessment time-
points: 
~ 1-week apart 

[1] Bilateral stance + eyes open 
(single-task). 
[2] Bilateral stance + eyes closed 
(single-task). 
[3] Bilateral stance + eyes open + 
cognitive Q&A task (dual-task). 
[4] Bilateral stance + eyes closed 
+ cognitive Q&A task (dual-task). 

The concussion group 
swayed significantly faster 
than the control group ~ 10 
days following concussion 
during both single- [eyes 
open (p = 0.005) and eyes 
closed (p < 0.001)] and both 
dual-task conditions [eyes 
open + cognitive task (p < 
0.001), and eyes closed + 
cognitive task (p < 0.001)]. 
The concussion group did 
differ to the control group in 
stance sway area ~ 1-month 
following concussion on any 
task. 
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Supplementary File E – Walking Velocity 
Howell et al., 2017. Dual-task gait differences in female and male adolescents following sport-

related concussion. Gait Posture. 

Howell et al., 2017. The effect of prior concussion history on dual-task gait following a 

concussion. J Neurotrauma. 
Objectives: 

1) to examine how gender and a recent concussion affect dual-task gait costs among adolescents.  

2) to examine the effect of prior concussion history on single-task and dual-task gait following a subsequent 

concussion, by comparing adolescents reporting to a sport concussion clinic for their first lifetime concussion, 

their second or greater lifetime concussion, and healthy control subjects with no documented concussion history.  

 

Objective 1: Howell et al. 2017. Dual-task gait differences in female and male adolescents following sport- 

related concussion. Gait & Posture. 

To address objective one, the independent authors performed a verification analysis, as reported in the original 

research article. 

 

Statistical Analysis: 

We performed a 2 × 2 multivariate analysis of covariance (MANCOVA) to compare the levels of two between-

subjects factors (injury status and gender), each with two levels (injury status: concussion vs. control; gender: 

female vs. male). Prior concussion history, height, and age were included as covariates in the MANCOVA 

analysis. If an interaction or main effect reached statistical significance, follow-up comparisons were conducted 

using follow-up univariate analyses of covariance (ANCOVA). 

 

For absolute single-task and dual-task gait outcome variables, we conducted a three-way MANCOVA, 

comparing the main effects and interactions between group (concussion vs. control), gender (female vs. male) 

and task (single vs. dual). Statistical significance was set at α < 0.05 and Bonferroni-adjusted pairwise follow-up 

comparisons were used to control family-wise Type I error. 

 

The primary outcome variable comprised dual-task cost. This outcome variable accounts for normal gait 

variability between study participants by normalizing dual-task performance relative to their own single-task 

performance. For each participant, the dual-task cost was calculated as: [(dual-task value–single-task 

value)/single-task value] and expressed as a percentage. Therefore, a positive value indicates an increase from 

the single- to dual-task condition, whereas a negative value indicates a decrease. The outcome variables of 

interest were those relating to the dual-task cost for each of the quantified gait characteristics. 

Dependent outcome variables comprised: 

1. Average walking speed was calculated as the average stride velocity for left and right feet across all gait 

cycles in each trial. 

2. Stride length was calculated as the average distance for the left and right distance between two consecutive 

foot falls at the moment of initial contact on all trials. 
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3. Cadence was calculated as the rate of steps per minute, also defined as foot falls at the moment of initial 

contact. 

4. Double support time was defined as the percentage of time in each gait cycle that both feet were on the 

ground. Gait cycle duration was not included by the original author due to its inverse relationship with cadence. 

Results: 

45 concussed participants (22 female and 23 male) and 51 control participants (26 female and 25 male), across a 

variety of interscholastic sports, were tested within a mean of 9 days following sport-related concussion [Table 

1]. 

Table 1. Participant Characteristics. 
 Concussion Group (n = 45) Control Group (n = 51) 
Variable Female  

(n = 22) 
Male 

(n = 23) 
Female  
(n = 26) 

Male 
(n = 25) 

Age; years – mean (sd) 14.7 (2.7) 15.8 (2.3) 14.6 (1.8) 14.2 (2.3) 
Height; cm – mean (sd) 160.4 (8.2) 169.3 (12.1) 160.9 (8.4) 170.5 (15.5) 
Weight; kg – mean (sd) 55.4 (12.5) 65.2 (18.3) 56.1 (13.6) 61.8 (17.4) 

 
 

Time since concussion;  
days –mean (sd)  

9.7 (4.6) 9.3 (5.0) na na 

Symptom severity –  
mean (sd) 

31.5 (16.8) 29.9 (18.9) na na 

Prior concussion 
history – n (%) 

n = 10 (45.5%) n = 9 (39.1%) n = 4 (15.3%) n = 10 (40.0%) 

Sport Basketball (n=2) 
Cheer (n=1) 
Diving (n=1) 
Field Hockey (n=1) 
Equestrian (n=1) 
Gym class (n=1) 
Ice Hockey (n=1) 
Karate (n=1) 
Lacrosse (n=1) 
Recreation (n=3) 
Sailing (n=1) 
Soccer (n=6) 
Volleyball (n=2) 

Baseball (n=1) 
Football (n=7) 
Ice Hockey (n=5) 
Lacrosse (n=1) 
Recreation (n=2) 
Snow-sport (n=1) 
Soccer (n=3) 
Volleyball (n=1) 
Water-skiing (n=1) 
Wrestling (n=1) 
 

Cross Country (n=1) 
Dance (n=2) 
Equestrian (n=1) 
Field Hockey (n=1) 
Ice Hockey (n=2) 
Lacrosse (n=2) 
Snow-sport (n=1) 
Soccer (n=7) 
Softball (n=1) 
Swimming (n=2) 
Track (n=5) 
Volleyball (n=1) 

Baseball (n=3) 
Basketball (n=3) 
Fencing (n=1) 
Football (n=6) 
Gymnastics (n=1) 
Ice Hockey (n=2) 
Lacrosse (n=4) 
Soccer (n=4) 
Track (n=1) 
 

 

Dual-Task Cost: 

No significant interactions or main effects existed for the dual-task cost of any gait outcome.  

 

Absolute Single- & Dual-Task Gait Performance: 

For absolute single- and dual-task performance outcomes, a three-way MANCOVA identified a main effect for 

group (Wilks’ Lambda = 0.85; F = 3.7; p = 0.008, N2
p = 0.15) on the outcomes of gait velocity (F = 12.22; p = 

0.001; N2
p = 0.12) and stride length (F = 14.41; p < 0.001; N2

p = 0.14). The concussion group (mean = 0.97m/s; 

95% CI = 0.93m/s – 1.01m/s) walked significantly slower than the control group (mean 1.07 m/s; 95% CI = 

1.03 – 1.10 m/s), irrespective of gender difference or task type (mean diff. = 0.10 m/s; 95% CI = 0.43 – 0.16 

m/s; F = 12.22 p = 0.001; N2
p = 0.12). The concussion group (mean = 1.08m; 95%CI = 1.05m – 1.11m) also 
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walked with a shorter stride length than the control group (mean 1.17m; 95%CI = 1.14m – 1.20m), irrespective 

of gender difference or task type (mean diff. = 0.10cm; 95%CI = 0.04m – 0.14m; F = 14.41; p < 0.001; N2
p = 

0.14). 

 

The three-way MANCOVA model also observed a main effect for task (Wilks’ Lambda = 0.87; F = 3.10; p = 

0.02, N2
p = 0.13) on the outcomes of gait velocity (F = 4.84; p = 0.03; N2

p = 0.05) and cadence (F = 10.50; p < 

0.002; N2
p = 0.11). In the dual-task condition, both groups, irrespective of gender difference or concussion 

status, walked with significantly slower gait speed (mean diff. = 0.26m/s; 95%CI = 0.24m/s – 0.29m/s; p < 

0.001) and with significantly lower cadence (13.84 steps/min; 95%CI = 12.32 steps/min – 15.36 steps/min; p < 

0.001) compared to the single-task condition. 

 

Table 2. Absolute single-, dual-task, and dual-task cost gait values for concussion and control groups. 
 Concussion Group (n = 45) Control Group (n = 51) 
Variable Female  

(n = 22) 
Male 

(n = 23) 
Female  
(n = 26) 

Male 
(n = 25) 

Absolute Single-Task Gait 
Average gait speed (m/sec) 1.092 (0.122) 1.099 (0.158) 1.214 (0.134) 1.182 (0.160) 
Cadence (steps/min) 115.39 (7.07) 111.17 (10.00) 116.96 (7.05) 112.39 (9.89) 
Stride length (m) 1.124 (0.105) 1.175 (0.131) 1.239 (0.110) 1.248 (0.150) 
Double support time (% gait cycle) 34.10 (3.13) 36.21 (3.52) 34.07 (2.66) 35.08 (3.65) 
     
Absolute Dual-Task Gait  
Average gait speed (m/sec) 0.804 (0.133) 0.877 (0.149) 0.933 (0.139) 0.922 (0.130) 
Cadence (steps/min) 97.82 (11.41) 100.62 (10.08) 102.57 (8.05) 99.62 (9.64) 
Stride length (m) 0.983 (0.107) 1.037 (0.123) 1.073 (0.115) 1.103 (0.136) 
Double support time (% gait cycle) 37.46 (3.07) 37.98 (2.65) 37.48 (2.94) 38.13 (2.63) 
     
Dual-Task Cost 
Average gait speed (%) -26.5% (8.4) -19.8% (10.9) -23.0% (9.0) -21.3% (10.6) 
Cadence (%) -15.3% (7.6) -9.3% (6.7) -12.2% (5.5) -11.2% (7.1) 
Stride length (%) -12.5% (5.4) -11.6% (5.8) -13.3% (6.4) -11.4% (6.6) 
Double support time (%) 10.1% (6.7) 5.4% (7.9) 10.1% (4.6) 9.3% (8.4) 
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Table 3. Participant characteristics on gait outcome variables as per gender, group, & task. 

Outcome variable Gender Group Task Mean SD (95%CI) 
Average gait speed Female Concussion Single-task 1.09 0.12 (0.85-1.33) 

(m/s)   Dual-task 0.80 0.13 (0.55-1.05) 
  Control Single-task 1.21 0.13 (0.96-1.46) 
   Dual-task 0.93 0.14 (0.66-1.40) 
 Male Concussion Single-task 1.10 0.16 (0.79-1.41) 
   Dual-task 0.88 0.15 (0.59-1.17) 
  Control Single-task 1.18 0.16 (0.87-1.49) 
   Dual-task 0.92 0.13 (0.67-1.17) 

Cadence Female Concussion Single-task 115.4 7.1 (101.5-129.3) 
(steps/minute)   Dual-task 97.8 11.4 (75.5-120.1) 

  Control Single-task 117.0 7.0 (103.3-130.7) 
   Dual-task 102.6 8.1 (86.7-118.5) 
 Male Concussion Single-task 111.2 10.0 (91.6-130.8) 
   Dual-task 100.6 10.1 (80.8-120.4) 
  Control Single-task 112.4 9.9 (93.0-131.8) 
   Dual-task 99.6 9.6 (80.8-118.4) 

Stride length (m) Female Concussion Single-task 1.12 0.11 (0.90-1.34) 
   Dual-task 0.98 0.11 (0.76-1.20) 
  Control Single-task 1.23 0.11 (1.01-1.45) 
   Dual-task 1.07 0.11 (0.85-1.29) 
 Male Concussion Single-task 1.17 0.13 (0.92-1.42) 
   Dual-task 1.04 0.12 (0.80-1.28) 
  Control Single-task 1.25 0.15 (0.96-1.54) 
   Dual-task 1.10 0.14 (0.83-1.37) 

Double support time Female Concussion Single-task 34.1 3.1 (28.0-40.2) 
(% gait cycle)   Dual-task 37.5 2.9 (31.8-43.2) 

  Control Single-task 34.1 2.7 (28.8-39.4) 
   Dual-task 37.5 2.9 (31.8-43.2) 
 Male Concussion Single-task 36.2 3.5 (29.3-43.1) 
   Dual-task 37.9 2.6 (32.8-43.0) 
  Control Single-task 35.1 3.7 (27.8-42.4) 
   Dual-task 38.1 2.6 (33.0-43.2) 

 
Objective 2: Howell et al. 2017. The Effect of Prior Concussion History on Dual-Task Gait following a 

Concussion. Journal of Neurotrauma. 

To complete objective two, the review authors independently completed performed as reported in the original 

research article by Howell et al.; to compare single- and dual-task gait of three groups with different concussion 

history following a subsequent sport-related concussion. 

 

Statistical Analysis: 

We performed two separate one-way multivariate analyses of variance (MANOVA) to compare the 

performance of three groups with varying lifetime concussion history; on related gait outcome variables. The 

independent variable comprised the between-subject factor; group ([1] healthy, non-concussed control 

participants without a lifetime concussion; [2] concussed participants reporting their first lifetime concussion, 

and; [3] concussed participants reporting at least their second lifetime concussion. The dependent variables 

included both absolute single- and dual-task measures on four outcomes variables of; gait velocity (metres/sec), 

cadence (steps/minute), stride length (metres), and proportion of the gait cycle spent by the subject in double 

support (%). Potential confounding variables that may have affected gait, including age, sex, height, and weight 
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were compared using one-way analyses of variance (ANOVAs). Those variables that appeared significantly 

different among groups (p < 0.20) were included as covariates in a one-way MANCOVA model. Follow-up 

comparisons were performed using the Bonferroni procedure control for family-wise type I error. For significant 

MANCOVA models, between-group differences were evaluated with a statistical significance cutoff value set at 

a < 0.017 to adjust for the three comparisons made. Continuous variables are presented as mean–SD; categorical 

variables are presented as numbers included (n) or percentage of the total. 

 

Results: 

82 participants were recruited to participate in the current study and to complete the study protocol. The 

concussion group (n = 45) comprised subgroups containing participants who entered the study reporting; 

[1] their first lifetime concussion (n = 19); 

[2] their second lifetime concussion (n = 26).  

A non-concussed control group, without history of a lifetime concussion, included 37 participants.  

 
Table 4. Descriptive characteristics of participant groups, presented as mean 

(standard deviation) for continuous variables, and n (%) for categorical variables. 
Variable First lifetime 

concussion  
(n = 19) 

Second+ [-] lifetime 
concussion 
(n = 26) 

No lifetime concussion 
(n = 37) 

Sex; female – n (%) 10 (52.6%) 12 (46.2%) 22 (59.5%) 
Age; years – mean (sd) 14.5 (2.5) 15.8 (2.5)* 14.4 (2.1) 
Height; cm – mean (sd) 165.1 (12.1) 165.3 (10.6) 164.5 (12.8) 
Weight; kg – mean (sd) 56.7 (13.3) 63.1 (18.0) 58.2 (15.9) 
Time since concussion;  
days –mean (sd)  

10.4 (4.8) 8.8 (4.7) na 

Symptom severity –  
mean (sd) 

34.3 (18.0) 28.0 (17.3) na 

Sport Baseball (n=1) 
Equestrian (n=1) 
Football (n=2) 
Gym class (n=1) 
Ice Hockey (n=4) 
Snowsport (n=1) 
Soccer (n=6) 
Volleyball (n=2) 
Waterskiing (n=1) 

Basketball (n=2) 
Cheer (n=1) 
Diving (n=1) 
Field Hockey (n=1) 
Football (n=5) 
Ice Hockey (n=2) 
Karate (n=1) 
Lacrosse (n=2) 
Recreation (n=5) 
Sailing (n=1) 
Soccer (n=3) 
Volleyball (n=1) 
Wrestling (n=1) 

Baseball (n=3) 
Basketball (n=3) 
Cross Country (n=1) 
Dance (n=2) 
Equestrian (n=1) 
Fencing (n=1) 
Field Hockey (n=1) 
Football (n=4) 
Gymnastics (n=1) 
Ice Hockey (n=2) 
Lacrosse (n=1) 
Snowsport (n=1) 
Soccer (n=9) 
Softball (n=1) 
Swimming (n=2) 
Track (n=3) 
Volleyball (n=1) 

*The group reporting at least their second sport-related concussion were significantly older than both other groups. 

Participant age was the only empirically-identified confounding variable that differed between groups (p = 0.07).
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Absolute single- & dual-task performance: 

Preliminary assumption testing was conducted to assess for normality, linearity, univariate and multivariate 

outliers, homogeneity of variance-covariance matrices, and multicollinearity, with no serious violations noted. 

During the single-task condition, when adjusting for statistically significant age differences between groups, no 

statistically significant differences between groups of different lifetime concussion history existed (Wilks’ 

lamba = 0.82; F = 1.95; p = 0.06; N2p = 0.09). 

 

During dual-task task, when adjusting for statistically significant age differences between groups, statistically 

significant differences existed between groups of different lifetime concussion history (Wilks’ lamba = 0.77; F 

= 2.69; p = 0.01; N2p = 0.13) for dual-task gait velocity (F = 5.31; p = 0.007; N2p = 0.12) and dual-task stride 

length (F = 5.11; p = 0.008; N2p = 0.12). However, when a Bonferroni correction was applied to adjust for three 

post-hoc comparisons across groups (p = 0.05/3 = 0.016), only a statistically significant mean difference in 

stride length (mean diff. = 0.09m ; 95% CI = 0.04m – 0.16m; p = 0.013) existed between the group without a 

lifetime concussion and the group with at least two lifetime concussion. 

 
Variable First lifetime 

concussion  
(n = 19) 

Second(+) lifetime 
concussion 
(n = 26) 

No lifetime 
concussion 
(n = 37) 

Absolute Single-Task Gait    
Average gait speed (m/sec) 1.11 (0.17) 1.08 (0.11) 1.19 (0.14) 
Cadence (steps/min) 114.5 (9.6) 111.3 (8.3) 115.2 (9.0) 
Stride length (m) 1.15 (0.13) 1.15 (0.12) 1.23 (0.11) 
Double support time (% gait cycle) 34.0 (3.3) 36.1 (3.4) 34.9 (3.2) 
Absolute Dual-task gait     
Average gait speed (m/sec) 0.83 (0.16) 0.85 (0.13) 0.93 (0.13) 
Cadence (steps/min) 98.1 (9.3) 100.1 (11.7) 102.2 (8.2) 
Stride length (m) 1.01 (0.14) 1.01 (0.10) 1.08 (0.11) 
Double support time (% gait cycle) 37.1 (3.0) 38.2 (2.7) 37.9 (2.8) 
Dual-Task Cost (%)     
Average gait speed -25.5% (10.0) -21.3% (10.2) -21.5% (9.3) 
Cadence -14.1% (7.6) -10.9% (7.6) -11.1% (5.4) 
Stride length -12.8% (5.7) -11.5% (5.6) -12.3% (6.5) 
Double support time 9.4% (7.0) 6.5% (8.1) 8.8% (6.2) 
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Supplementary File F – Walking Velocity 
 

Howell et al. 2014.  
The effect of cognitive task complexity on gait stability in adolescents following concussion. 

EBR. 
 

Objective: 
To prospectively examine how gait balance control is affected by secondary cognitive tasks of varying 

complexity implemented simultaneously while walking in a population of adolescents with and without 

concussion. 

 

It was hypothesized that (1) secondary tasks of greater complexity would result in greater disturbances to 

walking balance control than less complex secondary tasks and single-task walking in subjects with concussion 

and (2) that concussion subjects would be affected by each secondary task to a greater degree than control 

subjects.  

Experimental Protocol: 
The protocol for every subject included one single-task and three dual-task walking conditions. For the single-

task condition, the subject walked with undivided attention while barefoot at a self-selected speed along a walk- 

way. For each of the three dual-task conditions, the subject walked along the same walkway but while 

simultaneously responding to one of three presented cognitive tasks. The order of presentation for the three 

cognitive tests changed for each of the five testing sessions (72 h, 1 week, 2 weeks, 1 month, and 2 months) but 

was consistent for all subjects. The three cognitive tasks, in order of complexity, were:  

(1) a single auditory Stroop (SAS);  

(2) a multiple auditory Stroop (MAS): and  

(3) a question and answer task (Q&A).  

The SAS task required the subject to listen to the words “high” or “low” played one time per trial by computer 

speakers in a high or low pitch and then identify the pitch of the word, regardless of whether the pitch was 

congruent with the meaning. The MAS tasks were similar to the SAS, except the words “high” or “low” were 

played and the subjects were required to respond four times per trial. Each “high” or “low” stimulus after the 

first was triggered by the previous response of the subject and was presented one second following the subject 

response. The Q&A consisted of spelling a five-letter word backwards, subtracting by 6s or 7s, or reciting the 

months in reverse order. Subjects completed one of these tasks during each trial. The type of Q&A task 

completed was randomly selected for each trial to avoid learning effects from one trial to the next. The sub- 

jects completed 8–10 trials for each of the single- and dual- task conditions.  

During dual-task walking, subjects were not instructed to focus on either the cognitive or walking task, but to 

continue walking while correctly completing the task. For the SAS and MAS conditions, the stimuli were 

presented once subjects had reached steady-state gait, several steps after gait initiation, and were triggered by a 

photocell. The instructions for the Q&A task were given to the subjects prior to gait initiation after which they 

were instructed to begin walking and respond to the task once an auditory beep was played, triggered by a 

photocell located several steps after gait initiation. For each walking trial, data were analysed for one gait cycle, 

defined as heel strike to heel strike of the same limb. The targeted stride for analysis was the one immediately 
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after initial task-stimulus presentation. Average walking speed was also calculated as the mean forward velocity 

during the gait cycle. The mean of the 8–10 trials for each subject was calculated for each variable. 

Statistical analysis: 

Group demographic differences and testing time differences were tested using an independent t test for height, 

mass, age, and testing day. Three-way mixed effects analyses of variance were used to analyse each dependent 

variable to determine the interactions and main effects of group (concussion and control), time (72 h, 1 week, 2 

weeks, 1 month, and 2 months), and task (WALK, SAS, MAS, Q&A). For all omnibus tests, significance was 

set at p < .05. Follow-up pairwise comparisons, using the Bonferroni procedure to control for inflated Family 

Wise Type I Error rates, were conducted to answer the pre-specified review question. In the case of significant 

three- and two-way analyses, independent samples t-tests were used to compare groups on tasks (single-task, 

single auditory Stroop, multiple auditory Stroop, and dual-task) and time-points (time-points 1 to 5). All 

Statistical analyses were performed using Statistical Package for the Social Sciences version 24 (SPSS Inc., 

Chicago, IL, USA).  

Results: 

51 concussed and 44 control participants completed the cognitive-motor single- and dual-task test protocol at 

five time-points over a 2-month period [Table 1]. Concussion and control groups did not differ on demographic 

variables of age, height, and weight [Table 2]. 

Table 1. Study assessment time-points 
Time-points Concussion (n = 51) Control (n = 44) 

Time-point 1 – days; median (min-max) 2 d (1 – 3) na 
Time-point 2 – days; median (min-max) 8 d (5 – 13) 7 d (3 – 12) 
Time-point 3 – days; median (min-max) 15 d (12 – 29) 14 d (12 – 34) 

Time-point 4 – days; median (min-max) 30 d (23 – 46) 28 d (22 – 38) 
Time-point 5 – days; median (min-max) 57 d (51 – 71) 56 d (40 – 84) 

 
Table 2. Group participant demographic variables and symptom severity score at each assessment time-point 
 Concussion (n = 51) Control (n = 44) Group comparisons (p<0.05) 
Gender – female; n (%) n = 15 (29.4%) n = 14 (31.8%) p = 0.80 
Age – years (mean; 95%CI) 17.7 (16.7 – 18.7) 17.8 (16.9 – 19.0) p = 0.67 
Height – cm (mean; 95%CI) 172.9 (170.7 – 175.1) 172.4 (169.8 – 175.0) p = 0.91 
Weight – kg (mean; 95%CI) 72.2 (67.6 – 76.8) 70.2 (66.7 – 73.7) p = 0.68 
Education status – high school; n (%) n = 31 (60.8%) n = 25 (56.8%) p = 0.70 

Symptom severity - time-point 1 40.5 (33.7 – 47.3) 3.8 (2.5 – 5.2) na 
Symptom severity - time-point 2 28.0 (21.1 – 35.0) 3.5 (1.5 – 5.5) na 
Symptom severity - time-point 3 17.7 (12.1 – 23.4) 2.9 (0.9 – 5.0) na 

Symptom severity - time-point 4 11.0 (6.8 – 15.1) 3.6 (1.8 – 5.4) na 
Symptom severity - time-point 5 8.1 (3.4 – 12.8) 3.8 (2.1 – 5.5) na 
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Absolute Single- & Dual-Task Performance: 

Following assessment and correction for any violations of normality distribution, sphericity, and equality of 

error variance, the concussed participants walked significantly slower, on average, than control participants 

within 72 hours (mean diff. = 0.11m/s; 95%CI = 0.06m/s – 0.16m/s; p < 0.001) and at 1-week (mean diff. = 

0.08m/s; 95%CI = 0.03m/s – 0.14m/s; p = 0.004) following sport-related concussion (group*time: F = 10.08; p 

< 0.001; N2
p = 0.10). No between-group differences existed beyond 1-week following concussion. 

The concussion group walked significantly slower than the control group when responding to single auditory 

Stroop (mean diff. = 0.06m/s; 95%CI = 0.02m/s – 0.11m/s; t = 2.6; df = 93; p = 0.011 ), multiple Auditory 

Stroop (mean diff. = 0.07m/s; 95%CI = 0.02m/s – 0.12m/s; t = 2.7; df = 91.8; p = 0.008), and cognitive 

question-and-answer dual-tasks (mean diff. = 0.08m/s; 95%CI = 0.03m/s – 0.13m/s; t = 3.1; df = 86.3; p = 

0.002) following sport-related concussion (group*task: F = 4.59; p = 0.013; N2
p = 0.05). Concussion and control 

groups did not differ in average walking speed during the single-task condition.  

Concussion and control groups demonstrated different rates of change between time-points, irrespective of 

cognitive task implemented (group*time: F = 10.08; p < 0.001; N2
p = 0.10). Both concussion (mean diff. = 

0.07m/s; 95%CI = 0.05m/s – 0.09m/s; t = -9.2; df = 50; p < 0.001) and control (mean diff. = 0.04m/s; 95%CI = 

0.03m/s – 0.06m/s; t = - 5.1; df = 43; p < 0.001) groups walked at statistically significantly faster gait speeds 

one-week following sport-related concussion compared to 72 hours following concussion. The improvement 

demonstrated by the control group is likely attributable to repeated test administration within a short time-period 

(median = 7 days; range = 3-12 days), resulting in enhanced performance from practice effects. 

However, beyond 1-week following sport-related concussion, where the control group no longer walked faster 

at subsequent time-points compared to the immediately-preceding time-point, concussed participants displayed 

an improved performance in walking speed from one-week following injury to two-weeks following sport-

related concussion (mean diff. = 0.03m/s; 95%CI = 0.01m/s - 0.05m/s; t = -3.7; df = 50; p = 0.001). 

Table 3. Sport 
Concussion (n = 51) Control (n = 44) 
Football (n = 22) 
Soccer (n = 8) 
Recreational (n = 6) 
Rugby (n = 4) 
Cycling (n = 4) 
Wrestling (n = 3) 
Basketball (n = 1) 
Volleyball (n = 1) 
Motorsport (n =1) 
Snowboarding (n = 1) 

Football (n = 17) 
Recreational (n = 12) 
Soccer (n = 6) 
Rugby (n = 4) 
Wrestling (n = 2) 
Basketball (n = 1) 
Tennis (n = 1) 
Volleyball (n = 1) 



 132 

Table 4. Mean gait velocity of concussion and control groups for single- and dual-task conditions at each time-point. 

Time-point Task Group Mean 95%CI 

< 48 h post-concussion  Single-task Concussion 1.16m/s 1.12m/s – 1.20m/s 

  Control 1.25m/s 1.21m/s – 1.29m/s 

 Single Auditory Stroop Concussion 1.10m/s 1.06m/s – 1.13m/s 

  Control 1.20m/s 1.17m/s – 1.24m/s 

 Multiple Auditory Stroop Concussion 1.10m/s 1.03m/s – 1.11m/s 

  Control 1.18m/s 1.15m/s – 1.22m/s 

 Dual-task (Q&A) Concussion 1.01m/s 0.98m/s – 1.05m/s 

  Control 1.13m/s 1.09m/s – 1.17m/s 

1 w post-concussion  Single-task Concussion 1.21m/s 1.17m/s – 1.24m/s 

  Control 1.26m/s 1.22m/s – 1.30m/s 

 Single Auditory Stroop Concussion 1.17m/s 1.13m/s – 1.21m/s 

  Control 1.25m/s 1.21m/s – 1.29m/s 

 Multiple Auditory Stroop Concussion 1.15m/s 1.11m/s – 1.19m/s 

  Control 1.24m/s 1.19m/s – 1.28m/s 

 Dual-task (Q&A) Concussion 1.10m/s 1.06m/s – 1.14m/s 

  Control 1.20m/s 1.16m/s – 1.24m/s 

2 w post-concussion Single-task Concussion 1.24m/s 1.21m/s – 1.28m/s 

  Control 1.27m/s 1.23m/s – 1.31m/s 

 Single Auditory Stroop Concussion 1.17m/s 1.13m/s – 1.21m/s 

  Control 1.27m/s 1.23m/s – 1.31m/s 

 Multiple Auditory Stroop Concussion 1.18m/s 1.14m/s – 1.21m/s 

  Control 1.24m/s 1.20m/s – 1.28m/s 

 Dual-task (Q&A) Concussion 1.13m/s 1.10m/s – 1.17m/s 

  Control 1.19m/s 1.15m/s – 1.23m/s 

1 m post-concussion  Single-task Concussion 1.25m/s 1.21m/s – 1.29m/s 

  Control 1.28m/s 1.23m/s – 1.32m/s 

 Single Auditory Stroop Concussion 1.21m/s 1.18m/s – 1.25m/s 

  Control 1.26m/s 1.22m/s – 1.30m/s 

 Multiple Auditory Stroop Concussion 1.19m/s 1.15m/s – 1.23m/s 

  Control 1.23m/s 1.19m/s – 1.28m/s 

 Dual-task (Q&A) Concussion 1.15m/s 1.11m/s – 1.18m/s 

  Control 1.20m/s 1.16m/s – 1.24m/s 

2 m post-concussion  Single-task Concussion 1.29m/s 1.25m/s – 1.33m/s 

  Control 1.30m/s 1.26m/s - 1.35m/s 

 Single Auditory Stroop Concussion 1.23m/s 1.19m/s – 1.27m/s 

  Control 1.25m/s 1.21m/s – 1.29m/s 

 Multiple Auditory Stroop Concussion 1.20m/s 1.16m/s – 1.24m/s 

  Control 1.23m/s 1.19m/s – 1.27m/s 

 Dual-task (Q&A) Concussion 1.17m/s 1.13m/s – 1.21m/s 

  Control 1.21m/s 1.17m/s – 1.25m/s 



 133 

Supplementary File G – Tandem Walking 
 

Howell et al. 2017.  
Single-task and dual-task tandem gait test performance after concussion.  

J Sci Med Sport. 
 
Purpose:  

1) to compare participants acutely after a concussion with uninjured control participants on single-task and dual-

task mean tandem gait performance time within 72h of injury and systematically across the ensuing 2 months on 

measures of observer-timed performance, spatio-temporal gait parameters, and COM balance control 

measurements.  

Protocol description: 

Participants completed 3 trials of the tandem gait test in single-task and dual-task conditions while barefoot. 

Participants were instructed to walk forward along a 3 m long piece of sports tape 38 mm wide with an alternate 

heel-to-toe gait, where the heel and toe were approximated on each step. Upon crossing the end of the 3 m tape, 

participants were instructed to turn and return to the original starting point with the same gait pattern and to 

complete the trial as fast as possible without stepping off of the line, having a separation between the heel and 

toe, or touching the test administrator. A total of 3 successful trials were performed in each condition. Results 

from failed trials (separation of heel and toe, stepping off the tape, or touching the test administrator) were not 

included in further analysis. 

During the single-task condition, participants completed the tandem gait test consistent with the recommended 

tandem gait instructions. During the dual-task condition, participants walked while concurrently completing a 

mental task. This mental task, described previously, consisted of 3 verbal test forms: (1) spelling a five-letter 

word backwards, (2) serial subtraction from a randomly given two-digit numeral by 6 s or 7 s, to avoid practice 

effects related to subtracting from the same number repeatedly, or (3) reciting the months in reverse order, 

starting with a random month. Participants completed one of these test forms per trial, where no duplicate cues 

were used and the same form was not used consecutively to avoid practice effects from one trial to the next. The 

instructions for the cognitive task were given to the participants prior to trial initiation after which they were 

instructed to begin walking and respond to the task. 

Statistical analysis: 

Continuous variables are presented as means (SD) for normally distributed data and medians (IQR) for non-

normally distributed data. Categorical variables are presented as the number included and corresponding 

percentages. 

To fulfil the study’s sole objective for which individual patient data was provided, we performed a mixed-

methods, two-way (between-subject factor: group – 2 levels: concussion and control; within-subject factor: time 

– 5 levels; time-point 1, 2, 3, 4, and 5) analyses of variance were used to examine the main effects of group 

(concussion and control) and time (72 h, 1 week, 2 weeks, 1 month, and 2 months post-injury), and the 

interaction between these two independent variables. The dependent outcome variable comprised the mean 

tandem gait trial performance time (s) across 3 tandem gait trials. Statistical significance was set at p<0.05. 
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Bonferroni corrections were made to adjust for multiple comparisons where necessary; following significant 

time × group interactions, between-group differences were considered significant at p < 0.01 to adjust for the 5 

testing time points. We performed simple effects test with Bonferroni adjustment to reduce the inflated type 1 

error rate for multiple post-hoc comparisons (0.05/0.01), setting the adjusted alpha level for statistical 

significance at p < 0.01. During post-hoc testing, violations of equality of variance were accounted for by 

assuming unequal variances.  

 
Results: 

The individual patient dataset (N = 17) provided possessed unequal group sample sizes of concussed 

participants (n = 10) and non-concussed, control participants (n = 7). [Table 1]. No statistically significantly 

differences existed between demographic independent variables of sex, age, height, and weight. 

 

Table 1. Table of Patient Characteristics 

 Concussion Group (n = 10) 
mean (SD) 

Control Group (n = 7) 
mean (SD) 

p-value 

Age (years) 19.00 (5.5) 20.00 (4.5) 0.70 
Height (cm) 170.9 (6.7) 168.6 (8.4) 0.53 
Mass (kg) 67.1 (10.7) 65.1 (10.5) 0.71 
Female (sex) 3 (30%) 4 (57%) 0.26 
Days to RTP (days) 26.8 (17.6) na - 
Time-point 1 
(days since injury) 

2.2 (1.6 – 2.8) na - 

Time-point 2 
(days since injury) 

8.1 (7.2 – 9.0) 6.7 (5.1 – 8.3) - 

Time-point 3 
(days since injury) 

15.1 (14.0 – 16.2) 13.9 (13.5 – 14.2) - 

Time-point 4 
(days since injury) 

30.1 (28.4 – 31.8) 27.0 (24.9 – 29.1) - 

Time-point 5 
(days since injury) 

54.5 (53.1 – 55.9) 56.1 (53.3 – 59.0) - 

Symptom severity at T1 38.0 (22.8 – 53.2) 1.4 (0.0 – 2.9) - 
Symptom severity at T2 23.1 (8.1 – 38.1) 2.8 (0.0 – 6.2) - 
Symptom severity at T3 10.8 (5.4 – 16.2) 1.7 (0.0 – 4.9) - 
Symptom severity at T4 8.1 (1.6 – 14.6) 4.7 (0.0 – 13.0) - 
Symptom severity at T5 4.3 (0.4 – 8.2) 4.8 (0.0 – 11.1) - 

 

Absolute Single- and Dual-Task Tandem Gait Mean Completion Time: 

Violations of sphericity (single task: Mauchly’s W = 0.047; p < 0.001; dual-task: Mauchly’s W = 0.11; p = 

0.001) required greenhouse-geisser adjustments. We observed statistically significant time*group interactions 

for single-task mean tandem stance performance time (F(1.73, 26.01)=3.65; p = 0.046; N2
p = 0.20) and dual-task 

mean tandem stance performance time (F(1.93, 28.94)=4.13, p = 0.028, N2
p = 0.22). 

Family-wise, simple effects tests identified statistically significant differences between concussed and control 

groups at 72 hours, 1-week and 2-weeks following concussion in both single-task and dual-task tandem gait 

performances [Table 2]. That is, the concussion group recorded slower mean tandem gait trial performance 

times compared to the non-concussed group at 72-hours, 1-week, and 2-weeks following injury for both single-

task and dual-task tandem gait conditions. No differences existed between concussed and non-concussed groups 

at 1-months and 2-months following injury in single-task or dual-task assessments.
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Table 2. Single task & dual-task mean tandem gait performance time. 

 Single-task Dual-task 
Assessment 
time-point 

Concussion 
mean(95%CI) 

Control 
mean(95%CI) 

B/t-group 
(p<0.01 

Concussion 
mean(95%CI) 

Control 
mean(95%CI) 

B/t-group 
(p<0.01 

T1 
72-hours 

18.9 
(15.3-22.5) 

10.6 
(6.3-14.9) 

p = 0.003* 21.6 
(17.3-25.8) 

11.2  
(6.1-16.3) 

p = 0.002* 

T2 
1-week 

16.0  
(12.9-19.0) 

10.0 
(6.4-13.7) 

p = 0.009* 18.5 
(15.4-21.6) 

11.4 
(7.7-15.0) 

p = 0.003* 

T3 
2-week 

14.4 
(12.1-16.7) 

9.7  
(6.9-12.4) 

p = 0.007* 16.4 
(13.6-19.3) 

10.1 
(6.7-13.5) 

p = 0.004* 

T4 
1-months 

13.6  
(11.3-15.8) 

9.2  
(6.6-11.9) 

p = 0.018 15.8 
(13.0-18.6) 

10.3 
(7.0-13.7) 

p = 0.018 

T5 
2-months 

12.5  
(10.6-14.3) 

9.5 
(7.3-11.8) 

p = 0.033 13.6 
(11.4-15.8) 

9.8 
(7.1-12.4) 

p = 0.020 

*Concussed participants walked significantly slower, on average, in both single- and dual- tandem gait tasks compared to control 
participants at 72-hours, 1-week, and 2-weeks following concussion. 

 
Dual-Task Cost Mean Tandem Gait Completion Time: 

A main effect for time only was observed for mean dual-task cost in tandem gait speed performance time (F(4, 

60)= 3.49; p = 0.012; N2
p= 0.19. Post-hoc test indicated that both groups displayed significantly less mean dual-

task cost in tandem gait speed from 1-month following injury to 2-months following injury (mean diff. = 8.06%; 

95%CI 0.36% - 15.75%; p = 0.04) [Table 3]. 

 

Table 3. Dual-task cost (%) of mean tandem gait performance time. 

Assessment 
time-point 

Concussion 
mean(95%CI) 

Control 
mean(95%CI) 

T1 – 72-hours 14.9% (5.3%-24.5%) 6.2% (-5.3%-17.7%) 
T2 – 1-week 18.7% (8.5%-29.0%) 13.3% (1.0%-25.5%) 
T3 – 2-week 13.9% (6.7%-21.1%) 3.8% (-4.9%-12.4%) 
T4 – 1-months 16.1% (10.7%-21.6%) 11.0% (4.5%-17.4%) 
T5 – 2-months 8.8% (3.2%-14.5%)* 2.2% (-4.6%-8.9%)* 

*Main effect for time existed between time-point 4 and time-point 5, irrespective of group exposure status.
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Supplementary File H – Step Width 

Parker et al., 2005. The effect of divided attention on gait stability following concussion. Clin Biomech. 
Parker et al., 2006. Gait stability following concussion. Med Sci Sprts Exerc. 

Parker et al., 2007. Recovery of cognitive and dynamic motor function following concussion. BJSM. 
Parker et al., 2008. Balance control during gait in athletes and non-athletes following concussion. Med 

Eng Phys. 
 

Objective: To determine the effect of divided attention on balance control during gait in persons who have 
recently suffered a concussion. 

Experimental protocol: 
The gait protocol consisted of level walking with no obstructions and was performed by each subject under two 
conditions: (1) with undivided attention (single- task) and (2) while simultaneously completing simple mental 
tasks (dual-task). These tasks consisted of spelling 5-letter words in reverse, subtraction by sevens, and reciting 
the months of the year in reverse order. The type of dual-task was randomly selected for each walking trial to 
avoid any learning effects, and each type of dual-task was completed by each subject. 

All dual-task walking trials were conducted in the same manner with verbal instructions given just prior to the 
command to begin walking. The subject then responded to the task throughout the walking trial. Each testing 
session began with five trials of single-task walking followed by the dual-task condition. The participants were 
instructed to walk, barefoot, along a 10 m walkway at a comfortable, self-selected walking speed. 

Experimental apparatus: 

In order to assess gait variables a set of 25 reflective markers were placed on bony landmarks of the participant, 

as described in Parker et al. (2005). A six-camera Expert-VisionTM HIRES system (Motion Analysis Corpora- 

tion, Santa Rosa, CA, USA) was used to capture and reconstruct the 3-dimensional trajectory of the surface 

markers. Three-dimensional marker trajectory data were collected at 60 Hz and low-pass filtered using a fourth-

order Butterworth filter with the cutoff frequency set at 8 Hz. 

Statistical analysis: 

Continuous variables are presented as mean with associated standard deviation or 95% confidence interval. 

Binary variables are presented as the discreet number (n) or as proportion (%). We performed a three-way 

mixed-methods (between (group)-within (time)-within (task)) ANOVA to fulfill the pre-specified objective. 

Statistical output was interpreted for three-way and two-way interactions, and for main effects of group, task 

and time. Bonferroni adjustments were performed for multiple comparisons to reduce the risk of committing a 

Family-wise Type 1 Error. The alpha level was set at 0.05. 

 
Results: 

Forty concussed and thirty-three non-concussed participants completed the single- and dual-task gait protocol at 

four assessment time-points over one month [Table 2]. Concussion and control group were similar across 

important independent variables [Table 1].
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Table 1. Concussion & Control Group Characteristics 
Independent variables Concussion (n = 40) Control Group (n = 33) 

Gender – female – n (%)) 17 (42.5%) 16 (48.5%) 
Age – years: mean (SD) 21.2 (3.0) 21.7 (3.2) 
Height – cm: mean (SD) 175.4 (11.5) 176.6 (12.3) 
Weight – kg: mean (SD) 81.3 (23.0) 82.6 (24.2) 
Prior concussion history: n (%) 20 (50%) 9 (27.3%) 

 
Table 2. Assessment Time-points for Concussion & Control Groups 

Assessment  Concussion (n = 40) 
mean (SD) 

Control Group (n = 33) 
mean (SD) 

Time-point 1 34.9 h (11.4) na  
Time-point 2 4.9 d (1.1) 3.2 d (1.1) 
Time-point 3 14.3 d (2.3) 13.2 d (2.2) 
Time-point 4 28.4 d (1.9) 26.9 d (2.7) 

 
Absolute single- and dual-task step width performance: 3-way ANOVA 

No 3- or 2-way interactions were identified for step width in absolute single-task and dual-task performance. 

However a main effect for task was observed (F(1, 71) = 5.87; p = 0.018; N2
p = 0.076). Both concussion and 

control groups, irrespective of time-point measurement, walked with significantly wider step width (mean diff. 

= 0.26m; 95%CI = 0.05m – 0.48m; F(1, 71) = 5.87; p = 0.018; N2
p = 0.076) during the dual-task condition (mean 

= 0.116m; 95%CI = 0.108m – 0.125m) compared to the single-task condition (mean = 0.113m; 95%CI = 

0.105m – 0.122m). 

 

Dual-task cost performance: 2-way ANOVA 

No 2-way interaction or main effect for dual-task cost performance of step width was identified. 

 
Table 3. Step Width Absolute Single- & Dual-Task Performance (cm) 

Assessment Test Condition Group Mean SD 
Time-point 1 Single-task Concussion 0.120m 0.061m 
~ 48 hours  Control 0.109m 0.029m 
 Dual-task Concussion 0.120m 0.055m 
  Control 0.114m 0.027m 
Time-point 2 Single-task Concussion 0.119m 0.055m 
~ 1 week  Control 0.110m 0.028m 
 Dual-task Concussion 0.119m 0.057m 
  Control 0.113m 0.029m 
Time-point 3 Single-task Concussion 0.117m 0.044m 
~ 2 weeks  Control 0.109m 0.032m 
 Dual-task Concussion 0.115m 0.045m 
  Control 0.114m 0.030m 
Time-point 4 Single-task Concussion 0.115m 0.050m 
~ 1 month  Control 0.109m 0.028m 
 Dual-task Concussion 0.120m 0.049m 
  Control 0.113m 0.028m 

 
Table 4 Step Width Dual-Task Cost (%) 

Assessment Test Condition Group Mean SD 
Time-point 1 Single-task Concussion  3.38% 19.75 
~ 48 hours  Control 7.09% 17.62 
Time-point 2 Dual-task cost Concussion  0.38% 14.65 
~ 1 week  Control 3.08% 10.67 
Time-point 3 Dual-task cost Concussion  -0.90% 13.06 
~ 2 weeks  Control 5.76% 11.83 
Time-point 4 Dual-task cost Concussion  6.09% 11.99 
~ 1 month  Control 3.90% 9.27 
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Supplementary File I – Step Width 
 

Catena et al., 2007. Altered balance control following concussion is better detected with an 
attention test during gait. Gait Posture. 
Catena et al., 2007. Cognitive task effects on gait stability following concussion. Exp Brain Res. 
Catena et al., 2009. Different gait tasks distinguish immediate vs. long-term effects of concussion 
on balance control. J Neuroeng Rehab. 
Catena et al., 2011. The effects of attention capacity on dynamic balance control following 
concussion. J Neuroeng Rehab. 
 
Objective: 

To examine the effect of a cognitive tasks on dynamic balance during a simultaneous level-walking gait task in 

a group of concussed individuals compared to matched control participants. 
 

Experimental protocol: 

Subjects were asked to perform walking at a comfortable self-selected pace along an 8-m walkway. Subjects 

performed multiple practice trials to become comfortable with body-marker placement. 

Data collection began with single-task level walking, followed by continuous dual-task walking Q&A and 

auditory Stroop tasks required continuous answers from the beginning throughout the walkway. The cognitive 

questions in Q&A included common tests from a clinical mental status examination: spelling a common five-

letter word in reverse, continuous subtraction, and reciting the months of the year in reverse. The order of 

cognitive tasks were randomized and never repeated to minimize learned effects. The auditory Stroop task 

required individuals to respond to pitch of the word “High” or “Low” said in either a high or low pitch. 

 

Experimental apparatus: 

Three-dimensional marker trajectories were collected with an eight-camera motion system (MotionAnalysis, 

Santa Rosa, CA), as described by Catena et al. 2007 (EBR). Marker trajectories were sampled at 60 Hz for 4 s 

and were then filtered with a low-pass, fourth order Butterworth filter at a cutoff frequency of 8 Hz. Virtual 

markers were created at joint centers and combined with anthropometric data to determine center of mass 

(CoM) location for each of 13 body segments. Motion data were calculated for one complete stride; heel strike 

on to the first force plate to heel strike of the same foot after the second force plate. Velocities were calculated 

using Woltring’s generalized cross-validated spline algorithm. 

 

Statistical analysis: 

Statistical analyses were performed with SPSS (SPSS Inc., Chicago, IL). We performed a three-way (between-

groups, within-time, within-task) mixed-methods ANOVA with repeated measures was used to determine 

interactions for primary (gait) task variables (p < 0.05). We examined 3- and 2-way interactions, followed by 

main effects for group, time, and task. Post hoc comparisons using simple effect tests were adjusted using 

Bonferroni corrections to adjust for potential inflation of Family-wise Type 1 Error rate. Significance between 

task means (p < 0.05) were further analyzed with Bonferroni pairwise comparisons to determine within group 

differences in tasks. Secondary task variables were examined for group differences with independent sample t-

tests (p < 0.05).
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Results: 

Twelve concussed and ten non-concussed participants completed the single- and dual-task gait protocol at four 

assessment time-points over one month [Table 2]. 

Table 1. Concussion & Control Group Characteristics 
Independent variables Concussion (n = 12) Control Group (n = 10) 

Gender – female – n (%)) 7 (58.3%) 5 (50.0%) 
Age – years: mean (SD) 21.7 (4.4) 20.9 (4.0) 
Height – cm: mean (SD) 172.0 (11.0) 172.7 (11.6) 
Weight – kg: mean (SD) 72.2 (10.2) 72.6 (10.5) 
Prior concussion history: n (%) 3 (25%) 1 (10%) 

 
 

Table 2. Assessment Time-points for Concussion & Control Groups 
Assessment  Concussion (n = 12) 

mean (SD) 
Control Group (n = 10) 
mean (SD) 

Time-point 1 47.0 h (7.0) na  
Time-point 2 7.4 d (1.3) 5.8 d (1.8) 
Time-point 3 14.6 d (1.6) 12.7 d (1.7) 
Time-point 4 28.4 d (2.4) 25.1 d (3.1) 

 
Absolute single- and dual-task step width performance: 3-way ANOVA 

Concussion and control groups did not differ between single- and dual-task conditions over time [No 3- or 2-

way interactions were identified for step width in absolute single-task and dual-task performance]. No main 

effects for task, time or group existed. 

 

Dual-task cost performance: 2-way ANOVA 

Concussion and control groups did not demonstrate differences in dual-task cost on step width at any time-point 

over 2-months following sport-related concussion. No step width differences existed between groups or time-

points. 

 

Table 3. Step Width Absolute Single- & Dual-Task Performance (cm) 
Assessment Test Condition Group Mean 95%CI 
Time-point 1 Single-task Concussion 0.094m 0.081m – 0.108m 
~ 48 hours  Control 0.082m 0.067m – 0.097m 

 Dual-task Concussion 0.093m 0.081m – 0.106m 
  Control 0.085m 0.072m – 0.099m 

Time-point 2 Single-task Concussion 0.095m 0.082m – 0.107m 
~ 1 week  Control 0.085m 0.071m – 0.099m 

 Dual-task Concussion 0.096m 0.083m – 0.108m 
  Control 0.086m 0.072m – 0.100m 

Time-point 3 Single-task Concussion 0.089m 0.078m – 0.102m 
~ 2 weeks  Control 0.086m 0.074m – 0.099m 

 Dual-task Concussion 0.096m 0.084m – 0.107m 
  Control 0.090m 0.078m – 0.103m 

Time-point 4 Single-task Concussion 0.092m 0.081m – 0.104m 
~ 1 month  Control 0.086m 0.073m – 0.098m 

 Dual-task Concussion 0.090m  0.078m – 0.103m 
  Control 0.088m 0.074m – 0.102m 
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Table 4 Step Width Dual-Task Cost (%) 
Assessment Test Condition Group Mean 95%CI 
Time-point 1 Dual-task cost Concussion  5.4% -2.7% – 13.6% 
~ 48 hours  Control -0.2% -7.6% – 7.3% 
Time-point 2 Dual-task cost Concussion  1.6% -3.7% – 6.9%  
~ 1 week  Control 2.0% -3.8% – 7.8% 
Time-point 3 Dual-task cost Concussion  7.9% 0.6% – 15.2% 
~ 2 weeks  Control 3.8% -2.9% – 13.0% 
Time-point 4 Dual-task cost Concussion  -2.4% -7.6% – 15.2% 
~ 1 month  Control 2.9% -7.6% – 2.8% 
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Supplementary File J – Peak Mediolateral Center of Mass Acceleration 
Howell et al. 2015. Monitoring recovery of gait balance control following concussion using an 

accelerometer. Journal of Biomechanics. 
 
Objective: 

To compare the gait stability of concussion and control groups on a dual-task (multiple auditory Stroop test) 

over five assessment time-points, examining gait outcomes of average gait velocity and mediolateral 

acceleration. 

 

Experimental Protocol: 

All study participants walked barefoot at a self-selected speed along a walkway while simultaneously 

completing an auditory Stroop test (dual-task). The Stroop test consisted of the subject listening to four auditory 

stimuli: the recorded words “high” or “low” spoken in either a high or low pitch. Subjects were instructed to 

identify the pitch of the word, regardless of whether the pitch was congruent with the word. Each of the four 

stimuli was presented in random order at a specific time while walking. The first stimulus was presented once 

the subject had achieved steady state gait and was triggered by a photocell located several steps after gait 

initiation. Each of the three subsequent stimuli was presented one second following the previous response while 

the subject continued to walk. Prior to test administration, subjects were provided verbal instructions by a study 

investigator, along with examples of the auditory stimulus. Following confirmation that the subject understood 

and could adequately hear each auditory stimulus, a practice trial was completed with verbal accuracy feedback. 

After successful completion of the practice trial, experimental trials began.  

 

While walking, participants wore an accelerometer (Opal Sensor, APDM Inc., Portland, OR) attached with an 

elastic belt at L5, and linear acceleration was measured along three orthogonal axes so that the reference 

coordinate system x- axis was oriented vertically downward, the y-axis was oriented to the right, and the z-axis 

was oriented orthogonal to the x- and y-axes, toward the front. Accelerometer data were used to identify linear 

accelerations in the anterior–posterior and medial–lateral directions, obtained at a sampling frequency of 128 Hz 

and saved via data-logger for offline post-processing.  

 

In addition to the accelerometer, retro-reflective markers were placed on bony landmarks (Hahn and Chou, 

2004) of the subject, and marker trajectory data were collected using a 10-camera motion analysis system 

(Motion Analysis Corp., Santa Rosa, CA) at a sampling rate of 60 Hz. Gait velocity was calculated as the mean 

forward velocity of the sacral marker during a gait cycle.  

 

Data analysis: 

For analysis of accelerometer signals, four trials were identified for each subject at each testing time point. 

Relevant raw data were filtered with a zero-lag, fourth-order Butterworth low pass filter with a cutoff frequency 

of 12 Hz. To remove the gravitational component from the accelerometer, participants also completed a 30- 

second quiet standing trial. The RMS value in anterior and medial–lateral directions was subtracted from 

respective data. Heel strikes were used to identify the beginning and the end of the gait cycle, as previously 

demonstrated. 
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Statistical Analyses: 

Peak accelerations were analysed by two-way mixed effects analyses of covariance, with (multiple auditory 

Stroop) average gait velocity as a covariate, in order to determine the effect of group (concussion and control), 

time (72 h, 1 week, 2 weeks, 1 month, and 2 months post-injury) and the interaction between these two 

independent variables. For all omnibus tests, significance was set at p<0.05. Follow-up pairwise comparisons 

were examined using the Bonferroni procedure to control family wise type I error (0.05/5 = 0.01). Effect size 

estimations for mean differences are reported as partial eta squared (ηp2) values.  

 

Results: 

Concussed (n = 10) and control participants (n = 7) were tested on five occasions following concussion. No 

significant demographic differences were observed between groups for age, height, or mass [Table 1]. 

Table 1. Table of Patient Characteristics 

Independent variables Concussion (n = 10) Control (n = 7) 
Mean SD Mean SD 

Gender – female; n(%) n = 3 (30%) na n = 4 (57%) na 
Age (years) 19.0 5.5 20.0 4.5 

Height (cm) 170.9 6.7 168.6 8.4 
Weight (kg) 67.1 10.7 65.1 10.5 
Time-point 1 (T1) - day 2 0.8 na na 
Time-point 2 (T2) - day 8 1.3 7 1.7 
Time-point 3 (T3) - day 15 1.6 14 0.4 
Time-point 4 (T4) - day 30 2.4 27 2.3 
Time-point 5 (T5) - day 54 1.9 56 3.1 
Symptom severity @ T1 38.0 21.2 1.4 1.6 
Symptom severity @ T2 23.1 21.0 2.6 3.9 
Symptom severity @ T3 10.8 7.5 1.7 3.4 
Symptom severity @ T4 8.1 9.1 4.7 9.0 
Symptom severity @ T5 4.3 5.5 4.6 7.1 

 
Greenhouse-geisser adjustment was implemented to correct for violations of sphericity (Mauchly’s W = 0.22; p 

= 0.02). We observed a group*time interaction F(2.5, 37.0)= 8.19; p = 0.001; N2p = 0.35). Family-wise simple 

effects tests, using Bonferroni corrections to reduce the risk of Type 1 error (0.05/5 = 0.01), identified that the 

concussion group walked significantly slower than the control participants at time-point 1 only (p = 0.004) 

[Table 2]. Post-hoc comparisons observed that significant between-group differences at time-point 1 only (mean 

= 0.24, 95% CI = 0.09-0.39; t= 3.4; df=15; p= 0.004). 

 
Table 2. Concussion and Control Group Dual-Task Average Gait Velocity 

Dual-Task (Multiple Auditory Stroop) Average Gait Velocity 
Time-point assessments Concussion Group (n = 

10) 
Control Group 

(n = 7) 
 

Time-point 1 [mean; (95% CI)] 1.01 (0.91-1.10)* 1.25 (1.14-1.36) p = 0.004 
Time-point 2 [mean; (95% CI)] 1.05 (0.93-1.17) 1.28 (1.14-1.43) p = 0.017 
Time-point 3 [mean; (95% CI)] 1.11 (1.03-1.20) 1.27 (1.16-1.37) p = 0.029 
Time-point 4 [mean; (95% CI)] 1.16 (1.05-1.27) 1.26 (1.13-1.39) p = 0.243 
Time-point 5 [mean; (95% CI)] 1.19 (1.07-1.31) 1.27 (1.14-1.41) p = 0.333 

 
No group*time interaction or group or time main effects were identified for multiple auditory Stroop peak 

mediolateral CoM acceleration using an analysis of covariance (p > 0.05), observing no between-group 
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differences in peak mediolateral centre of mass acceleration between concussion and control during dual-task 

gait walking. [Table 3]. 

Table 3. Concussion and Control Group Dual-Task Peak Mediolateral CoM Acceleration 
Dual-Task (Multiple Auditory Stroop) Mediolateral Acceleration* 

Time-point assessments Concussion Group Control Group 
Time-point 1 [mean; (95% CI)] 2.29 (1.54-3.05) 3.60 (2.70-4.50) 
Time-point 2 [mean; (95% CI)] 2.15 (1.33-2.97) 3.44 (2.46-4.42) 
Time-point 3 [mean; (95% CI)] 2.68 (1.81-3.54) 3.81 (2.78-4.85) 
Time-point 4 [mean; (95% CI)] 2.59 (1.80-3.37) 3.66 (2.73-4.60) 
Time-point 5 [mean; (95% CI)] 2.54 (1.80-3.28) 3.51 (2.63-4.39) 

*Dual-task (multiple auditory Stroop) gait velocity used as covariate
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Supplementary File K – 95% Centre of Pressure Ellipse Area/Mean Centre of Pressure Velocity 

 

Rochefort et al., 2017. Balance Markers in Adolescents at 1 Month Postconcussion. OJSM. 

Rochefort et al., 2017. Self-reported balance status is not a reliable indicator of balance performance in 

adolescents at one-month post-concussion. J Sci Med Sport 

Purposes:  

1) to determine the effect of concussion on postural stability during eyes open, eyes closed, and eyes open with 

a cognitive challenge tasks.  

2) to determine the effect of post-concussive self-reported balance complaints on postural stability during eyes 

open, eyes closed, and eyes open with a cognitive challenge tasks. 

Statistical Analysis: 

Continuous variables are presented as means (SD) for normally distributed data and medians (IQR) for non-

normally distributed data. Categorical variables are presented as absolute number and corresponding 

percentages.  

For the first objective, we used separate 2-way repeated-measures analyses of variance (ANOVA) to determine 

the effect of condition (within-subject factor: eyes open vs. eyes closed vs. visual Stroop eyes open) and group 

(between-subject factor: concussion vs. control group). Outcome variables included anterior-posterior COP 

velocity (mm/s), medial-lateral COP velocity (mm/s), and 95% ellipse sway area (mm2). 

For the second objective, we used a similar approach of a 2-way repeated-measures ANOVA. We assessed the 

effect of condition (within-subject factor: eyes open vs. eyes closed vs. visual Stroop eyes open) and group (3 

level between-subject factor: concussion with self-reported balance problems group vs. concussion without self-

reported balance problems group vs. control group). 

We include the statistical output for both Welch’s and independent t-tests, for the adjustment and non-

adjustment of unequal between-group variances, respectively (Table 3). When the assumption of equal 

variances was violated, we adjusted for unequal variances using Welch’s test.  

All statistical tests were two sided and significance for omnibus tests was set at p < 0.05. Follow-up pairwise 

comparisons were then examined using the Bonferroni procedure to control family-wise type I error. All 

statistical analyses were performed using Statistical Package for the Social Sciences (version 24; IBM Inc, 

Armonk, NY). 

 

Results: 

We analyzed a total of 33 patients with a concussion and 33 controls. For the analysis pertaining to objective 1 

comparing all concussion and control patients, the concussion group swayed faster than the control group in the 

medial-lateral direction in the dual-task condition (eyes open + Stroop), but during the not eyes open or eyes 

closed conditions (Table 1). For the 95% sway area, the concussion group also swayed over a larger volume 

than the control group in all 3 conditions (Table 1). In the anterior-posterior direction, the concussion group 

swayed faster than the control group regardless of the condition (Table 1). 

For the analysis pertaining to objective 2, there were 19 patients with a concussion who did not self-report 

balance problems, 13 patients with a concussion who self-reported balance problems, and 33 controls. For 

medial-lateral velocity, the concussion group without self-reported balance problems swayed significantly faster 
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than the control group during the eyes open + Stroop condition (Table 2). For 95% Ellipse Sway Area the 

concussion without self-reported balance problems group swayed over a larger area than the control group 

during the eyes closed condition (Table 2). 

 
Table 1. Mean (SD) values for the concussion and control groups 

Condition Concussion Group Control Group 

Anterior-Posterior Velocity (mm/s) a,b 

Eyes open 9.35 (3.59) 7.92 (3.16) 

Eyes closed 13.8 (7.51) 10.4 (4.33) 

Eyes open + Stroop task 20.0 (20.8) 12.5 (6.64) 

Medial-Lateral Velocity (mm/s) c 

Eyes open 8.97 (3.20) 7.57 (2.07) 

Eyes closed 11.1 (5.70) 8.50 (2.60) 

Eyes open + Stroop task 18.6 (18.1) 9.41 (2.66) 

95% Ellipse Sway Area (mm2) c 

Eyes open 698.8 (866.4) 258.6 (198.7) 

Eyes closed 1098 (1344) 297.4 (239.6) 

Eyes open + Stroop task 2615 (3743) 521.3 (452.5) 

 
a A significant main effect of group indicated: 

x Regardless of condition, the concussion group swayed faster in the anterior-posterior direction (F= 

5.83; p= 0.019; ηp
2= 0.083) than the control group.  

 
b A significant main effect of condition indicated: 

x For anterior-posterior velocity (F= 13.6; p< 0.001; ηp
2 = 0.175), regardless of group, patients swayed 

significantly slower in the eyes open condition compared to eyes closed (p< 0.001) and eyes open + 

Stroop task (p< 0.001) conditions. 

 
c A significant group x condition interaction indicated: 

x For medial-lateral velocity (F= 6.1; p= 0.01; ηp
2 = 0.086)  

o The concussion group swayed faster than the control group during the eyes open + Stroop 

condition (p= 0.007), but not the eyes open (p= 0.039) or eyes closed (p=0.023) conditions. 

 

x For 95% Ellipse Sway Area (F= 6.68; p= 0.01; ηp
2 = 0.094)  

o The concussion group swayed over a larger stance sway area than the control group during the 

eyes open (p= 0.007), eyes closed (p=0.002), and eyes open + Stroop conditions (p= 0.003).
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Table 2. Mean (SD) values for the concussion group without self-reported balance problems, concussion group 
with self-reported balance problems, and control group. 

Condition 
Concussion Group, No 
Self-Reported Balance 

Problems 

Concussion Group, 
With Self-Reported 
Balance Problems 

Control Group 

Anterior-Posterior Velocity (mm/s) a, b 

Eyes open 9.54 (3.05) 9.68 (4.29)  7.92 (3.16) 

Eyes closed 13.9 (5.04) 14.7 (10.3) 10.4 (4.33) 

Eyes open + Stroop task 21.2 (24.7) 20.1 (16.2) 12.5 (6.64) 

Medial-Lateral Velocity (mm/s) b 

Eyes open  9.14 (3.13) 9.19 (3.41) 7.57 (2.07) 

Eyes closed 11.2 (4.25) 11.6 (7.56) 8.50 (2.60) 

Eyes open + Stroop task 21.9 (23.0) 15.4 (9.01) 9.41 (2.66) 

95% Ellipse Sway Area (mm2) b 

Eyes open 738.9 (801.6) 736.0 (1013) 258.6 (198.7) 

Eyes closed 1002 (993.7) 1382 (1777) 297.4 (239.6) 

Eyes open + Stroop task 3155 (4506) 2244 (2648) 521.3 (452.5) 

 
a A significant main effect of condition indicated: 

x For anterior-posterior velocity (F= 14.8; p< 0.001; ηp
2 = 0.20) all participants swayed significantly 

slower in the eyes open condition compared to eyes closed (p< 0.001) and eyes open + Stroop task (p< 

0.001) conditions. Note: same result as in table 1. Since there was no significant effect of group or 

interaction (i.e. splitting the concussion group into 2 groups), the main effect of condition remains 

the same where eyes open was the lowest amount of sway, but no significant difference between eyes 

closed and eyes open + Stroop (p= 0.020: not significant with Bonferroni correction).  

 
b A significant group x condition interaction indicated: 

x For medial-lateral velocity (F = 4.41; p = 0.013; ηp
2 = 0.126). 

o There was no difference in mediolateral velocity between the concussion groups with or 

without self-reported balance problems during the eyes open (p = 0.9), eyes closed (p = 0.8), 

or dual-task (p = 0.3) conditions. 

o The concussion group with self-reported balance problems did not sway significantly faster in 

the frontal plane than the control group during the eyes open (p = 0.1), eyes closed (p = 0.2), 

or dual-task (p = 0.04) condition. 

o The concussion group without self-reported balance problems did not sway significantly faster 

in the frontal plane than the control group during the eyes open (p = 0.04), eyes closed (p = 

0.02), or dual-task (p = 0.03) condition. 
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x For 95% Ellipse Sway Area (F = 4.6; p = 0.012; ηp
2 = 0.131): 

o The concussion group with self-reported balance problems did not differ in sway area 

compared to the control group during the eyes open (p = 0.12), eyes closed (p = 0.05), or dual-

task (p = 0.04) condition. 

o The concussion group without self-reported balance problems did not differ in sway area 

compared to the control group during the eyes open (p = 0.02) or dual-task (p = 0.02) 

condition. However, in the eyes closed (single-task) condition, the concussion group without 

self-reported balance problems swayed over a larger area than the control group (p= 0.08). 

o There was no difference in stance sway area between the concussion groups with or without 

self-reported balance problems during the eyes open (p = 0.9), eyes closed (p = 0.5), or dual-

task (p = 0.5) conditions. 
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Table 3. Statistical output of post-hoc comparisons involving objective 2, including values following 

adjustment and no adjustment for violations of homogeneity of variance. The new alpha used (0.016) was 
calculated by undertaking a Bonferroni correction for multiple posthoc comparisons to divide the original, pre-

specified alpha level (0.05) by the number of comparisons computed for each condition (3 comparisons). 
Objective 2: Determine the effect of post-concussive self-reported balance complaints on postural stability during eyes open, 
eyes closed, and eyes open with a cognitive challenge tasks. 

M/L Velocity 
Time*group: F = 4.4;  

p = 0.013; ηp
2 = 0.126. 

Eyes Open Eyes Closed Dual-Task 

Adjustment: No adjustment: Adjustment: No adjustment: Adjustment: No adjustment: 

Concussion+ vs. 
Concussion- 

N/A t=0.1; 

df=30;  

p=0.89 

N/A t=0.3;  

d=30;  

p=0.80 

t=-1.1; 

df=23.5; 

p=0.29 

t=-1.0; 

p=29; 

p=0.35 

Concussion+ vs. 
Control 

t=1.6; 

df=15.4; 

p=0.13 

t=2.0; 

df=45; 
p=0.05 

t=1.4; 

df=13.1; 

p=0.17 

t=2.1; 

df=45; 
p=0.039 

t=2.4; 

df=12.8; 

p=0.035 

t=3.5; 

df=44; 

p=0.001 

Concussion- vs. Control N/A t=2.1; 

df=51; 
p=0.042 

t=2.4; 

df=25.7; 

p=0.022 

t=2.8; 

df=51; 
p=0.008 

t=2.3; 

df=17.3; 

p=0.034 

t=3.1; 

df=49; 

p=0.003 

 

95% Cop Ellipse Area: 
Time*group: F = 4.6;  

p = 0.012; ηp
2 = 0.131. 

Eyes Open Eyes Closed Dual-Task 

Adjustment: No 
adjustment: 

Adjustment: No adjustment: Adjustment: No adjustment: 

Concussion+ vs. 
Concussion- 

N/A t=0.08; 

df=30; 

p=0.94 

t=0.75; 

df=16.9; 

p=0.47 

t=0.83; 

df=30; 

p=0.41 

t=-0.71; 

df=28.1; 

p=0.49 

t=-0.65; 

df=29; 

p=0.52 

Concussion+ vs. 
Control 

t=1.67; 

df=12.35; 

p=0.12 

t=2.64; 

df=45; 

p=0.011 

t=2.16; 

df=12.2; 

p=0.051 

t=3.48; 

df=45; 

p=0.001 

t=2.33; 

df=12.8 

p=0.037 

t=3.67; 

df=44 

p=0.001 

Concussion- vs. Control t=2.45; 

df=19.27; 

p=0.024 

t=3.18; 

df=51; 

p=0.003 

t=2.93; 

df=19.4; 

p=0.008 

t=3.79; 

df=51; 

p<0.001 

t=2.47; 

df=17.2; 

p=0.024 

t=3.35; 

df=49; 

p=0.002 
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SECTION B 
 

PATIENT-BASED OUTCOMES 
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CHAPTER THREE 
 

Persistent condition-specific health-related quality of life 
impairments after clearance to return-to-sporting activity 

following sport-related concussion: a prospective, matched-
cohort study 

 
 
 

This chapter is based on the following paper that has been published in the 
Journal of Orthopaedic & Sports Physical Therapy: 

 
Büttner F, Howell DR, Doherty C, Blake C, Ryan J Delahunt E. Headache- and Dizziness-
Specific Health-Related Quality-of-Life Impairments Persist for 1 in 4 Amateur Athletes 
Who Are Cleared to Return to Sporting Activity Following Sport-Related Concussion: A 
Prospective Matched-Cohort Study. Journal of Orthopaedic & Sports Physical Therapy. 
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3.1 ABSTRACT 

Objectives: To prospectively investigate the recovery of athlete-reported symptoms and 

condition-specific health-related quality of life (HRQoL) following sport-related concussion. 

Design: Prospective, matched-cohort study. 

Methods: We recruited amateur athletes who were diagnosed with sport-related concussion 

by emergency department physicians. Study participants were assessed at three assessment 

time-points following sport-related concussion. At each study assessment, participants 

completed five condition-specific HRQoL patient-reported outcome measures to evaluate 

participants’ perceptions of the effects of specific concussion-related symptoms on their 

HRQoL. We performed loglinear analyses to assess the proportion of concussed participants 

with clinically impaired condition-specific HRQoL compared with the proportion of 

participants in the control group with clinically impaired condition-specific HRQoL. 

Results: Fifty participants with sport-related concussion and 50 sex-, age-, and activity-

matched control participants completed the study. Upon return-to-sporting activity, there was 

a significantly greater proportion of participants in the concussion group who perceived that 

headache, neck pain, and dizziness had an adverse effect on their HRQoL compared with the 

control group. Two weeks after return-to-sporting activity, there was still a significantly 

greater proportion of participants in the concussion group who perceived that headache 

(x2(1)=9.0; OR = 4.4 (95%CI = 1.5, 15.2); p = 0.003) and dizziness (x2(1) = 9.5; OR = 13.5 

(95%CI = 1.8, 604.9); p = 0.006) had an adverse effect on their HRQoL compared with the 

proportion of clinically impaired participants in the control group. 

Conclusion: One in four concussed participants perceived that headache and dizziness had 

adverse effects on their HRQoL after returning to sporting activity following sport-related 

concussion compared with non-concussed, control participants. 
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3.2 INTRODUCTION 

The clinical recovery of amateur athletes following sport-related concussion is not yet fully 

understood.12,14 Sport-related concussion is a highly individualised injury, is characterised by 

a complex clinical presentation, and has a variable recovery duration.19,29 From observations 

in clinical practice, clinicians have proposed that concussed athletes recover along 

impairment-specific trajectories that may manifest in isolation or co-occur.15,29 Recovery 

trajectories are wide ranging and represent clinical domains of cognition,10 fatigue,29 

headache/migraine,22 mood,32 neck pain,18 vestibular and ocular impairments,24 and 

autonomic dysfunction.17 Consequently, a multi-faceted assessment is necessary to reliably 

identify and appropriately manage concussion-associated impairments. 

 

Experts recommend a combination of patient- and clinician-based outcomes when assessing 

concussion-associated impairments.20 Patient-based outcomes comprise outcomes that are 

meaningful to patients and are typically derived from self-reported questionnaires or event-

determined recovery milestones (e.g., return-to-sport after injury).4 Clinician-based outcomes 

are outcomes that reflect injury- and impairment-specific status, and rely on a clinician’s 

interpretation to direct injury management.36 Clinically valuable patient-based outcomes such 

as the Post-Concussion Symptom Scale (PCSS), which assesses concussed athletes’ 

subjective rating of the presence and severity of their concussion-related symptoms, can 

overlook patients’ perceptions of the effects of concussion-related symptoms on their health 

and well-being.35 Consequently, patient-centred assessment methods that investigate health-

related quality of life (HRQoL) are increasingly applied in the clinical assessment and 

management of sport-related concussion.8,37 

 

HRQoL is a multi-faceted concept of health encompassing physical, psychological, and 

social well-being, and is formed by patients’ unique experiences, expectations, beliefs, and 

perceptions.35 Evaluating HRQoL using psychometrically-robust patient-reported outcome 

measures (PROMs) can offer valuable and reliable insights into the functional limitations and 

disability that athletes experience following sport-related concussion.37 Generic HRQoL 

PROMs broadly evaluate athletes’ overall health status without considering the effects of a 

specific injury or condition on their HRQoL.21,36 Condition-specific HRQoL PROMs 

evaluate athletes’ perceptions of the effects of a specific injury or condition on their 

HRQoL.13,16,36 Consequently, assessing condition-specific HRQoL following sport-related 
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concussion may provide more granular insights into athletes’ perceptions of the effects of 

distinct concussion-associated impairments on their HRQoL.36 

 

We aimed to prospectively investigate athlete-reported symptoms and condition-specific 

HRQoL up to two weeks after return-to-sporting activity following sport-related concussion. 

We hypothesised that condition-specific HRQoL would be significantly different in 

participants only in the first week following sport-related concussion compared with a 

matched, control group. We also aimed to estimate the proportion of concussed participants 

who experienced clinically impaired, condition-specific HRQoL impairments following 

sport-related concussion compared with control participants. We predicted that a greater 

proportion of concussed participants would exhibit condition-specific HRQoL impairments 

following return-to-sporting activity after sport-related concussion compared with control 

participants. 

 

3.3 METHODS 

This prospective, matched-cohort study received ethical approval from the Human Research 

Ethics Committee for Life Sciences at University College Dublin, Ireland. Study design, 

conduct, analysis, and interpretation is reported according to the STatement for Reporting 

OBsErvational Studies (STROBE).38 Study participants were not involved in the design, 

conduct, interpretation, or translation of the current research. 

 

3.3.1 Participants 

Study participants were recruited from January 2017 through August 2018. Amateur athletes 

who presented to the emergency department at St. Vincent’s University Hospital, and who 

were subsequently diagnosed with sport-related concussion by emergency department 

physicians, were identified for potential study recruitment. Physicians used the operational 

definition and diagnostic criteria developed by the 5th Consensus Statement for Concussion in 

Sport to confirm the presence of sport-related concussion.20 

 

Participants with sport-related concussion were eligible for inclusion if they were:16-40 years 

of age and participated in contact and collision sports. Participants were excluded if they 

reported: sustaining a concussion in the preceding 12 months; greater than three lifetime 

concussions; loss of consciousness greater than one-minute following the current sport-

related concussion, a lower extremity physical complaint in the preceding 12 months that 
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affected walking and resulted in at least a 24-hour period of missed training and/or match-

play from midnight at the end of the day that the physical complaint was sustained;9 a history 

of vestibular disorder, and/or; any visual abnormality not correctable by lenses. Using the 

same eligibility criteria, non-concussed athletes from athletic teams in the university and 

local catchment area were recruited to a study control group. Control group participants were 

matched by sex, age (i.e.,±1 year), and sport type (i.e., non-contact, contact, or collision) to 

the concussion group. 

 

3.3.2 Procedure 

Participants in the concussion group were tested at three study assessments: 1) within one-

week following sport-related concussion; 2) following medical clearance to return-to-sporting 

activity (RTA), and; 3) two weeks following RTA. Participants with sport-related concussion 

were medically cleared to RTA by physicians who were independent to the current study and 

the UCD School of Public Health, Physiotherapy and Sports Science. We defined medical 

clearance to RTA as clearance of the concussed athlete by an emergency department 

physician, family physician/general practitioner, or sport and exercise medicine physician to 

initiate organised sporting activity following sport-related concussion. RTA criteria were 

physician-specific and comprised time-dependent (such as ensuring that the athlete complied 

with a mandatory rest period) and criterion-dependent (such as a symptom-limited rest 

period) approaches that were not standardised across all study participants. Return-to-

sporting activity decision-making was at the discretion of the clearing physician. For 

example, some physicians may have immediately cleared athletes to return to unrestricted 

sporting activity, whereas other physicians may have instructed athletes to return to sporting 

activity in a progressive manner in line with a graduated return-to-play protocol. Control 

participants were assessed at matched time-points within three days of the concussion group. 

 

At each study assessment, a Chartered Physiotherapist conducted a clinical interview to 

ascertain a subjective patient history (of concussion, migraine, attention disorder or learning 

disability, and anxiety or depression) and to evaluate concussion-related symptoms using the 

PCSS (supplemental material). Participants also completed the following condition-specific 

HRQoL PROMs due to (i) the relevance of their constructs to represent specific concussion-

associated symptoms and (ii) their potential utility to aid the clinical management of 

individual patients:3 Headache Impact Test-6 (HIT-6), Fatigue Severity Scale (FSS) , Neck 
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Disability Index (NDI), Generalised Anxiety Disorder-7 (GAD-7), and the Dizziness 

Handicap Inventory (DHI) (supplemental material). 

 

3.3.3 Statistical analysis 

We calculated means and 95% confidence intervals for continuous variables. For categorical 

variables we calculated absolute frequencies (n) and relative proportions (%). An a priori 

sample size calculation indicated that it was necessary to include 48 participants in each 

study group to identify a small between-group effect size (𝑓=.2) with 80% power. 

 

We performed separate between-within analysis of variance (ANOVA) models for each 

outcome measure. Each ANOVA model had one between-subjects factor (i.e., group) and 

one within-subjects factor (i.e., time). Due to the ordinal nature of data and violations of 

normality, equal variance, and sphericity, we constructed ANOVA models using robust 

methods for each outcome measure.7,39 We applied a trimmed mean (tr. mean diff.) of 20% to 

the tails of each groups’ outcomes distribution, and performed bootstrapping (n = 2000) to 

achieve more precise estimates of between-group differences. Due to our use of many 

outcome measures, we applied a Bonferroni adjustment across ANOVA models to reduce the 

alpha level for a significant omnibus test to 0.008 (alpha = 0.05/6) and minimise the Type I 

Error rate.2,11 When observing a significant group-by-time interaction, we conducted three 

independent t-tests using robust methods (due to parametric assumption violations outlined 

above).39 When performing post hoc tests for multiple pairwise comparisons, we applied a 

second Bonferroni adjustment within each ANOVA model to lower our alpha level to 0.016 

(0.05/3). 

 

We dichotomised ordinal HRQoL variables to differentiate healthy and clinically impaired 

participants in concussion and control groups. Cut-off thresholds of each condition-specific 

HRQoL PROM were derived from population-based normative data. We performed separate 

loglinear analyses for each condition-specific HRQoL outcome measure to estimate the 

proportion of concussed participants with clinically impaired condition-specific HRQoL 

compared with the proportion of participants in the control group with clinically impaired 

condition-specific HRQoL. A Likelihood Ratio test was used between successive models as a 

measure of goodness-of-fit. Where significant group-by-time interactions were observed, we 

conducted follow-up post-hoc 𝑥 tests using a Bonferroni adjustment to lower our alpha level 

to 0.016 (0.05/3).  
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We constructed an exploratory correlation matrix to explore the strength of  

relationship between HRQoL outcome variables following sport-related concussion 

(supplemental material). Statistical analyses were conducted using RStudio (v1.1.463, 

Boston,MA). Study data and analysis script are available at the Open Science Framework 

(https://osf.io/2bs7u/). 

https://osf.io/2bs7u/
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TABLE 3.1 Baseline characteristics of study participants 
Independent variable Concussion Group 

(n = 50) 
Control Group 

(n = 50) 
Sex (male), n (%) 36 (72%) Male 36 (72%) Male 
Age (years) 21.5 (16 – 38)  22.5 (19 – 37)  
Height (m), mean (95%CI) 1.77 (1.74,1.80) 1.77 (1.75,1.80) 
Body mass (kg), mean (95%CI) 79.2 (74.8,83.6) 79.0 (75.3,82.7) 
Occupation status  Student (n = 26) 

Professional (n = 24) 
Student (n = 32) 
Professional (n = 18) 

Participating sport type Collision (n=32) 
Contact (n=5) 
Non-contact (n=13) 

Collision (n=26)  
Contact (n=7) 
Non-contact (n=17) 

Sporting hours per week 8 (3 – 25) 8 (3 – 24) 
Concussion history (yes), n (%) 26 (52%) 18 (36%) 
Migraine history (yes), n (%) 7 (14%) 7 (14%) 
Diagnosed learning disability (yes), n (%) 6 (12%) 1 (2%) 
History of mood disorder (yes), n (%) 8 (16%) 4 (8%) 
Days since injury at assessment 1 (days) 4 (1 – 7) NA 
Days since injury at assessment 2 (days)  14 (4 – 24) 14 (7-24) 
Days since injury at assessment 3 (days)  30 (18-51) 29 (21-52) 
Medical clearance to RTA (days) 13 (7 – 24)  NA 

* median (min – max) unless stated otherwise 
Sport type: Collision = sport during which routine, purposeful, body-to-body collisions occur as a legal and 

expected part of the game; Contact = sport during which body-to-body contact occurs as a recognized part of the 
game, but purposeful body-to-body collisions are not allowed; Non-contact = sport during which body-to-body 

contact is a rare, unexpected occurrence.30 

 

3.4 RESULTS 

Fifty-two participants with sport-related concussion and 52 non-concussed, control 

participants were eligible to participate, provided informed consent, and enrolled in the study. 

Two participants in each group were lost to follow-up and excluded from the study. Fifty 

participants with sport-related concussion and 50 control participants, who were similar on 

collected participant demographic characteristics (table 3.1), completed the study. Table 3.2 

displays mean values for the PCSS and condition-specific HRQoL PROMs before adjusting 

for heavily skewed ordinal data using robust methods.
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TABLE 3.2 Concussion and control group means (95% Confidence Intervals) for 
clinical post-concussion symptoms severity and condition-specific HRQoL PROMs  
 Concussion Group (n = 50) Control Group (n = 50) 
 Timepoint 1 Timepoint 2 Timepoint 3 Timepoint 1 Timepoint 2 Timepoint 3 

PCSS  
mean (95%CI) 

39.1  
(33.8, 45.3) 

18.6  
(14.3, 22.9) 

11.5  
(7.9, 15.2) 

6.0  
(4.4, 7.7) 

6.2  
(4.3, 8.0) 

6.1  
(3.6, 8.6) 

HIT-6  
mean (95%CI) 

51.4  
(48.6, 54.2) 

48.9  
(46.2, 51.6) 

46.4  
(43.7, 49.1) 

43.1  
(41.1, 45.0) 

41.7  
(40.2, 43.3) 

41.1  
(39.6, 42.7) 

FSS  
mean (95%CI) 

3.9  
(3.6, 4.3) 

3.4  
(3.0, 3.7) 

2.6  
(2.2, 3.0) 

2.8  
(2.5, 3.1) 

2.9  
(2.5, 3.2) 

2.6  
(2.3, 2.9) 

NDI  
mean (95%CI) 

8.2  
(6.5, 10.0) 

4.5 
(3.3, 5.6) 

2.6  
(1.5, 3.7) 

2.2  
(1.5, 3.0) 

1.9  
(1.1, 2.5) 

1.5  
(0.8, 2.2) 

GAD-7  
mean (95%CI) 

4.2  
(3.2, 5.3) 

3.0  
(2.0, 4.0) 

1.9  
(1.1, 2.6) 

2.0  
(1.2, 2.8) 

1.5  
(0.8, 2.1) 

1.5  
(0.8, 2.3) 

DHI  
mean (95%CI) 

19.0  
(14.1, 24.0) 

9.5  
(6.0, 13.0) 

7.4  
(4.3, 10.5) 

1.2  
(0.3, 2.1) 

1.0  
(0.2, 1.7) 

0.9  
(0.2, 1.5) 

Abbreviations: PCSS = Post Concussion Symptom Scale-Symptom Severity Score; HIT-6 = Headache Impact 
Test-6; FSS = Fatigue Symptom Severity; NDI = Neck Disability Index; GAD-7 = Generalized Anxiety 
Disorder-7; DHI = Dizziness Handicap Inventory; Conventional means and central 95%CI distributions are 
presented in tabular form and statistical output from robust methods ANOVA (using trimmed means) are 
reported in the text. 
 

3.4.1 Post-Concussion Symptom Scale 

The concussion group reported a significantly greater PCSS score compared with 

the control group over time (group-by-time: Q = 35.5; p < 0.0001). Within one-week 

following sport-related concussion, the concussion group exhibited a significantly greater 

PCSS score compared with the control group (Yt = 8.7; tr. mean diff. = 39.6 (95%CI = 26.6, 

42.6); p < 0.0001). The concussion group exhibited a significantly greater PCSS score 

compared with the control group upon clearance to RTA (Yt = 4.8; tr. mean diff.=11.6 

(95%CI = 6.6, 16.6); p < 0.0001) and two weeks following RTA (Yt = 2.7; tr. mean diff. = 

5.2 (95%CI = 1.2, 9.1); p = 0.001) (Figure 3.1).
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FIGURE 3.1 Violin plot of the data distribution of the PCSS in the concussion (“Conc”) 

and control (“Norm”) groups at each study assessment 
Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure. 
 

3.4.2 Health-Related Quality of Life Impairments 

3.4.2.1 Headache 

There were no significant between-group differences in patients’ perceptions of the effects of 

headache on HRQoL up to two weeks after RTA following sport-related concussion (group-

by-time: Q = 2.31; p = 0.11). A significantly greater proportion of the concussion group 

exhibited clinically-impaired HIT-6 values compared with the control group at each 

assessment up to two weeks after RTA following sport-related concussion (Figure 3.2) (Table 

3.3) (supplemental material).
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FIGURE 3.2 Violin plot of the data distribution of the HIT-6 in the concussion (“Conc”) 

and control (“Norm”) groups at each study assessment 
Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure.  
 
3.4.2.2 Fatigue 

Fatigue severity differed significantly between concussion and control groups across over 

time (group-by-time: Q = 8.4; p = 0.0007). At the first study assessment, the concussion 

group demonstrated significantly greater perceptions of the effects of fatigue on HRQoL 

compared with the control group (Yt = 5.2; trimmed mean diff. = 1.4 (95%CI = 0.8, 1.9); p < 

0.0001). Upon clearance to RTA, no significant difference was observed between the 

concussion and control group on the FSS (Yt = 2.4; tr. mean diff. = 0.7 (95%CI 0.1, 1.2); p = 

0.011). Two weeks after RTA, differences in FSS scores between the concussion and control 

groups were not significant (Yt = -0.2; tr. mean diff. = -0.06 (95%CI -0.65, 0.52); p = 0.84). 

 

There was a significantly greater proportion of participants in the concussion group who 

exhibited clinically impaired FSS scores compared with the control group only at the first 

assessment. Follow-up assessments at clearance to RTA and two weeks after RTA did not 
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yield significant differences in the proportion of participants with clinically impaired FSS 

scores between concussion and control groups (Table 3.3) (supplemental material). 

 
FIGURE 3.3 Violin plot of the data distribution of the FSS in the concussion (“Conc”) 

and control (“Norm”) groups at each study assessment 
Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure. 

 
3.4.2.3 Neck Pain 

The concussion group exhibited significantly greater perceptions of th effects of neck pain on 

HRQoL compared with the control group (group-by-time: Q = 18.9; p < 0.0001) within the 

first week following sport-related concussion (Yt = 6.3; tr. mean diff. = 5.8 (95%CI = 4.0, 

7.7); p <0.0001) and upon clearance to RTA (Yt =3.6; tr. mean diff. = 2.7 (95%CI = 1.2, 4.2); 

p = 0.0015). However, two weeks following RTA the concussion exhibited similar 

perceptions of the effects of neck pain on HRQoL compared with the control group (Yt = 1.5; 

tr. mean diff. = 0.5 (95%CI = -0.2, 1.7); p = 0.14) (supplemental figure). 

 

Upon clearance to RTA, a significantly greater proportion of participants in the concussion 

group (40%) reported clinical NDI scores compared with control group participants (16%) 
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(Table 3.3). Two weeks after RTA, no significant difference was observed between the 

proportion of participants with clinical NDI scores in the concussion group and the control 

group (supplemental material). 

 

3.4.2.4 Anxiety 

The concussion group exhibited significantly different generalised anxiety compared with the 

control group over time (group-by-time: Q = 6.4; p = 0.004). The concussion group 

demonstrated significantly greater generalised anxiety than the control group at the first (Yt = 

3.6; tr. mean diff. = 2.5 (95%CI = 1.2, 3.9); p = 0.0005) and second (Yt = 2.9; tr. mean diff. = 

1.4 (95%CI = 0.4, 2.4); p = 0.002) study assessments. At the third study assessment two 

weeks following RTA, between-group differences were not statistically significant (Yt = 0.6; 

tr. mean diff. = 0.3 (95%CI = -0.6, 1.2); p = 0.56) (supplemental figure). There was a 

significantly greater proportion of participants in the concussion group who exhibited clinical 

generalised anxiety compared with the control group only in first week following sport-

related concussion (Table 3) (supplemental material). 

 

3.4.2.5 Dizziness 

The concussion group demonstrated significantly greater dizziness handicap than the control 

group up to two weeks after RTA (group-by-time: Q = 8.8; p = 0.001). At the first study 

assessment, the concussion group perceived a significantly greater effect of concussion-

associated dizziness on everyday life compared with the control group (Yt = 5.1; tr. mean 

diff. = 16.5 (95%CI = 9.9, 23.2); p < 0.0001). This difference in perceived dizziness handicap 

between the concussion and control groups persisted both at clearance to RTA (Yt = 4.0; tr. 

mean diff. = 6.0 (95%CI = 3.0, 9.0); p = 0.002) and at two weeks after RTA (Yt = 3.0; tr. 

mean diff. = 3.4 (95%CI = 0.9, 5.9); p = 0.0175) (Figure 3.4).
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FIGURE 3.4 Violin plot of the data distribution of the DHI in the concussion (“Conc”) 
and control (“Norm”) groups at each study assessment 

Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure. 
 

At each study assessment up to two weeks after RTA following sport-related concussion, the 

concussion group contained a significantly greater proportion of participants who exceeded a 

clinical cut-off threshold of 10 points on the DHI compared with the control group (Table 

3.3) (supplemental material).
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TABLE 3.3 Frequency and proportion of participants exhibiting healthy and clinically 
impaired scores on condition-specific HRQoL PROMs 

 Concussion Group  
(n = 50) 

Control Group  
(n = 50) 

Test Statistics 

 Healthy  
n (%) 

Clinical  
n (%) 

Healthy  
n (%) 

Clinical 
n (%) 

x2(df) value;  
p-value 

Odds Ratio 
(95%CI) 

Headache (HIT-6)       

Time-point 1 20 (40.0%) 30 (60.0%) 42 (84.0%) 8 (16.0%) x2(1) = 20.5; 
p < 0.0001 

7.69 
(2.83,23.15) 

Time-point 2 27 (54.0%) 23 (46.0%) 45 (90.0%) 5 (10.0%) x2(1) = 16.1; 
p < 0.0001 

7.51 
(2.42,28.34) 

Time-point 3 31 (62.0%) 19 (38.0%) 44 (88.0%) 6 (12.0%) x2(1) = 9.01; 
p = 0.003 

4.4 
(1.48,15.16) 

Fatigue (FSS)       

Time-point 1 9 (18.0%) 41 (82.0%) 31 (62.0%) 19 (38.0%) x2(1) = 20.2; 
p < 0.0001 

7.26 
(2.73,21.03) 

Time-point 2 16 (32.0%) 34 (68.0%) 26 (52.0%) 24 (48.0%) x2(1) = 4.1; 
p = 0.04 

2.28 
(0.94,5.64) 

Time-point 3 30 (60.0%) 20 (40.0%) 30 (60.0%) 20 (40.0%) x2(1) = 0.00; 
p = 1.0 

1.0 
(0.42 – 2.40) 

Neck pain (NDI)       

Time-point 1 16 (32.0%) 34 (68.0%) 41 (82.0%) 9 (18.0%) x2(1) = 25.5; 
p < 0.0001 

9.42 
(3.49,27.80) 

Time-point 2 30 (60.0%) 20 (40.0%) 42 (84.0%) 8 (16.0%) x2(1) = 7.1; 
p = 0.008 

3.46 
(1.25,10.35) 

Time-point 3 40 (80.0%) 10 (20.0%) 44 (88.0%) 6 (12.0%) x2(1) = 1.2; 
p = 0.28 

1.82 
(0.54,6.69) 

Anxiety (GAD-7)       

Time-point 1 29 (58.0%) 21 (42.0%) 42 (84.0%) 8 (16.0%) x2(1) = 8.2; 
p = 0.004 

3.75 
(1.37,11.21) 

Time-point 2 40 (80.0%) 10 (20.0%) 44 (88.0%) 6 (12.0%) x2(1) = 1.2; 
p = 0.28 

1.82 
(0.54,6.69) 

Time-point 3 41 (82.0%) 9 (18.0%) 45 (90.0%) 5 (10.0%) x2(1) = 1.3; 
p = 0.25 

1.96 
(0.54,8.09) 

Dizziness (DHI)       

Time-point 1 22 (44.0%) 28 (56.0%) 49 (98.0%) 1 (2.0%) x2(1) = 35.4;  
p < 0.0001 

59.92 
(8.81,2562.1) 

Time-point 2 36 (72.0%) 14 (28.0%) 49 (98.0%) 1 (2.0%) x2(1) = 13.3;  
p = 0.0008 

18.6 
(2.61,818.4) 

Time-point 3 39 (78.0%) 11 (22.0%) 49 (98.0%) 1 (2.0%) x2(1) = 9.5;  
p = 0.0056 

13.5 
(1.83,604.9) 

Abbreviations: HIT-6, Headache Impact Test-6; FSS, Fatigue Symptom Severity; NDI, Neck Disability Index; 
GAD-7, Generalized Anxiety Disorder-7; DHI, Dizziness Handicap Inventory 

Clinical cut-off thresholds to discriminate healthy and clinical participants: “HIT-6” = >49; “FSS” = >2.8; 
“NDI” = >4; “GAD-7” = >4; “DHI” = >10
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3.4.3 Exploratory Correlation Matrix 

Table 3.4 reports the strength of relationship that exists between HRQoL variables  

in the recovery of participants following sport-related concussion up to two weeks after RTA 

(supplemental material). 

 

TABLE 3.4 Exploratory correlation matrix (rs) of HRQoL outcome variables for  
the concussion group at each study assessment 

Concussion group – T1 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom Scale 1.00      
Headache (HIT-6) 0.37 1.00     
Fatigue (FSS) 0.44 0.56 1.00    
Neck pain (NDI) 0.48 0.57 0.45 1.00   
Anxiety (GAD-7) 0.44 0.19 0.48 0.27 1.00  
Dizziness (DHI) 0.43 0.66 0.36 0.70 0.16 1.00 
Concussion group – T2 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom Scale  1.00      
Headache (HIT-6) 0.53 1.00     
Fatigue (FSS) 0.66 0.65 1.00    
Neck pain (NDI) 0.63 0.62 0.67 1.00   
Anxiety (GAD-7) 0.43 0.39 0.39 0.33 1.00  
Dizziness (DHI) 0.49 0.60 0.66 0.75 0.16 1.00 
Concussion group – T3 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom Scale  1.00      
Headache (HIT-6) 0.57 1.00     
Fatigue (FSS) 0.58 0.60 1.00    
Neck pain (NDI) 0.72 0.74 0.57 1.00   
Anxiety (GAD-7) 0.51 0.40 0.53 0.40 1.00  
Dizziness (DHI) 0.60 0.64 0.48 0.72 0.25 1.00 

Abbreviations: T1, Time-point 1 (within one-week following sport-related concussion); 
T2, Time-point 2 (upon medical clearance to RTA); T3, Time-point 3 (two weeks following RTA). SSS, 
Symptom Severity Score; HIT-6, Headache Impact Test-6; FSS, Fatigue Symptom Severity; NDI, Neck 

Disability Index; GAD-7, Generalised Anxiety Disorder-7; DHI, Dizziness Handicap Inventory 
 

3.5 DISCUSSION 

We prospectively investigated clinical symptoms and condition-specific HRQoL in amateur 

athletes up to two weeks after RTA following sport-related concussion. Our study hypotheses 

were partially rejected, whereby concussed participants reported greater perceptions of the 

effects of specific concussion-related symptoms on HRQoL compared with the control group 

beyond the one-week study assessment. A greater proportion of participants in the concussion 

group reported clinically-impaired scores on the HIT-6 (i.e., headache impact) and DHI (i.e., 



 176 

dizziness handicap) throughout acute and sub-acute phases of clinical recovery compared 

with control participants. 

 

3.5.1 Headache 

The concussion group did not have significantly different perceptions of the effects of 

headache on their HRQoL compared with the non-concussed, control group at any study 

assessment. Early recovery of headache symptoms has been demonstrated previously in 

existing studies, with concussed participants who experience headache symptoms reporting 

greater symptom severity than concussed patients without headache symptoms up to day two 

following sport-related concussion.22,23 Consequently, in the current study initial differences 

in HRQoL related to headache burden between the concussion and control groups may have 

approximated by the first study assessment because the concussion group were assessed four 

days after sport-related concussion, on average. Despite an expedient resolution of the 

perceived effects of headache burden on HRQoL, there was a significantly greater proportion 

of participants in the concussion group with clinically impaired HIT-6 scores compared with 

the control group two weeks following RTA. Disparity in the proportion of concussed and 

non-concussed participants exhibiting headache-specific HRQoL impairments despite non-

significant group mean differences underscores the value of clinical thresholds to raise 

suspicions of certain participants experiencing the limiting effects of concussion-associated 

impairments. 

 

3.5.2 Fatigue 

The manifestation of fatigue following head trauma is complex and may arise due to primary 

fatigue (i.e., due to concussive brain injury) and/or secondary fatigue (i.e., due to mediating 

symptoms such as sleep disturbances or concussion-associated pain).40 Patients can report 

fatigue for up to six months following mild traumatic brain injury.24,33 However, in the 

current study the proportion of participants in the concussion group who perceived that 

fatigue had an adverse effect on HRQoL was significantly different compared with the 

control group only at the first study assessment. 

 

3.5.3 Neck pain 

Concussion-associated neck pain varies widely.6,34 However, little is known about the 

recovery and prognosis of athletes experiencing cervicogenic symptoms following sport-

related concussion. We observed a significantly greater proportion of concussed participants 
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who had greater perceptions of the effects of neck pain on HRQoL compared with the control 

group at the first study assessment and upon clearance to RTA. Concussion-associated neck 

pain can contribute to co-existing impairments following concussion,5 such as cervicogenic 

headache26 and cervicogenic dizziness,27 highlighting the value of the NDI as a clinical tool 

to assess the presence, and subsequent recovery, of persistent neck pain that can affect 

HRQoL. 

 

3.5.4 Anxiety 

A greater proportion of concussed participants exhibited clinical GAD-7 scores at the  

first study assessment compared with control participants, echoing the existing literature of 

acutely elevated anxiety after sport-related concussion that resolves within two weeks.31 The 

interaction of physiological and psychosocial changes following sport-related concussion, 

either secondary to brain injury or due to independent situational factors, likely complicates 

the manifestation of mood disorder in a subset of concussed athletes. Consequently, 

appropriate clinical detection and management of these at-risk athletes following sport-

related can help to identify emotional mood behaviours and maladaptive coping strategies 

that may lead to functional disability.32 

 

3.5.5 Dizziness 

Prolonged recovery trajectories involving dizziness symptoms and associated vestibular 

dysfunction have been observed following sport-related concussion, typically with continued 

resolution up to and beyond four weeks after injury.10 Participants in the concussion group 

had significantly greater dizziness handicap up to two weeks after RTA following sport-

related concussion. Concussion-associated impairments relating to central nervous system, 

cervicogenic, peripheral vestibular and oculomotor dysfunction can cause dizziness that is 

easily triggered by positional and environmental stimuli, partly explaining symptoms that 

persistent after return-to-sport.28 Longitudinally assessing the physical, functional, and 

emotional consequences of dizziness on everyday life observed an approximately 20% 

greater proportion of participants exhibiting clinically impaired DHI scores two weeks after 

RTA following sport-related concussion compared with the non-concussed, control group. 

 

3.5.6 Practical implications 

Symptom severity alone may not inform clinicians about patients’ subjective perceptions of 

the effects of concussion-associated impairments on their HRQoL.1 For example, because 
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patients’ expectations and ability to cope with functional limitations and disability can greatly 

affect their perception of health and satisfaction with life, two patients with identical, 

objectively-assessed symptom status may have very different HRQoL.15 We observed a 

significantly greater proportion of concussed athletes who perceived that headache (38%) and 

dizziness (22%) adversely affected their HRQoL compared with matched, control 

participants (12% and 2%, respectively) two weeks after RTA following sport-related 

concussion. Our findings suggest that a minority of athletes experience adverse headache- 

and dizziness-specific HRQoL after RTA following sport-related concussion. 

 

In clinical practice, condition-specific HRQoL outcome measures may offer greatest value at 

the item-level rather than at the level of total or sub-scale scores. For clinicians assessing 

condition-specific HRQoL to inform decision-making and patient management following 

sport-related concussion, specific items can provide insight into how, where, and when 

patients perceive their concussion-associated impairment affects their everyday life. Total 

and sub-scale condition-specific HRQoL scores are still valuable in order to understand the 

overall burden of a patient’s perceptions of the effect of their concussion-associated 

impairment on their HRQoL. However, interacting with patients’ responses on specific items 

of condition-specific HRQoL outcome measures may be most informative for clinicians 

making RTA and rehabilitation decisions following sport-related concussion. 

 

3.5.7 Limitations 

Despite efforts to closely-match participants in concussion and control groups using 

independent variables of sex, age, and activity, our prospective, matched-cohort study is 

vulnerable to selection bias. We included a non-injured, athletic control group rather than an 

injured, athletic control group, which may introduce a selection bias against the null. Because 

we could not include a pre-injury assessment of concussed individuals, it was not possible to 

infer whether concussed participants had naturally elevated PROM scores that had already 

returned to pre-injury, baseline values by RTA following sport-related concussion. 

 

We evaluated condition-specific HRQoL using standardised, psychometrically-sound scales. 

However, standardised HRQoL PROMs receive criticism for their focus on the impact of 

injury on patient’s lives rather than on the important aspects of patients’ lives. Consequently, 

patients possessing substantial functional limitations may exhibit HRQoL that is not 

reflective of their health, yielding a “disability paradox”. 
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3.6 CONCLUSION 

The majority of athletes exhibited condition-specific HRQoLimpairments that recovered 

across a variety of clinical domains upon clearance to RTA following sport-related 

concussion. However, a minority of participants perceived headache and dizziness to 

adversely affect their HRQoL up to two weeks after RTA following sport-related concussion.
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3.8 SUPPLEMENTAL MATERIAL 

METHODS 

Confounding variables: 

Study investigators collected “third” variables that have demonstrated empirical associations 

with sport-related concussion and the duration of clinical recovery. These variables represent 

pre-injury characteristics that were amenable to ascertainment by patient self-report: 

participant age, sex, concussion history, migraine history, diagnosed attention disorder or 

learning disability, and history of anxiety or depression.  

 

Concussion history was ascertained by asking participants whether they had sustained a 

previously medically diagnosed sport-related concussion. 

 

Migraine history was ascertained by asking participants whether they have experienced a 

history of migraines, diagnosed by a physician. 

 

Diagnosed attention disorder or learning disability was ascertained by asking study 

participants whether they had ever been medically diagnosed with an attention disorder (such 

as ADD or ADHD) or a learning disability (such as dyslexia or dyspraxia). 

 

History of diagnosed anxiety or depression was ascertained by asking study participants 

whether they had ever been medically diagnosed with anxiety or depression. 

 

Post-Concussion Symptom Scale (PCSS) The PCSS is a 22-item symptom inventory that 

evaluates the presence, frequency, and severity of athlete-reported, post-concussion symptom 

burden.8 PCSS items are concussion-related but not concussion-specific, comprising diverse 

symptoms of physical, cognitive, affective, and sleep/fatigue domains.4,11 The severity of 

each item on the PCSS is rated on a 7-point Likert scale, ranging from 0 (i.e., no symptom) to 

6 (maximal severity), for a range from 0 to 132. Athletes recalled the greatest severity of each 

symptom in the preceding 24-hours, irrespective of symptoms’ perceived relationship to the 

concussion. The PCSS possesses excellent internal consistency (α= 0.88–0.94),8 acceptable 

test-retest reliability (ICC=0.615),12 and a clinically useful minimum clinically important 

difference (MCID) (6.8 points) to inform true patient recovery.8 
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Headache Impact Test-6 (HIT-6) The HIT-6 is a 6-item PROM of headache burden that 

addresses health concepts of pain, role functioning, social functioning, cognitive functioning, 

vitality, and psychological distress.5 HIT-6 items possess 5-point Likert scales with verbal 

descriptors to rate the severity of headache burden on HRQoL (i.e., “never” = 6; “rarely” = 8; 

“sometimes” = 10; “very often” = 11; “always” = 13). Patient scores range from 36 to 78, 

with higher scores representing greater impact of headache on HRQoL. Patient subgroups 

have been identified to interpret the severity of headache impact of HRQoL: “Little-to-no 

impact” = 36–49; “Some impact” = 50–55; “Substantial impact” = 56–59; “Severe impact” = 

>60. The HIT-6 has demonstrated validity in numerous clinical populations,15,20 and has been 

administered previously in sport-related concussion research.2,5 

 

Fatigue Severity Scale (FSS) The FSS assesses the effects of physical, social, and cognitive 

domains on fatigue disability.13 The FSS was developed to evaluate fatigue disability in 

rheumatology populations,13 but has been applied to and validated in diverse patient cohorts.1 

The FSS contains nine statements about fatigue, with each item answered by participants on a 

seven-point Likert scale ranging from 1 (e.g., “Strongly disagree”) to 7 (i.e., “Strongly 

agree”).1 The FSS has demonstrated excellent internal consistency (α=0.89–0.94) and clinical 

responsiveness to change across clinical populations.7,14 The mean of the FSS in healthy 

adults is 2.3 (99.9%CI 1.8-2.8).1 

 

Neck Disability Index (NDI) The NDI is a 10-item PROM that evaluates patient-rated 

functional disability in individuals with neck pain.18 The NDI assesses a variety of functional 

domains including personal care, work, driving, and sleeping. Each item of the NDI is rated 

by participants on a 6-point Likert scale ranging from 0 (i.e., no function limitation) to 5 (i.e., 

functional inability), with a maximum score of 50.18 The NDI demonstrates good-to-excellent 

psychometric properties in clinical populations experiencing neck pain and whiplash-

associated disorder,10,19 and possesses a MCID of 3.5 points in patients with neck pain.16 

Scoring interpretation of the NDI comprises five categories: “None” = 0–4; “Mild” = 5–14; 

“Moderate” = 15–24; “Severe” = 25–34; “Complete” = >34.18 

 

Generalized Anxiety Disorder-7 (GAD-7) The GAD-7 is a 7-item, self-report anxiety PROM 

that identifies, and quantifies the burden of, generalized anxiety disorder.17 GAD-7 items 

possess a 4-point Likert scale assessing the frequency with which respondents experience 

anxious behaviours and thoughts in the preceding two weeks (e.g., “not at all”=0; “nearly 
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every day”=3).6 The maximum possible score of the GAD-7 is 21. The GAD-7 has 

demonstrated excellent internal consistency (α=0.89-0.92),9,17good inter-session reliability 

(ICC=0.83),17 and discriminative thresholds to differentiate patients with mild (5 points), 

moderate (10 points), and severe (15 points) generalized anxiety disorder.17  

 

Dizziness Handicap Inventory (DHI) The DHI is a 25-item PROM that assesses the 

physical, emotional, and functional effects of dizziness on HRQoL.3 Participants provide one 

of three responses (i.e., “Yes”=4 points; “Sometimes”=2 points; or “No”=0 points) to each 

item to rate their physical, emotional, and functional capacity in the presence of dizziness. A 

maximum DHI score of 100 indicates maximal dizziness-induced disability, with increasing 

scores reflecting a greater dizziness handicap. The DHI has demonstrated good-to-excellent 

test-retest reliability, internal consistency (α=0.77–0.94), and a MCID of 18 points.3 A score 

greater than 10 is used to indicate a minimum cut-off threshold for dizziness-related 

impairment. 

 

Statistical analysis 

We constructed an exploratory correlation matrix to explore the strength of relationship 

between HRQoL outcome variables (i.e., HIT-6, FSS, NDI, GAD-7, DHI) following sport-

related concussion (Supplementary File 1). Due to deviations from normality in the data of 

each dependent variable, we performed Spearman’s rank order correlation between outcome 

variables at each assessment time-point. We considered the strength of relationships between 

variables for Spearman’s correlation coefficient (rs) at the following thresholds: “very weak” 

= 0.0–0.19; “weak” = 0.20–0.39; “moderate” = 0.40–0.59; “strong” = 0.60–0.79; “very 

strong” = 0.80–1.0.
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RESULTS 

Loglinear analysis: 

Headache 

The three-way loglinear analysis for headache impact burden produced a final model that 

retained only a two-way ‘group*outcome’ interaction term. The likelihood ratio of this model 

was x2(8) = 5.83 p = 0.66. This indicated that the removal of the two-way group*outcome 

interaction term was significant, x2(1)= 47.27; p < 0.0001. The results of separate follow-up 

chi-square tests at each assessment time-point are presented in the result section of the main 

manuscript. 

 

Fatigue 

The three-way loglinear analysis for fatigue severity produced a final model that retained all 

effects. The likelihood ratio of this model was x2(0) = 0; p = 1.0. This indicated that the 

highest-order (three-way) interaction group*outcome*time was significant, x2(1) = 10.91; p = 

0.0043. The results of separate follow-up chi-square tests at each assessment time-point are 

presented in the result section of the main manuscript. 

 

Neck Pain 

The three-way loglinear analysis for neck disability produced a final model that retained two 

two-way interaction terms including ‘group*outcome’ and ‘time*outcome’ interactions. The 

likelihood ratio of this model was x2(4) = 7.31 p = 0.12. This indicated that the removal of 

the two-way group*outcome and time*outcome interaction terms were significant, x2(1) = 

29.95; p < 0.00001 and x2(2) = 20.0; p = 0.00005, respectively. The results of separate 

follow-up chi-square tests at each assessment time-point are presented in the result section of 

the main manuscript. 
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Figure 2. Violin plot of the distribution of data observations in concussion (“Conc”) and control 

(“Norm”) groups at each assessment time-point for the Neck Disability Index (NDI). 
Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure 
 

Anxiety 

The three-way loglinear analysis for generalized anxiety produced a final model that retained 

two two-way interaction terms including ‘group*outcome’ and ‘time*outcome’ interactions. 

The likelihood ratio of this model was x2(4) = 1.51; p = 0.83. This indicated that the removal 

of the two-way group*outcome and time*outcome interaction terms were significant, x2(1) = 

9.75; p = 0.0018 and x2(1) = 8.37; p = 0.0152, respectively. The results of separate follow-up 

chi-square tests at each assessment time-point are presented in the result section of the main 

manuscript. 
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Figure 2. Violin plot of the distribution of data observations in concussion (“Conc”) and control 

(“Norm”) groups at each assessment time-point for the Generalised Anxiety Disorder-7 (GAD-7). 
Greater vertical plot height represents a greater spread of group data across levels of the outcome measure. 
Greater horizontal plot width represents a larger clustering of group data at levels towards one end of the 

outcome measure 
 

Dizziness 

The three-way loglinear analysis for generalized anxiety produced a final model that retained 

two two-way interaction terms including ‘group*outcome’ and ‘time*outcome’ interactions. 

The likelihood ratio of this model was x2(4) = 3.81; p = 0.43. This indicated that the removal 

of the two-way group*outcome and time*outcome interaction terms were significant, x2(2) = 

13.07; p = 0.0012 and x2(1) = 67.17; p < 0.00001, respectively. The results of separate 

follow-up chi-square tests at each assessment time-point are presented in the result section of 

the main manuscript.
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Exploratory Correlation Matrix: 

Supplementary Table 1. Control Group Correlation Matrix 
Control group – T1 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom 
Scale (PCSS) 

1.00      

Headache (HIT-6) 0.26 1.00     
Fatigue (FSS) 0.28 -0.05 1.00    
Neck pain (NDI) 0.22 0.41 0.22 1.00   
Anxiety (GAD-7) 0.55 0.13 0.29 0.19 1.00  
Dizziness (DHI) 0.23 -0.01 0.09 0.01 0.12 1.00 
       
Control group – T2 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom 
Scale (PCSS) 

1.00      

Headache (HIT-6) 0.00 1.00     
Fatigue (FSS) 0.17 0.21 1.00    
Neck pain (NDI) 0.40 0.45 0.20 1.00   
Anxiety (GAD-7) 0.51 0.24 0.29 0.21 1.00  
Dizziness (DHI) 0.09 0.27 0.14 0.24 0.09 1.00 
       
Control group – T3 SSS HIT-6 FSS NDI GAD DHI 
Post-Concussion Symptom 
Scale (PCSS) 

1.00      

Headache (HIT-6) 0.22 1.00     
Fatigue (FSS) 0.22 0.20 1.00    
Neck pain (NDI) 0.20 0.39 0.19 1.00   
Anxiety (GAD-7) 0.49 0.14 0.28 -0.06 1.00  
Dizziness (DHI) 0.12 0.13 0.13 0.06 -0.17 1.00 

 

We identified very low to moderate strength in relationships between HRQoL measures, 

indicating little overlap between HRQoL PROMs as surrogate outcomes of recovery 

trajectories. However, impairment-based classifications that are based on clinical features 

(i.e., symptoms) may neglect a consideration of the underlying pathophysiology that is 

essential to recovery. Despite this potential limitation, conceptual clinical frameworks enable 

a deeper understanding of sport-related concussion by clinicians and possess clinical utility to 

enhance concussion care, therefore possessing value. However, whether observed between-

outcome correlations represent unique symptom clusters or simply a substantial impact of 

concussion across numerous symptom areas is subject to further research performing highly 

powered factor analyses investigating pre-registered research questions and study hypotheses. 
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LIMITATIONS 

Cut-off thresholds We dichotomized ordinal condition specific HRQoL PROMs to 

determine the proportion of healthy and clinically impaired individuals in  

concussion and control groups. Due to a lack of related prior research in this field, cut-off 

thresholds were selected from existing literature conducted in healthy and other clinical 

populations. We employed this discriminative approach to capture a hypothesized poorly 

recovering minority who are theoretically acknowledged in concussion research but 

commonly unidentified due to the insensitivity of mean differences to represent sample 

outliers. 

Composite scores Due to the sample sizes of both groups, we presented only the  

composite scores of each HRQoL PROM rather than the scores of separate domains within 

each PROM (e.g., physical subscale of DHI). Future highly-powered replication studies will 

be optimally positioned to conduct subgroup analyses that explore the recovery of condition-

specific HRQoL outcome sub-domains following sport-related concussion.
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CHAPTER FOUR 
 

Condition-specific health-related quality of life amongst 
amateur athletes six months and one-year following sport-

related concussion: a prospective, follow-up 
 
 

 
This chapter is based on the following paper that is currently under peer review at  

Medicine & Science in Sports & Exercise: 
 
Büttner F, Howell DR, Doherty C, Blake C, Ryan J, Delahunt E. Condition-specific health-

related quality of life amongst amateur athletes six months and one year following sport-
related concussion: a prospective, follow-up. 
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4.1 ABSTRACT 

Objectives: To prospectively investigate the condition-specific health-related quality of life 

(HRQoL) of athletes six months and one-year following sport-related concussion. 

Methods: Amateur athletes who were diagnosed with sport-related concussion within one-

week of injury after presenting to a hospital emergency department were recruited along with 

sex-, age-, and activity-matched, non-concussed, control athletes. Concussed and non-

concussed, control participants were assessed six months and one-year following sport-

related concussion and study enrolment, respectively. Participants completed the Post-

Concussion Symptom Scale and five condition-specific HRQoL PROMs: Headache Impact 

Test-6, Fatigue Severity Scale, Neck Disability Index, Generalised Anxiety Disorder-7, and 

Dizziness Handicap Inventory. We performed Frequentist and Bayesian mixed-design 

analyses of variance (i) to compare the concussion and control groups on each condition-

specific HRQoL PROM at both study assessments and (ii) to quantify whether there was 

greater evidence in favour of the null hypothesis compared with the alternative hypothesis. 

Results: At the six-month and one-year study assessments, the concussion and control groups 

reported similar clinical symptom severity scores and condition-specific HRQoL. The 

proportion of athletes in the concussion group with clinically impaired scores was similar to 

the proportion of non-concussed athletes with clinically impaired scores. At the six-month 

and one-year study assessments, there was moderate-to-very strong evidence that there was 

no difference between the perceptions of concussion and control participants of the effects of 

headache, fatigue, neck pain, anxiety, and dizziness on HRQoL. 

Conclusion: There was moderate-to-very strong evidence in favour of no difference between 

the concussion and control groups on symptom severity scores and condition-specific 

HRQoL PROMs at six-month and one-year study assessments. These results support prior 

work suggesting that self-perceived recovery occurs for most individuals within six months 

following sport-related concussion. 
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4.2 INTRODUCTION 

Sport-related concussion is a heterogeneous mild traumatic brain injury characterised by a 

constellation of physical, emotional, cognitive, and fatigue symptoms.27 Researchers and 

clinicians have purported that distinct clinical recovery trajectories emerge following sport-

related concussion spanning post-traumatic headache, neck pain, anxiety, fatigue, vestibular, 

ocular, and autonomic symptom profiles.3,8,19 Based on the possible symptoms and 

impairments that athletes can report following sport-related concussion, distinct trajectories 

may manifest in isolation or co-exist and influence an athlete’s ability to function at their pre-

injury levels in everyday life.19,30,31 

 

Many athletes experience decreased health-related quality of life (HRQoL) following sport-

related concussion that resolves within one month regardless of comparison to non-concussed 

controls or pre-injury baseline.10,13,25,41 HRQoL reflects the physical, functional, emotional, 

and social aspects of an athlete’s health that are related to function and well-being.40 HRQoL 

is influenced by the athlete’s unique experiences, beliefs, perceptions of disability and 

function, and expectations about what constitutes good health.43 Consequently, athletes’ 

responses to sport-related concussion and concussion-related symptoms will differ based on 

their individual experiences, perceptions, and expectations.11 For example, two athletes with 

identical symptom severity scores following sport-related concussion may be suitably cleared 

by their physician to return to their pre-injury level of sport.43 However, despite possessing 

the same objective health status (i.e., clinical symptoms), both athletes’ perceptions of the 

effects of minimal symptoms on their psychological HRQoL may be very different and thus 

influence their readiness to return-to-sport.40 Because concussion-associated impairments and 

athletes’ subsequent responses vary widely following sport-related concussion,3,36 evaluating 

HRQoL may be useful by providing multi-dimensional, athlete-centred information about 

athletes’ perceptions of the effects that concussion-associated impairments have on their 

health-related well-being.42  

 

Generic HRQoL patient-reported outcome measures (PROMs) evaluate a broad range of 

health encompassing physical, psychological, and social aspects of health that are not related 

to a specific health condition.43 Generic HRQoL PROMs have been previously administered 

to evaluate clinical recovery following sport-related concussion, revealing that only a 

minority of athletes experience impaired HRQoL one-year after concussion injury.10,14,28,39 

Condition-specific HRQoL PROMs evaluate athletes’ perceptions of the effects of a specific 
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condition on their physical, social, and psychological health. As condition-specific HRQoL 

PROMs are developed for patients with specific conditions, these PROMs routinely possess 

items that address issues related to a specific injury and its associated impairments. As a 

result, condition-specific HRQoL PROMs are more responsive to changes in disability and 

function following injury. Clinically assessing condition-specific HRQoL following sport-

related concussion may provide detailed insights into patients’ perceptions of the effects of 

specific concussion-associated impairments on their health and well-being.43 

 

In contrast to the frequency with which generic HRQoL PROMs have been applied in the 

concussion literature, condition-specific HRQoL has been infrequently evaluated following 

sport-related concussion.13,21,41 Assessing condition-specific HRQoL, rather than generic 

HRQoL, following sport-related concussion may be particularly important given anecdotal 

observations that clinical symptom profiles have different, and sometimes persistent, effects 

on athletes’ perceived physical, social, and psychological health. Identifying individuals who 

perceive that specific concussion-associated impairments persistently affect their HRQoL 

may inform clinicians’ decisions to initiate individual-centred, impairment-specific 

rehabilitation.7,36 We aimed to prospectively investigate the condition-specific HRQoL of 

amateur athletes six months and one-year after presenting to the emergency department of a 

national, university-affiliated hospital within one-week of sustaining a sport-related 

concussion. We hypothesised that a minority (<15%) of concussed participants would exhibit 

clinically impaired condition-specific HRQoL scores six months and one-year following 

sport-related concussion. We also hypothesised that a greater proportion of participants in the 

concussion group would exhibit clinically impaired condition-specific HRQoL scores six 

months and one-year following sport-related concussion compared with non-concussed, 

control participants. 

 

4.3 METHODS 

This prospective, longitudinal study received ethical approval from the University College 

Dublin Human Resources Ethics Committee for Life Sciences. Study design, conduct, 

analysis, and results are reported according to the STatement for Reporting OBsErvational 

studies (STROBE).44 
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4.3.1 Participant identification and recruitment 

We recruited amateur adult athletes who presented to a university-affiliated hospital 

emergency department within one-week after sport-related concussion. Patients were 

diagnosed with sport-related concussion by an emergency department physician who were 

asked to use the injury definition and diagnostic criteria established by the 5th Concussion in 

Sport Consensus Statement.27 Sport-related concussion was defined as a traumatic brain 

injury caused by a direct blow to the head, face, neck, or elsewhere on the body resulting in 

an impulsive force being transmitted to the head and manifesting in transiently altered mental 

status.27 

 

4.3.2 Eligibility criteria 

We included patients who were diagnosed with a sport-related concussion sustained during 

organised amateur sporting competition or practice and who were 16-38 years old. We 

excluded patients who reported: sustaining a concussion in the preceding 12 months; a 

history of greater than three lifetime concussions; a history of cognitive deficiencies; loss of 

consciousness greater than one-minute following their current sport-related concussion, or; a 

history of vestibular disorder. We recruited sex-, age-, and activity-matched, non-concussed 

control athletes, to whom the above exclusion criteria also applied, using study 

advertisements across competitive and intramural athletic teams within the university and 

surrounding geographic area. Study participants were recruited over a 20-month timeline 

from January 2017 until August 2018. 

 

4.3.3 Assessment timeline  

Concussed and non-concussed, control athletes were assessed six months and one year 

following sport-related concussion and first enrolment in the study, respectively. Participants 

were assessed at earlier study assessment time-points, which are described in chapter three. In 

brief, study participants were assessed within one-week following sport-related concussion, 

upon medical clearance to return-to-sporting activity (RTA), and two weeks following RTA. 

At the initial study assessment, we collected the following demographic information from 

concussion and control participants: medically diagnosed concussion history, migraine 

history, diagnosed attention disorder or learning disability, history of diagnosed anxiety or 

depression (description in supplemental material). 
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4.3.4 Outcome measures 

Study outcome measures are described in chapter three. In brief, participants completed the 

Post-Concussion Symptom Scale (PCSS) and five condition-specific HRQoL PROMs: the (i) 

Heachache Impact Test-6 (HIT-6);20 (ii) Fatigue Severity Scale (FSS);12 (iii) Neck Disability 

Index (NDI);45 (iv) Generalised Anxiety Disorder-7 (GAD-7),23 and; (v) Dizziness Handicap 

Inventory (DHI) (description in supplemental material).17 

 

4.3.5 Statistical analyses 

Continuous variables are presented as means and standard deviations. Dichotomous and 

categorical variables are presented as frequencies and percentages. We assessed parametric 

test assumptions and visually inspected data distributions of each outcome variable in the 

concussion and control groups. We performed a series of mixed-design analyses of variance 

(ANOVA) for the PCSS and for each condition-specific HRQoL outcome variable. Each 

ANOVA model contained one between-subjects factor (group) with two levels (concussion 

and control) and one within-subjects factor (time) with two levels (six months and one-year). 

We performed a Bonferroni adjustment to control the omnibus Type I error rate across 

ANOVA models by adjusting the alpha level of each ANOVA to 0.0083 (i.e., 0.05/6). If a 

significant group-by-time interaction was observed, we performed post hoc pairwise 

comparisons to compare the concussion and control groups at the six-month and one-year 

study assessments. 

 

By rejecting the null hypothesis when p<0.05, we can infer that the concussion and control 

groups are surprisingly different given the classical assumption that the null hypothesis is 

true. However, we cannot conclude that there is evidence in favour of the null hypothesis 

when p>0.05.5,6,22,47 Bayesian hypothesis testing compares two hypotheses by combining 

prior information with a Bayes factor to quantify how likely the data support one hypothesis 

over another.47 We performed a series of Bayesian ANOVAs to quantify whether there was 

greater evidence in favour of the null hypothesis compared with the alternative hypothesis. 

Our null hypothesis assumed that there was no difference in condition-specific HRQoL 

between concussion and control groups at the six-month and one-year study assessments. Our 

alternative hypothesis assumed that there was a difference in condition-specific HRQoL 

between concussion and control groups at the six-month and one-year study assessments.46 

Because no prior information is available about whether concussion and control participants 

have different condition-specific HRQoL, we specified a Cauchy prior distribution that is 
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centred around an effect size of zero to reflect that we are 50% confident that the true effect 

size lies between −0.5 and 0.5.35  

 

We dichotomised condition-specific HRQoL PROMs to differentiate participants with 

healthy and clinically impaired scores in the concussion and control groups. Cut-off 

thresholds were derived from population-based normative data and has been reported 

elsewhere (supplemental material). We performed a series of Pearson’s 𝑥  tests to assess 

whether the proportion of concussed participants with clinically impaired HRQoL was 

different compared to the proportion of participants in the control group with clinically 

impaired HRQoL at the six-month and one-year assessments. If any cell of each 2x2 

contingency table had less than 5 expected frequencies, we performed a Fisher’s Exact test. 

Chi-square null hypothesis significant tests were two-tailed and the alpha level for this family 

of tests was set at 0.05. 

 

Applying the same dichotomised threshold as for the Pearson’s 𝑥  square tests, we performed 

a Bayesian frequency distribution analysis to compare the proportion of participants in the 

concussion group with the proportion of participants in the control group. Given that the 

number of participants in each group was fixed based on the initially recruited sample, we 

selected an independent multinomial sampling scheme.18 For Bayesian ANOVA and 

frequency distribution analyses, we used the classification scheme offered in JASP 

(Amsterdam, The Netherlands) to consider Bayes factors as offering “anecdotal”, 

“moderate”, “strong”, “very strong”, or “extreme” relative evidence in favour of one study 

hypothesis over another.46 Null Hypothesis Significance Tests were performed in R (Austria, 

Vienna) and Bayesian analyses were conducted in JASP. 

 

4.4 RESULTS 

Fifty-two concussion participants and 52 control participants were enrolled in the study. Five 

participants were lost to follow-up in each group due to: being unable to travel to the 

university for study assessments (n = 2), (ii) being too busy to participate further in the study 

(n = 4), (iii) disinterest in participating further in the study (n = 1), and (iv) sustaining a 

repeat sport-related concussion (n = 3). Thus, 47 participants in each group completed the 

study and were included in all analyses. The concussion and control group were similar on 

baseline characteristics and timing of study assessments (Table 4.1). 
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4.4.1 Differences in clinical symptoms and condition-specific HRQoL six months and 

one-year following sport-related concussion 

The concussion group displayed similar, statistically non-significant symptom severity scores 

on the PCSS compared with the control group six months and one-year following sport-

related concussion (group-by-time: F1,92 = 0.62; p = 0.43; 𝜂  = 0.001). There was very strong 

evidence in favour of the null model (BF01 = 34.0) that no difference in symptom severity 

existed between the concussion group and the control group at the six-month and one-year 

study assessments compared with the group-by-time interaction model (Table 4.2). 

 

TABLE 4.1 Participant baseline characteristics 
 Concussion 

(n=47) 
Control 
(n=47) 

Sex, male; n (%) 34 (72.3%) 34 (72.3%) 
Age, years 22.68 (5.07) 23.81 (4.60) 
Mass, kg 80.41 (15.47) 79.34 (12.96) 
Height, cm 178.11 (10.41) 177.19 (9.03) 
Sport participation, hours/week 8.15 (3.67) 8.55 (3.42) 
Occupation status; n (%) Professional: 22 (46.8) 

Student: 25 (53.2) 
Professional: 18 (38.3) 

Student: 29 (61.7) 
Concussion history, yes; n (%) 25 (53.2) 17 (36.2) 
Migraine history, yes; n (%) 6 (12.8) 7 (14.9) 
Learning disability, yes; n (%) 5 (10.6) 1 (2.1) 
Mood disorder, yes; n (%) 7 (14.9) 3 (6.4) 
Six-month assessment, days 182.34 (8.94) 183.62 (14.25) 
One-year assessment, days 365.40 (12.94) 365.13 (10.11) 

Reported summary data represent mean and standard deviation unless stated otherwise 
 

There was a statistically significant group-by-time interaction (F1,92 = 5.83, p = 0.018, 𝜂  = 

0.014) for headache-specific HRQoL at the unadjusted (𝛼 = 0.05) but not at the adjusted 

family-wise error rate (𝛼 = 0.0083); indicating that there was no statistically significant 

difference between the concussion group and the control group at the six-month and one-year 

assessments. These data indicated moderate evidence (BF01 = 6.8) in favour of the null model 

compared with the group-by-time interaction model (Table 4.2). 

 

The concussion group exhibited similar condition-specific HRQoL scores, on average, 

compared with the control group for fatigue, neck pain, anxiety, and dizziness at the six-

month and one-year study assessments (Table 4.2). Correspondingly, the data indicated 
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strong-to-very strong evidence in favour of no difference between the concussion and control 

group at the six-month and one-year study assessments for fatigue (BF01 = 9.3), neck pain 

(BF01 = 20.0), anxiety (BF01 = 36.3), and dizziness (BF01 = 39.7) HRQoL. 

 

4.4.2 Clinically impaired condition-specific HRQoL scores six months and one-year 

following sport-related concussion 

There was a minority concussion (≤ 17%) and control (≤ 15%) participants with clinically 

impaired condition-specific HRQoL scores at the six-month and one-year study assessments, 

with the exception of clinically impaired fatigue-specific HRQoL (Table 4.3). Greater 

frequencies of concussion (31.9% and 40.4%) and control (44.7% and 42.6%) participants 

reported clinically impaired fatigue-specific HRQoL on the FSS than on other condition-

specific HRQoL PROMs at the six-month and one-year assessments, respectively. 

 
TABLE 4.2 Clinical symptoms and condition-specific HRQoL outcome data for 

concussion and control groups 
Outcome Time Concussion 

(n = 47) 
Control 
(n = 47) 

Group-by-time interaction 
(F-statistic, p-value, 휼흆

ퟐ, 
BF01) 

PCSS SSS Six months 8.26 (9.64) 6.26 (6.77) F1,92 = 0.62, p = 0.43,  
𝜂  = 0.001, BF01 = 34.0 One year 8.51 (12.14) 7.83 (8.03) 

HIT-6 Six months 40.47 (4.92) 42.68 (6.51) F1,92 = 5.83, p = 0.018,  
𝜂  = 0.014, BF01 = 6.8 One year 41.83 (6.45) 41.30 (5.17) 

FSS Six months 2.45 (1.18) 2.82 (1.31) F1,92 = 2.68, p = 0.11,  
𝜂  = 0.004, BF01 = 9.3 One year 2.70 (1.20) 2.78 (1.30) 

NDI Six months 1.55 (2.50) 1.45 (2.28) F1,92 = 2.06, p = 0.15,  
𝜂  = 0.004, BF01 = 20.0 One year 1.91 (2.89) 1.15 (2.23) 

GAD-7 Six months 1.64 (2.26) 1.74 (2.32) F1,92 = 0.002, p = 0.96,  
𝜂  = 0.000004, BF01 = 36.3 One year 1.98 (2.51) 2.06 (3.51) 

DHI Six months 1.57 (5.11) 0.77 (2.52) F1,92 = 0.09, p = 0.76,  
𝜂  = 0.0002, BF01 = 39.7 One year 1.83 (4.79) 1.23 (3.11) 

Reported summary data represent mean and standard deviation.  
PCSS SSS, Post-Concussion Symptom Scale Symptom Severity Scale; HIT-6, Headache Impact Test-6; FSS, 
Fatigue Severity Scale; NDI, Neck Disability Index; GAD-7, Generalised Anxiety Disorder-7; DHI, Dizziness 
Handicap Inventory. BF01 = Bayes factor in favour of the null model of no difference between the concussion 

and control groups. 
 

There were no statistically significant differences between the proportion of concussion and 

control participants with clinically impaired scores on any condition-specific HRQoL PROM 

at the six-month or one-year study assessments. At the six-month study assessment, there was 
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moderate evidence in favour of no difference between the proportion of concussion and 

control participants with clinically impaired headache-specific HRQoL (BF01=3.9, p=0.34). 

Similarly, there was moderate evidence in favour of the null hypothesis over the alternative 

hypothesis for the proportion of concussion and control participants with clinically impaired 

neck pain- (BF01=6.2, p=1.00), anxiety- (BF01=3.9, p=0.80), and dizziness-specific 

(BF01=9.2, p=1.00) HRQoL (Table 4.3). For fatigue-specific HRQoL, the data were 1.8 times 

more likely under the null model than the alternative hypothesis (BF01=1.8, p=0.20), 

indicating only anecdotal evidence in favour of the null hypothesis. 

 

At the one-year study assessment, there was moderate evidence in favour of the null model 

stating no difference between the proportion of participants in the concussion and control 

groups with clinically impaired headache- (BF01=5.4, p=0.77), fatigue- (BF01=3.9, p=0.83), 

neck pain- (BF01=5.8, p=0.75), anxiety- (BF01=5.5, p=1.00), and dizziness-specific 

(BF01=3.7, p=0.36) HRQoL (Table 4.3).
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TABLE 4.3 Frequency and proportion of participants in the concussion group and the control group who exhibited healthy and 
clinically impaired condition-specific HRQoL scores 

  Six months One-year 
Outcome Concussion 

n, (%) 
Control  
n, (%) 

흌ퟐ(𝒅𝒇); p-value;  
lnOR (95%CrI); BF01 

Concussion 
n, (%) 

Control 
n, (%) 

흌ퟐ(𝒅𝒇); p-value;  
lnOR (95%CrI); BF01 

Headache 
HRQoL 
(HIT-6) 

Healthy (≤49) 
 

43 (91.5%) 40 (85.1%) 𝜒 (1)=0.93; p=0.34; 
lnOR 0.57 (-0.64, 1.89); 

BF01=3.9 

40 (85.1%) 41 (87.2%) 𝜒 (1)=0.09; p=0.77;  
lnOR -0.16 (-1.31, 0.97); 

BF01=5.4 Clinical (>49) 4 (8.5%) 7 (14.9%) 7 (14.9%) 6 (12.8%) 
        

Fatigue 
HRQoL 

(FSS) 

Healthy (≤2.8) 
 

32 (68.1%) 26 (55.3%) 𝜒 (1)=1.62; p=0.20; 
lnOR 0.53 (-0.30, 1.37); 

BF01=1.8 

28 (59.6%) 27 (57.4%) 𝜒 (1)=0.04; p=0.83;  
lnOR 0.09 (-0.73, 0.89); 

BF01=3.9 Clinical (>2.8) 15 (31.9%) 21 (44.7%) 19 (40.4%) 20 (42.6%) 
        

Neck  
HRQoL 
(NDI) 

Healthy (≤4) 
 

43 (91.5%) 42 (89.4%) p=1.00*;  
lnOR 0.21 (-1.06,1.10); 

BF01=6.2;  

41 (87.2%) 42 (89.4%) 𝜒 (1)=0.10; p=0.75; lnOR 
-0.19 (-1.43, 10.04); 

BF01=5.8 Clinical (>4) 4 (8.5%) 5 (10.6%) 6 (12.8%) 5 (10.6%) 
        

Anxiety 
HRQoL 
(GAD-7) 

Healthy (≤4) 
 

39 (83.0%) 42 (89.4%) 𝜒 (1)=0.80; p=0.37; 
lnOR -0.51 (-1.68, 

0.60); BF01=3.9 

40 (85.1%) 40 (85.1%) 𝜒 (1)=0.00; p=1.00;  
lnOR 0.01 (-1.08, 1.10); 

BF01=5.5 Clinical (>4) 8 (17.0%) 5 (10.6%) 7 (14.9%) 7 (14.9%) 
        
Dizziness 
HRQoL 
(DHI) 

Healthy(≤10) 45 (95.7%) 46 (97.9%) p=1.00*; 
lnOR -0.49 (-2.70, 
1.42); BF01=9.2;  

43 (91.5%) 46 (97.9%) p=0.36*;  
lnOR -1.07 (-3.22, 0.54); 

BF01=3.7;  
Clinical (>10) 2 (4.3%) 1 (2.1%) 4 (8.5%) 1 (2.1%) 

HIT-6, Headache Impact Test-6; FSS, Fatigue Severity Scale; NDI, Neck Disability Index; GAD-7, Generalised Anxiety Disorder-7; DHI, Dizziness Handicap Inventory.  
*If the expected frequencies in any cell of each 2x2 contingency table was less than 5, we performed a Fisher’s Exact test. 

lnOR = log odds ratio; 95%CrI = 95% Credible Interval 
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4.5 DISCUSSION 

Identifying whether athletes experience reduced HRQoL after returning to routine aspects of 

their everyday life after injury is important to understand the true long-term burden of sport-

related concussion. We prospectively evaluated condition-specific HRQoL amongst amateur 

athletes who presented to a university-affiliated hospital emergency department following 

sport-related concussion compared with non-concussed, control athletes. At both the six-

month and one-year study assessments, the concussion group demonstrated similar clinical 

symptoms and condition-specific HRQoL compared with the non-concussed control group. 

In line with our primary hypothesis, approximately 15% of concussed athletes exhibited 

clinically impaired HRQoL scores across condition-specific domains six months and one-

year following injury. However, the proportion of clinically impaired athletes in the 

concussion group at each study assessment was not significantly different to the proportion of 

clinically impaired athletes in the control group, which refuted our secondary hypothesis. 

 

Approximately 85% of athletes recover within one-month following sport-related concussion 

on various clinical measures.24–26 Consequently, we considered it likely that the concussion 

group would demonstrate similar condition-specific HRQoL six months and one-year 

following sport-related concussion compared with the control group. In order to accept the 

null hypothesis that no difference existed between the concussion and the control groups, we 

performed Bayesian analyses alongside more conventional classical Null Hypothesis 

Significance Testing. The advantage of this approach was that it allowed us to confirm or 

refute, rather than only refute, between-group similarities on condition-specific HRQoL 

PROMs.35,46–48 Using this analytic approach, the data indicated moderate to very strong 

evidence in favour of no difference between the concussion group and the control group on 

symptom severity scores or any condition-specific HRQoL PROM at the six-month or one-

year assessments. This supports prior work suggesting self-perceived recovery resolution 

occurs for most individuals within the first six months following sport-related concussion.10  

 

The null findings of the current study, which support the assertion that concussed athletes 

demonstrate similar group-level HRQoL values compared with non-concussed athletes one-

year following injury, align with the overarching body of evidence in this area.21,28,32,34,49 

McGuine and colleagues performed a prospective longitudinal study of high school student-

athletes participating in contact sports that evaluated HRQoL at baseline (n = 2,159) through 

one-year following sport-related concussion (n = 125).28 No significant differences were 
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observed between the concussion group’s HRQoL at one-year and their pre-concussion 

HRQoL or compared with the HRQoL of non-concussed, control athletes.28 Similarly, when 

correcting for multiple comparisons within four studies in a systematic review of HRQoL 

one-year after concussion, there were no significant differences in physical and psychosocial 

HRQoL between patients with concussion and a non-concussed control group.10,11 A small 

but notable minority of individuals experience prolonged HRQoL impairments up to, and 

beyond, one-year following sport-related concussion.14,28,32,34,39,49 McGuine et al. reported 

that approximately six percent of student-athletes reported meaningfully worse HRQoL one-

year following sport-related concussion compared with preinjury HRQoL.28 Qualitative 

studies evaluating the lived experiences of student-athletes at least one-year following sport-

related concussion have documented that concussion affected the long-term emotional and 

social functioning of only a small proportion (~5-10%) of athletes.4,39 Crucially, our study 

observed that this minority of concussed participants is comparable to the proportion of non-

concussed participants who experience impaired HRQoL across condition-specific domains. 

 

Although a minority of athletes report persistent condition-specific HRQoL impairments 

following sport-related concussion, determining whether or not HRQoL impairments would 

be present in the athlete even if the sport-related concussion had not occurred is challenging. 

Individuals who experience persistent issues following sport-related concussion often present 

as a complex clinical case that requires detailed inter-disciplinary management. Their 

perceptions of the effects of their concussion-associated impairments on their HRQoL may 

be influenced by a variety of factors. Numerous pre-existing factors, such as prior concussion 

history, psychiatric history, history of mental health issues, and neurodevelopmental 

disorder,1,9,16,33 may interact with sport-related concussion (and its associated impairments) in 

a dynamic and non-linear manner to predispose individuals with unique patterns of 

prognostic factors to an increased risk of persistently impaired, or frequently exacerbated, 

HRQoL.2,50 Following sport-related concussion, maladaptive coping strategies, insufficient 

levels of resilience, and general life stressors that occur secondary to, or that are even 

completely independent of concussion, are associated with stress and emotional disturbances 

that can interfere with recovery and influence perceptions of post-injury disability.37  

 

An athlete’s risk of developing persistent HRQoL impairments following sport-related 

concussion may fluctuate over time due to the modifiable nature of risk factors that amplify 

and mitigate their susceptibility to experience impaired HRQoL.2,15 Adaptations may be 
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produced by the athlete, such as positively transitioning one’s coping style from passive to 

active,38 to alter their susceptibility to impaired HRQoL following sport-related 

concussion.2,29 Condition-specific HRQoL may still be useful to clinicians who wish to 

identify, longitudinally monitor, and inform the early management of athletes who perceive 

that specific concussion-associated impairments are affecting physical, social, and 

psychological aspects of their health.42 

 

4.5.1 Limitations 

We included a matched, non-concussed control group in the current study as a comparator. 

This control group did not report the presence of musculoskeletal injuries or disease at the 

beginning of the study. Considering that HRQoL of injured and non-injured athletes may 

differ, including only a non-injured control group in the current study may introduce a 

selection bias against the null hypothesis. The current study did not include a pre-injury 

assessment of concussed individuals. As a result, it was not possible to determine whether 

individual participants had HRQoL that, although seeming impaired, actually reflected their 

own personal baseline six months and one-year following sport-related concussion. 

 

We used condition-specific HRQoL PROMs to investigate participants’ perceptions of the 

effects of concussion-associated impairments on their HRQoL. There is not yet a concussion-

specific HRQoL PROM and we implemented established condition-specific HRQoL 

measures that we felt represented typical concussion-associated impairments (e.g., post-

traumatic headache, global fatigue, neck pain, etc.). As a result, psychometric properties of 

these HRQoL PROMs (e.g., minimal clinically important difference) have not been 

established in a concussion population. 

 

4.6 CONCLUSION 

We prospectively investigated the condition-specific HRQoL of amateur athletes six months 

and one-year after presenting to a university-affiliated hospital emergency department within 

one-week following sport-related concussion. At both the six-month and one-year study 

assessments, the concussion group reported similar clinical symptom severity and condition-

specific HRQoL compared with the matched, non-concussed control group. The proportion 

of clinically impaired athletes in the concussion group was similar to the proportion of 

clinically impaired athletes in the control group at both the six-month and one-year study 

assessments. The complex and multi-factorial development of persistently impaired HRQoL 
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following sport-related concussion necessitates highly powered, multi-centre cohort studies 

to investigate patterns of prognostic factors that may result in prolonged recovery. 
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4.8 SUPPLEMENTAL MATERIAL 

Participant Demographic Information 

We collected the following demographic information, which might be mediators of the 

association between sport-related concussion and the duration of clinical recovery, from 

concussion and control participants: medically diagnosed concussion history, migraine 

history, diagnosed attention disorder or learning disability, history of diagnosed anxiety or 

depression. We ascertained concussion history by asking participants whether they had 

sustained a previously medically diagnosed sport-related concussion. Migraine history was 

ascertained by asking participants whether they had experienced a history of physician-

diagnosed migraines. Diagnosed attention disorder or learning disability was ascertained by 

asking study participants whether they had ever been medically diagnosed with an attention 

disorder (e.g., ADD or ADHD) or a learning disability (e.g., dyslexia). History of diagnosed 

anxiety or depression was ascertained by asking study participants whether they had ever 

been medically diagnosed with anxiety or depression. Additionally, hours of weekly sporting 

participation was ascertained by asking participants to report the average number of hours in 

which they participate in organised sports competition or practice each week. 

 

Study outcome measures 

Post-Concussion Symptom Scale 

The Post-Concussion Symptom Scale (PCSS) is a 22-item standardised, self-report scale that 

evaluates concussion-related physical, emotional, cognitive, and sleep difficulty symptoms.11 

Participants rate the frequency and severity of symptoms (“zero” = no symptom; “six” = 

highest possible severity) based on the presence and greatest severity of each symptom over 

the 24 hours preceding the assessment. Symptom frequency is multiplied by symptom 

severity to calculate a symptom severity score (minimum = 0; maximum = 132). The PCSS 

possesses excellent internal consistency (𝛼 = 0.88-0.94), acceptable test-retest reliability (ICC 

= 0.62), and a clinically useful minimal clinically important difference (MCID = 6.8 points) 

to inform meaningful patient recovery over time.6,11,14 

 

Headache Impact Test-6 (HIT-6) 

The Headache Impact Test-6 (HIT-6) is a six-item, condition-specific PROM that assesses 

patients’ perceptions of the effects headache on health-related quality of life (HRQoL) 

domains including social functioning and cognitive functioning, pain, vitality, and 

psychological distress.7 The HIT-6 is rated on a five-point Likert scale (i.e., “never” = 6; 
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“rarely” = 8; “sometimes” = 10; “very often” = 11; “always” = 13). Participant scores range 

from 36 to 78, with higher scores representing greater perceived effects of headache on 

HRQoL.7 Patient subgroups have been identified to interpret the severity of headache impact 

of HRQoL: “Little-to-no impact” = 36–49; “Some impact” = 50–55; “Substantial impact” = 

56–59; “Severe impact” = >60.7 The HIT-6 has demonstrated validity in numerous clinical 

populations,15,21 and has been administered previously in sport-related concussion 

research.2,10 

 

Fatigue Severity Scale 

The Fatigue Severity Scale (FSS) evaluates the effects of fatigue disability on physical, 

social, and cognitive functioning.4 The FSS contains nine statements about fatigue with each 

item answered by participants on a seven-point Likert scale ranging from 1 (e.g., “Strongly 

disagree”) to 7 (i.e., “Strongly agree”). Participant scores range from 1 to 7, with higher 

scores representing greater perceived impact of fatigue on HRQoL. The FSS was developed 

to evaluate fatigue disability in rheumatology populations,9 but has been applied to and 

validated in diverse patient cohorts.1,4 The FSS has demonstrated excellent internal 

consistency (α=0.89–0.94) and clinical responsiveness to change across clinical populations.9 

The mean of the FSS in healthy adults is 2.3 (99.9%CI 1.8-2.8).1 

 

Neck Disability Index 

The Neck Disability Index (NDI) is a 10-item patient-reported outcome measure (PROM) 

that evaluates patient-reported functional disability in individuals with neck pain.19 The NDI 

assesses a variety of functional domains including personal care, work, driving, and sleeping. 

NDI items are rated on a 6-point Likert scale (0=“no function limitation”; 5=“functional 

inability”), with a maximum score of 50.18,19 The NDI demonstrates good-to-excellent 

psychometric properties in clinical populations experiencing neck pain and whiplash-

associated disorder,13,20 and possesses a MCID of 3.5 points in patients with neck pain.16 

Scoring interpretation of the NDI comprises five categories: “None” = 0–4; “Mild” = 5–14; 

“Moderate” = 15–24; “Severe” = 25–34; “Complete” = >34.19 

 

Generalised Anxiety Disorder-7 

The Generalised Anxiety Disorder-7 (GAD-7) is a seven-item PROM that identifies, and 

quantifies the burden of, generalised anxiety disorder.17 GAD-7 items are rated on a 4-point 

Likert scale that assesses the frequency with which respondents experience anxious 
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behaviours and thoughts in the preceding two weeks (0=“not at all”; 3=“nearly every day”).8 

The maximum score possible on the GAD-7 is 21. The GAD-7 has demonstrated excellent 

internal consistency (α=0.89-0.92),12,17 good inter-session reliability (ICC=0.83),17 and 

discriminative thresholds to differentiate patients with mild (5 points), moderate (10 points), 

and severe (15 points) generalised anxiety disorder.17 

 

Dizziness Handicap Inventory 

The Dizziness Handicap Inventory (DHI) is a 25-item PROM that assesses patients’ 

perceptions of the effects of dizziness on physical, emotional, and functional HRQoL.3 

Participants provide one of three responses (“Yes”=4 points; “Sometimes”=2 points, or; 

“No”=0 points) to each item to rate their physical, emotional, and functional capacity in the 

presence of dizziness. Increasing DHI scores reflect greater perception of dizziness handicap, 

with a score of 100 indicating maximal dizziness-induced disability. The DHI has 

demonstrated good-to-excellent test-retest reliability, internal consistency (α=0.77–0.94), and 

a MCID of 18 points.3 A DHI score greater than 10 has been proposed to indicate a minimum 

cut-off threshold to refer for more detailed vestibular examination and rehabilitation.5 
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Supplemental table 4.1 Statistical output from mixed design (between-within) ANOVA 

Outcome Effect F-statistic p-value 휼흆
ퟐ 

PCSS SSS Group F1,92 = 0.59 p = 0.44 𝜂  = 0.005 
Time F1,92 = 1.20 p = 0.28 𝜂  = 0.002 
Group*time F1,92 = 0.62 p = 0.43 휼흆

ퟐ = 0.001 
HIT-6 Group F1,92 = 0.63 p = 0.43 𝜂  = 0.005 

Time F1,92 = 0.0004 p = 0.99 𝜂  = 0.000001 
Group*time F1,92 = 5.83 p = 0.018 휼흆

ퟐ = 0.014 
FSS Group F1,92 = 0.88 p = 0.35 𝜂  = 0.008 

Time F1,92 = 1.52 p = 0.22 𝜂  = 0.002 
Group*time F1,92 = 2.68 p = 0.11 휼흆

ퟐ = 0.004 
NDI Group F1,92 = 0.90 p = 0.34 𝜂  = 0.008 

Time F1,92 = 0.02 p = 0.89 𝜂  = 0.00004 
Group*time F1,92 = 2.06 p = 0.15 휼흆

ퟐ = 0.004 
GAD-7 Group F1,92 = 0.04 p = 0.85 𝜂  = 0.0003 

Time F1,92 = 2.04 p = 0.16 𝜂  = 0.004 
Group*time F1,92 = 0.002 p = 0.96 휼흆

ퟐ = 0.000004 
DHI Group F1,92 = 0.87 p = 0.35 𝜂  = 0.008 

Time F1,92 = 1.07 p = 0.30 𝜂  = 0.002 
Group*time F1,92 = 0.09 p = 0.76 휼흆

ퟐ = 0.0002 
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Supplemental table 4.2 Bayesian mixed-design (between-within) ANOVA 

Outcome Model P(M) P(M|data) BFM BF01 

 
PCSS 

Null model 0.200 0.562 5.131 1.000 
Main effects (Group + Time) 0.200 0.058 0.244 9.757 
Interaction (Group x Time, incl. effects) 0.200 0.017 0.068 33.414 

 
HIT-6 

Null model 0.200 0.585 5.640 1.000 
Main effects (Group + Time) 0.200 0.032 0.132 18.280 
Interaction (Group x Time, incl. effects) 0.200 0.088 0.388 6.616 

 
FSS 

Null model 0.200 0.483 3.732 1.000 
Main effects (Group + Time) 0.200 0.075 0.325 6.419 
Interaction (Group x Time, incl. effects) 0.200 0.053 0.222 9.167 

 
NDI 

Null model 0.200 0.598 5.959 1.000 
Main effects (Group + Time) 0.200 0.039 0.162 15.329 
Interaction (Group x Time, incl. effects) 0.200 0.022 0.089 27.513 

 
GAD-7 

Null model 0.200 0.531 4.536 1.000 
Main effects (Group + Time) 0.200 0.066 0.282 8.060 
Interaction (Group x Time, incl. effects) 0.200 0.014 0.059 36.687 

 
DHI 

Null model 0.200 0.548 4.849 1.000 
Main effects (Group + Time) 0.200 0.062 0.262 8.903 
Interaction (Group x Time, incl. effects) 0.200 0.015 0.059 37.776 
r scale fixed effects = 0.5; r scale random effect = 1; r scale covariates = 0.354
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5.1 ABSTRACT 

Objective: To estimate the times taken to receive clearance to return-to-sporting activity and 

return-to-pre-injury level sport following sport-related concussion, and to estimate the 

proportion of athletes who were participating at their pre-injury level of sport six months and 

one-year following sport-related concussion. 

Design: Prospective cohort study. 

Method: Amateur, adult athletes (16-38 years old) were diagnosed with sport-related 

concussion at a university-affiliated emergency department hospital. Participants were 

assessed within one-week following sport-related concussion, upon medical clearance to 

return-to-sporting activity, two weeks following return-to-sporting activity, six months 

following sport-related concussion, and 12 months following sport-related concussion. We 

assessed sex-, age-, and activity-matched non-concussed, control participants at matched 

time-points. Participants were asked at each study assessment whether they were 

participating in any sport, in a different sport than before their sport-related concussion, in the 

same sport but at a lower performance level than before their sport-related concussion, or in 

the same sport at the same level of performance than before their sport-related concussion. 

Results: Fifty concussed athletes and 50 control athletes completed the study. The median 

times taken to receive clearance to return-to-sporting activity and to return-to-perceived 

preinjury level sport following sport-related concussion were 13 days (95%CI = 12, 16) and 

30 days (95%CI = 27, 32), respectively. Twelve months following sport-related concussion, 

52% of athletes reported that they were no longer participating in the same sport at the same 

level of performance as they were before their sport-related concussion, compared with only 

24% of athletes in the control group. 

Conclusions: A greater percentage of athletes in the concussion group were not participating 

at their pre-injury level of performance one year following sport-related concussion 

compared with the control group.  



 227 

5.2 INTRODUCTION 

Many recreational, amateur, and elite athletes who sustain significant orthopaedic injuries 

struggle to return to their pre-injury levels of sporting performance.1,2 For example, one out 

of every three recreational- and competitive-level athletes do not return to their pre-injury 

level of sport following anterior cruciate ligament (ACL) injury.2 Consequently, coaches, 

healthcare professionals, and athletes themselves are particularly interested in this topic.2,3 A 

myriad of physical, emotional, psychological, and social factors may interact in the year 

following orthopaedic injury to influence athletes’ return to, and maintenance of, their pre-

injury level of sport.2,4–6  

 

Very little is known about the return to and maintenance of pre-injury level sport by amateur 

athletes following sport-related concussion. Approximately 75% of collegiate and 

professional athletes are deemed ready to return-to-sport within two weeks following sport-

related concussion.7,8 However, upon return-to-play some professional athletes have 

temporarily impaired sporting performance (e.g., adjusted plus-minus National Hockey 

League [NHL] scores and lower batting averages and decreased on-base percentages in 

Major League Baseball [MLB]) up to six weeks after sport-related concussion.9–12 Many 

factors (e.g., psychological responses, medical care, and social support)13–15 may influence 

athletes’ time taken to return to pre-injury level sport and also their sustained participation at 

pre-injury levels of sport after they have returned following sport-related concussion. As 

such, it is important for many athletes who have sustained a sport-related concussion, and for 

healthcare providers, to set a goal of returning to the sport(s) and activities in which they 

were participating prior to injury. Examining the time taken by athletes to return to their pre-

injury level of sport following sport-related concussion and estimating the proportion of 

athletes who, after returning to sport, are no longer participating at their pre-injury level one-

year following sport-related concussion is an important step to inform strategies that may 

prevent post-injury attrition from sport. 

 

We aimed to estimate the time taken by amateur athletes to (i) receive clearance to return-to-

sporting activity, and (ii) return to pre-injury level sport following sport-related concussion. 

Consistent with return-to-play timelines across the sport-related concussion literature,16 we 

anticipated that the majority of concussed athletes would receive clearance to return-to-

sporting activity within three weeks following injury. Additionally, we aimed to estimate the 

proportion of amateur athletes who, despite returning to pre-injury level sport, were no longer 
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participating at their pre-injury level of sport one year following sport-related concussion. 

Because this was an exploratory study, no a priori hypotheses were formulated. 

 

5.3 METHODS 

This study received ethical approval from the institutional Human Resources Ethics 

Committee for Life Sciences at University College Dublin, Ireland. Study design, conduct, 

analysis, and results are reported according to the STatement for Reporting OBsErvational 

studies.17 The funding source of the current research had no input in the design, conduct, 

analysis, and/or reporting of the current research. 

 

5.3.1 Participant Identification and Recruitment 

Concussed patients were recruited through the emergency department of a national, 

university-affiliated, teaching hospital. Patients were diagnosed with sport-related concussion 

by an emergency medicine physician using the injury definition and diagnostic criteria 

established by the 5th Concussion in Sport Consensus Statement.18 We defined sport-related 

concussion as a traumatic brain injury sustained during recreational or competitive sports 

participation and caused by a direct blow to the head, face, neck or elsewhere on the body 

with an impulsive force transmitted to the head and manifesting in transiently altered mental 

status.18 

 

We included patients who attended the emergency department with a sport-related 

concussion and were 16-40 years old. We excluded patients who reported sustaining a 

concussion in the preceding 12 months; a history of greater than three lifetime concussions; 

loss of consciousness greater than one minute following the current concussion, a lower 

extremity physical injury or complaint in the preceding 12 months that resulted in at least 24 

hours of missed training and/or match-play from midnight at the end of the day that the 

physical complaint was sustained, or; a history of vestibular disorder. Sex-, age-, and activity-

matched, non-concussed control participants were recruited through study advertisements 

across competitive and intramural athletic teams in the university and surrounding geographic 

area. The above exclusion criteria were also applied to control participants. Study participants 

were recruited over a 20-month rolling time-period from January 2017 until August 2018. 
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5.3.2 Assessment Timeline 

Participants attended a university school of public health for a study assessment (i) within 

one-week following sport-related concussion; (ii) upon medical clearance to return-to-

sporting activity (RTA); (iii) two weeks following RTA; (iv) six months following sport-

related concussion, and; (v) one-year following sport-related concussion. Control participants 

were assessed at an initial time-point and subsequently tested approximately two weeks, four 

weeks, six months, and one-year following their initial assessment. 

 

Concussed participants were medically cleared to RTA by physicians who were independent 

of the current observational study. We defined medical clearance to RTA as clearance of the 

concussed athlete by an emergency department physician, family physician/general 

practitioner, or sport and exercise medicine physician to initiate organised sporting activity 

following sport-related concussion. RTA criteria were physician-specific and comprised 

time-dependent (such as ensuring that the athlete complied with a mandatory rest period) and 

criterion-dependent (such as a symptom-limited rest period) approaches that were not 

standardised across all study participants. Return-to-sporting activity decision-making was at 

the discretion of the clearing physician. For example, some physicians may have immediately 

cleared athletes to return to unrestricted sporting activity, whereas other physicians may have 

instructed athletes to return to sporting activity in a progressive manner in line with a 

graduated return-to-play protocol. Physicians typically recommended athletes’ return to 

sporting activity using a stepwise protocol that commenced with low-intensity and low-

volume aerobic activity and gradually increased in volume and intensity over time to 

integrate sport-specific activity. 

 

5.3.3 Participant Demographic Information 

We collected the following demographic information, some of which may mediate the 

relationship between sport-related concussion and duration of clinical recovery, from 

concussion and control participants: medically diagnosed concussion history, migraine 

history, diagnosed attention disorder or learning disability, history of diagnosed anxiety or 

depression. We ascertained concussion history by asking participants whether they had 

sustained a previously medically diagnosed sport-related concussion. Migraine history was 

ascertained by asking participants whether they had experienced a history of physician-

diagnosed migraines. Diagnosed attention disorder or learning disability was ascertained by 

asking study participants whether they had ever been medically diagnosed with an attention 
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disorder (e.g., ADD or ADHD) or a learning disability (e.g., dyslexia). History of diagnosed 

anxiety or depression was ascertained by asking study participants whether they had ever 

been medically diagnosed with anxiety or depression. 

 

5.3.4 Patient Outcomes 

Following clearance of concussed participants to RTA, participants were asked at subsequent 

assessments whether they were participating in any sport or exercise, in a different sport or 

exercise than before their sport-related concussion, in the same sport or exercise but at a 

lower performance level than before their sport-related concussion, or in the same sport or 

exercise at the same or higher level of performance than before their sport-related concussion 

(supplemental table 1).19 These levels of perceived participation in pre-injury level sport 

following sport-related concussion were adapted from a research letter by Wörner and 

colleagues that anecdotally proposed levels of return to sport following hip arthroscopy.19 For 

concussed participants, we considered the sport in which the sport-related concussion was 

sustained as the primary sport. Similarly, control participants were asked at six months and 

one-year whether they were participating in any sport or exercise, in a different sport or 

exercise compared with their first assessment, in the same sport or exercise but at a lower 

performance level than at their first assessment, or in the same sport or exercise at the same 

or higher level of performance than at their first assessment. If control participants 

participated regularly in more than one sport upon enrolment in the study, we asked them to 

select their primary sport. If longitudinal follow-up at six or 12 months occurred out of 

season (e.g., during the preseason, mid-season break, or after the season had ended), athletes 

were requested to provide the answer that was most accurate if they were in-season at that 

time. Between study assessments participants were contacted weekly by a study investigator 

and asked if they had returned to their pre-injury level of sport, and if so, to provide the date 

of return to pre-injury level sport. 

 

5.3.5 Statistical Analyses 

Summary data are presented as means and standard deviations for continuous variables and 

as frequencies (n) and percentages (%) for dichotomous variables. We performed a Kaplan 

Meier analysis to estimate the median (i) time-to-receive medical clearance to RTA and (i) 

time-to-return to perceived pre-injury level sport following sport-related concussion.20 

Participants for whom time-to-clearance to RTA or time-to-return to preinjury level sport 

could not be accounted (due to loss to follow-up, missing data, or unclear event status) were 
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right censored in the analysis.21 We visualised the cumulative occurrence of both events over 

time only in the concussion group using Kaplan Meier plots (supplemental material). 

 

To determine whether athletes sustained their level of sporting participation following return-

to-preinjury level sport after sport-related concussion, we estimated the proportion of amateur 

athletes who were participating at their pre-injury level of sport six months and one-year 

following sport-related concussion. We constructed upper and lower 95% Confidence 

Interval bounds around proportion estimates using the following formula: 

95%𝐶𝐼 = 𝑝 ± 𝑧 × √
𝑝(1 − 𝑝)

𝑛  

...where 𝑝 is the proportion estimate of interest, 𝑛 is the numeric denominator value of the 

calculated fraction, and 𝑧 represents the z-value for a two-tailed 95% Confidence Interval. 

We performed 𝑥  analyses to determine whether the proportion of individuals who were 

participating at their pre-injury level sport six and one-year following sport-related 

concussion were different in the concussion group compared with the control group. 

Statistical analyses were performed using RStudio. 

 

5.4 RESULTS 

Fifty-two concussion patients and 52 control participants were eligible to participate, 

provided informed consent, and enrolled in the study. Two participants in each group were 

lost to follow-up and excluded from the study. Fifty concussed athletes and 50 sex-, age-, and 

activity-matched control athletes (Table 5.1), who were similar on collected demographic 

characteristics, completed the study. Assessment timepoints were similar between groups 

(Table 5.1). 

 

5.4.1 Time-to-return to sporting activity and to pre-injury level sport 

The median time-to-receive clearance to RTA following sport-related concussion was 13 

days (95%CI=12,16). By 21 days following sport-related concussion, 96% (95%CI =84.4%, 

98.7%) of athletes had been cleared to RTA (Figure 5.1). However, only 10.6% 

(95%CI=1.4%,19%) of athletes had returned to their perceived pre-injury level of sport by 

this time. The median time to return-to-preinjury level of sport following sport-related 

concussion was approximately 30 days (95%CI=27,32). By 40 days following sport-related 

concussion, 91.5% (95%CI=78.3%,96.7%) of athletes had returned to their perceived pre-
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injury level of sport (Figure 5.1). By 50 days following sport-related concussion, only 97.9% 

(95%CI=85.2%,99.7%) of athletes had returned to pre-injury level of sport. 

 

TABLE 5.1 Participant characteristics 
Participant Characteristics Concussion Control 
Sex, male; n (%) 36 (72) 36 (72) 
Age, years 22.9 (5.1) 23.8 (4.6) 
Body mass, kg 78.1 (17.1) 77.8 (13.5) 
Height, cm 175.9 (11.1) 176.4 (10.1) 
Hours of sporting participation per week, hours 8.4 (3.7) 8.5 (3.4) 
Concussion history, yes; n (%) 26 (52.0) 18 (36.0) 
Migraine history, yes; n (%) 7 (14.0) 7 (14.0) 
History of learning disability, yes; n (%) 6 (12.0) 1 (2.0) 
History of mood disorder, yes; n (%) 8 (16.0) 4 (8.0) 
Timepoint one (<one week), days 4.31 (1.7) N/A (N/A) 
Timepoint two (RTA clearance), days 14.1 (4.4) 14.4 (3.4)a 
Timepoint three (two weeks after RTA), days 30.0 (7.4) 31.5 (6.9)a 
Timepoint four (six months), days 182.4 (8.9) 183.8 (14.4)a 
Timepoint five (one year), days 365.9 (13.4) 364.6 (9.4)a 
Time from concussion to RTA, days 13.4 (5.0) N/A (N/A) 
Note: Mean (SD) unless otherwise stated. Variable definitions provide in supplemental file. 

aControl group are measured by the number of days since their first study assessment timepoint. 
 

5.4.2 Participation in pre-injury level sport six months and one-year in the concussion 

and control groups 

Six months following sport-related concussion, only 48% of athletes were participating in the 

same sport at the same, or at a higher, level of performance compared with before their sport-

related concussion, whereas 90% of non-concussed, non-injured control athletes were still 

participating at least at the same level of performance as reported in their initial study 

assessment (𝑥 (3)=21.2, p<0.0001). Thirty-four percent of the concussion group were 

participating in the same sport as before sport-related concussion but at a lower performance 

level. In the non-injured control group, 6% of athletes reported that they were still 

participating in the same sport as reported in their initial assessment but at a lower level of 

performance (Table 5.2).
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FIGURE 5.1 Time-to-clearance to return-to-sporting activity and time-to-return to pre-

injury level sport following sport-related concussion 
 

One-year following sport-related concussion, 48% of athletes reported participating in the 

same sport at the same or at a higher level of performance compared with before sport-related 

concussion. In the non-injured control group, 76% of athletes reported that they were still 

participating in the same sport and at the same or higher level of performance compared with 

the level of performance they reported in their first study assessment (𝑥 (3)=14.0, p=0.003). 

Thirty-four percent of athletes were participating in the same sport but at a lower 

performance level compared with before their sport-related concussion, whereas 10% of non-

injured control athletes reported participating in the same sport as reported in their initial 

assessment, albeit at a lower level of performance (Table 5.2). Ten percent of concussed 

athletes were not participating in any sport or exercise one-year following sport-related 

concussion. No athlete in the non-injured control group reported withdrawing from all 

participation in sport or exercise one-year after initiating the study (Table 2).
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TABLE 5.2 Participation in pre-injury level sport after clearance to return-to-sporting 
activity following sport-related concussion 

Timepoint Group 
Levels of participation after return-to-sport  

0, % 
(95%CI) 

1, % 
(95%CI) 

2, % 
(95%CI) 

3, % 
(95%CI) 

Six months 
Concussion 

6.0%  
(0.0%, 12.6%) 

12.0%  
(3.0%, 21.0%) 

34.0%  
(20.9%, 47.1%) 

48.0%  
(34.2%, 61.8%) 

Control 
0% 

(0.0%, 0.0%) 
4.0% 

(0.0%, 9.4%) 
6.0% 

(0.0%, 12.6%) 
90.0% 

(81.7%, 98.3%) 

One-year 
Concussion 

8.0% 
(0.4%, 15.5%) 

10.0% 
(1.7%, 18.3%) 

34.0% 
(20.7%, 47.1%) 

48.0% 
(34.2%, 61.8%) 

Control 
0% 

(0.0%, 0.0%) 
14.0% 

(4.3%, 23.6%) 
10.0% 

(1.6%, 18.3%) 
76.0% 

(64.2%, 87.8%) 
Note: Level 3, Participating in the same sport or exercise at same or higher performance level than before sport-

related concussion; Level 2, Participating in the same sport or exercise but at a lower performance level than 
before sport-related concussion; Level 1, Participating in a different sport or exercise than before sport-related 

concussion; Level 0 = Not participating in any sport or exercise. 
 

5.5 DISCUSSION 

Researchers usually focus on an athlete’s time to return-to-sport following athletic injury but 

not necessarily the time to return to the athlete’s perceived level of pre-injury participation 

and functioning following injury. We prospectively investigated the time to receive clearance 

to RTA and the time to return to perceived pre-injury level sport amongst amateur athletes 

who presented to a university-affiliated hospital emergency department following sport-

related concussion. In the current study, the median times to receive clearance to RTA and to 

return-to-perceived pre-injury level sport following sport-related concussion sport were 13 

and 30 days, respectively. All athletes were cleared to RTA (within 25 days) following sport-

related concussion, and within 50 days 98% of athletes reported that they had returned to 

their perceived preinjury level sport. However, at six months and at one-year following sport-

related concussion, approximately half of concussed athletes indicated that they were 

participating at a lower level of sport compared with before their sport-related concussion. 

Athletes’ perceived participation in the same sport at the same level of pre-injury 

performance one-year following sport-related concussion was different compared with the 

non-concussed, non-injured control group. The concussion group had a larger percentage of 

very elite athletes than the control group, which might have contributed to this finding. 

 

In Ireland, there is a mandatory “stand-down” period for amateur youth and adult rugby 

union players following sport-related concussion. This policy, introduced by the Irish Rugby 

Football Union, necessitates that amateur youth and adult rugby union players cannot initiate 
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a stepwise, graduated return-to-play protocol until at least 14 days following sport-related 

concussion.18 The objective of this conservative, convalescent period is to allow adequate 

time for appropriate healing following sport-related concussion and to minimise the high risk 

of repeat concussion that exists when participating in contact sport in the initial weeks 

following sport-related concussion.22 Once initiated, the stepwise graduated return-to-play 

protocol takes at least 6 days and requires medical clearance before an athlete can return to 

competitive sport. Although this mandatory, “stand-down” period applies strictly to amateur 

rugby union players in Ireland, it may have been adopted and applied by many physicians 

who manage concussed athletes participating in other contact and collision sports, and thus 

may have influenced the timing of RTA and return to preinjury level sport in our study. 

 

All study participants presented to a university-affiliated hospital emergency department 

following their injury. Emergency care-seeking behaviour may be associated with a greater 

risk of prolonged recovery following sport-related concussion compared with concussed 

athletes presenting to some other points of healthcare entry, including primary care and 

private or university-affiliated sports medicine centers.23 Individuals who present to the 

emergency department following sport-related concussion may represent a unique cohort 

who lack private healthcare, cannot avail of medical services through elite- or varsity-level 

athletics, have more severe symptoms, or who are concerned about a more serious injury to 

the brain. Whether this possible elevated risk of prolonged recovery applies to all emergency 

department cases of sport-related concussion, or only to patients who seek emergency care 

only after their concussion symptoms persist beyond their expectations, remains unclear.24 

Regardless, the emergency department presentation status of our sample may be an important 

modifier of recovery and RTA following concussion. 

 

Amateur sports teams in Ireland rarely have a specific team or resident club physician who 

manages players following sport-related concussion. This approach differs from U.S. high 

school, varsity, or professional athletics settings, wherein injured athletes are managed 

through daily, or at the very least, weekly, contact with a clinician, such as an athletic trainer 

who provides care directly for the athletes on a specific sports team. In the current study, 

physicians may have been particularly cautious when clearing athletes to RTA, which may 

reflect the practice patterns of physicians managing athletes with whom they have irregular 

contact following sport-related concussion. Potentially cautious RTA decision-making may 

partly explain the median 30-day return-to-preinjury level sport timeline of concussed 
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participants in the current study compared with return-to-sport timelines in other studies 

(unrestricted return to full sports participation = 14 days).7,25 However, amongst community-

level and non-elite athletes to whom pitch-side care is not instantly available and daily 

medical and rehabilitation services following sport-related concussion are not accessible, 

similar return-to-preinjury level sport timelines (of approximately four weeks) have been 

observed in the literature.26,27 With further high-quality, longitudinal research, an improved 

understanding of (i) individual differences during recovery following sport-related 

concussion, and (ii) objective, responsive measures of readiness to return-to-preinjury level 

sport may help to lessen the time between returning to sporting activity and returning to pre-

injury level sport. 

 

There was a greater proportion of athletes in the concussion group who were no longer 

participating at the same level of sporting participation compared with non-injured, control 

athletes six months (52% versus 10%) and one-year (52% versus 24%) following sport-

related concussion and initial assessment, respectively. These findings partly agree with the 

limited literature available on sport participation outcomes one-year following sport-related 

concussion. In professional sport, football and ice hockey players experienced significantly 

higher release rates (National Football League [NFL]) and lower participation rates [NHL]) 

one year following sport-related concussion compared with non-concussed, control 

athletes.28,29 Amongst student-athletes, 8% of a mixed-gender, collegiate sample had ceased 

participating in sport one year following sport-related concussion due to subsequent 

concussion(s) and/or persistent symptoms.30 However, the proportion of professional soccer 

and baseball players participating in premier English and North American leagues (English 

Premier League [EPL] and Major League Soccer [MLS], and MLB), respectively, one-year 

after sport-related concussion was not significantly different to non-concussed players.11,31 

The similarity of the current study’s findings and the results of professional collision sport 

athletes (NFL & NHL),28,29 rather than contact sport athletes (EPL, MLS, & MLB),11,31 one-

year following sport-related concussion may be explained by the proportion of collision sport 

athletes in our study sample and the rate of athlete attrition in collision sports. 

 

Approximately half of amateur athletes were not participating at their pre-injury level of sport 

one-year following sport-related concussion—despite nearly all reporting that they had 

returned to their pre-injury level of sport within the first two months following injury. 

Athletes’ psychological responses to sport-related concussion and to return-to-play following 
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sport-related concussion offers one plausible explanation for this primary finding. For 

example, amateur athletes who have successfully returned to pre-injury level sport one-year 

following ACL injury exhibit greater levels of psychological readiness and motivation to 

return-to-preinjury level sport and are less fearful of re-injury than those who do not.2,4,5 In 

the current study, when assessing athletes’ perceived level of sporting participation six 

months and one-year after sport-related concussion, athletes qualitatively provided some 

explanations for their non-participation in pre-injury level sport. Despite initially returning to 

preinjury level sport after sport-related concussion, non-participation in pre-injury level sport 

six months and one-year following sport-related concussion may be, in part, attributable to (i) 

a reluctance to engage in physical contact upon return to training and match-play, (ii) a 

general fear of re-injury while participating in collision and contact sport, and (iii) 

apprehension about the unknown, but negatively perceived, long-term effects of concussive 

injury. Emotional or psychological responses to sport-related concussion represent 

modifiable, contextual factors and highlight the need for concussion management to instil 

active coping strategies and nurture social support. Even after RTA and return-to-preinjury 

level sport following sport-related concussion (when there may be a low perceived demand 

for continued management), concussed athletes who had pre-existing psychological health 

problems,35 who fear re-injury,33 and/or who are concerned about the long-term consequences 

of sport-related concussion,34 may be less likely to sustain their participation in pre-injury 

level sport if they do not receive the required social support.36,37  

 

This study had a number of limitations. At the first study assessment, there was a greater 

number of athletes in the concussion group who reported performing at the highest level of 

sport before injury compared with the control group. Due to the competitive nature of elite, 

amateur sport, returning to national or international level sport following injury is more 

challenging than returning to regional or district competition, which may have introduced a 

risk of selection bias in our study. Throughout the study observational period, participants 

were not asked to indicate whether they had attempted sport in the preceding six months or 

one-year. Collecting this information in future research will enable an inference about 

whether the participants who were not participating at their pre-injury level of sport at six 

months following sport-related concussion are the same participants who are not participating 

at their pre-injury level of sport one-year after sport-related concussion. 
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Accumulating evidence suggests that some athletes are at an elevated risk of subsequent 

lower extremity, musculoskeletal injury up to one-year following sport-related concussion 

compared with pre-injury and/or control group injury risk.38 Despite the longitudinal nature 

of the current study, performing regular injury surveillance of athletes in sport-related 

concussion and control groups was not possible. A greater proportion of concussed athletes in 

the current study may have experienced a lower extremity, musculoskeletal injury in the 

months following return-to-sport compared with the non-concussed control group, thereby 

affecting their level of sporting participation and performance one-year following sport-

related concussion.  

 

5.6 CONCLUSION 

Amateur athletes who presented to an Irish, university-affiliated hospital emergency 

department following sport-related concussion received clearance to return-to-sporting 

activity, and returned to pre-injury level sport, on average, 13 and 30 days after injury, 

respectively. However, one-year following sport-related concussion, only 48% of athletes in 

the concussion group were still participating in the same sport at the same, or at a higher, 

level of pre-injury sport compared with the non-injured, control group (76%)—which might 

be related to, in part, the fact that there was a greater proportion of very elite athletes in the 

concussed sample. Identifying athletes who may be at increased risk of attrition from pre-

injury level sport one-year following sport-related concussion is an important area for future 

research.  
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5.8 SUPPLEMENTAL MATERIAL 

Patient Outcomes 

At the initial study assessment, concussed participants were asked to indicate (i) the level of 

sporting activity at which they were participating prior to their sport-related concussion, and 

(ii) the highest level of activity at which they were participating at the time of the study 

assessment. Activity levels included international, national, regional, local/community, and 

recreational sports participation, various professional and administrative work, or absence 

from work due to sick leave (supplemental table 5.2). At the third study assessment, 

concussed athletes were asked if they had returned to their pre-injury level of activity, and if 

so, to provide the date of return to pre-injury level sport. Control participants were asked to 

indicate only the highest level of activity at which they were participating at the time of the 

first study assessment and at each subsequent study assessment. 

 

Supplemental table 5.1 Level of participation in sport at initial & follow-up assessments 
 Return-to-sport definition: 

Level 3 Participating in the same sport or exercise at the same or higher performance 
level than before. 

Level 2 Participating in the same sport or exercise but at a lower performance level. 
Level 1 Participating in a different sport or exercise than before. 
Level 0 Not participating in any sport or exercise. 

At each assessment, participants indicated the highest level of activity at which they were participating at the 
time of the study assessment 

 
Supplemental table 5.2 Level of sporting or occupational activity at initial & follow-up 

assessments 
Please indicate the highest level of activity at which you are currently participating: 
Level A Competitive sports – international/national elite division/competition. 
Level B Competitive sports – national lower divisions/competition. 
Level C Competitive sports – regional/district divisions/competition. 
Level D Competitive sports – local/community level. 
Level E Recreational level sports – (e.g., ≥5 times per week). 
Level F Work – heavy labour (e.g., construction, etc.).  

Recreational level sports – (e.g., ≥2 times per week). 
Level G Work – moderately heavy labour (e.g., truck driving, etc.). 
Level H Work – light to moderate labour (e.g., nursing, etc.). 
Level I Work – light labour (e.g., walking on uneven ground possible, but impossible 

to backpack or hike, etc.). 
Level J Work – sedentary level (e.g., secretarial demands, etc.). 
Level K Sick leave from work or education due to injury. 

At each assessment, participants indicated the highest level of activity at which they were participating at the 
time of the study assessment
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Supplemental table 5.3 Proportion of athletes in the concussion and control group participating in various levels of activity over time 
Group Time Activity levels, n (%) 

K J I H G F E D C B A 
Concussion  Pre-injury 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (10) 12 (24) 10 (20) 13 (26) 10 

(20) 
 One week following sport-related concussion 10 (20) 8 (16) 8 (16) 17 (34) 1 (2) 4 (8) 2 (4) 0 (0) 0 (0) 0 (0) 0 (0) 
 Upon medical clearance to return-to-activity 1 (2) 4 (8) 5 (10) 14 (28) 9 (18) 7 (14) 5 (10) 1 (2) 3 (6) 0 (0) 1 (2) 
 Two weeks after return-to-activity 1 (2) 0 (0) 0 (0) 1 (2) 2 (4) 5 (10) 10 (20) 8 (16) 13 (26) 6 (12) 4 (8) 
 Six months following sport-related concussion 0 (0) 0 (0) 0 (0) 2 (4) 1 (2) 4 (8) 6 (12) 12 (24) 13 (26) 6 (12) 6 (12) 
 One year following sport-related concussion 0 (0) 0 (0) 0 (0) 1 (2) 2 (4) 4 (8) 9 (18) 10 (20) 13 (26) 4 (8) 7 (14) 
Matched, control group Pre-injury NA NA NA NA NA NA NA NA NA NA NA 
 One week following sport-related concussion 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 4 (8) 16 (32) 17 (34) 9 (18) 3 (6) 
 Upon medical clearance to return-to-activity 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (10) 14 (28) 19 (38) 9 (18) 3 (6) 
 Two weeks after return-to-activity 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 5 (10) 13 (26) 21 (42) 8 (16) 3 (6) 
 Six months following sport-related concussion 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 1 (2) 5 (10) 12 (24) 20 (40) 8 (16) 3 (6) 
 One year following sport-related concussion 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 3 (6) 8 (16) 11 (22) 17 (34) 5 (10) 5 (10) 

Level 10 = Competitive sports – international/national elite division/competition; level 9 = Competitive sports – national lower divisions/competition; level 8 = Competitive 
sports – regional/district divisions/competition; level 7 = Competitive sports – local/community level; level 6 = Recreational level sports – (e.g., ≥5 times per week); level 5 
= Work – heavy labour (e.g., construction, etc.)/ Recreational level sports – (e.g., ≥2 times per week); level 4 = Work – moderately heavy labour (e.g., truck driving, etc.); 
level 3 = Work – light to moderate labour (e.g., nursing, etc.); level 2 = Work – light labour (e.g., walking on uneven ground possible, but impossible to backpack or hike, 
etc.); level 1 = Work – sedentary level (e.g., secretarial demands, etc.); level 0 = Sick leave from work or education due to injury. 
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Supplemental figure 5.1  
Time-to-clearance to return to activity following sport-related concussion 

 
 

Supplemental figure 5.2 
Time-to-return to preinjury level sport following sport-related concussion 

 



 247 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

SECTION C 
 

CLINICIAN-BASED OUTCOMES 
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CHAPTER SIX 
 
Clinical detection and recovery of vestibular and oculo-motor 
impairments amongst amateur athletes following sport-related 

concussion: a prospective, matched-cohort study 
 
 
 

This chapter is based on the following paper that has been published ahead of print in the 
Journal of Head Trauma Rehabilitation: 

 
Büttner F, Howell DR, Doherty C, Blake C, Ryan J Delahunt E. Clinical detection and 

recovery of vestibular and oculomotor impairments amongst amateur athletes following 
sport-related concussion: a prospective, matched-cohort study. J Head Trauma Rehabil. 

2020;xx(xx): xxx-xxx. Epub Sep 2. doi: 10.1097/HTR.0000000000000608. 
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6.1 ABSTRACT 

Objective: To 1) quantify the diagnostic accuracy of the Vestibular/OculoMotor Screening 

(VOMS), and 2) determine the recovery of vestibular and oculomotor impairments exhibited 

by concussed athletes compared with non-concussed athletes using the VOMS. 

Setting: Clinical assessment laboratory. 

Participants: Amateur athletes who were diagnosed with sport-related concussion by 

emergency department physicians and sex-, age-, activity-matched, non-concussed, control 

athletes. 

Design: Prospective, longitudinal study. 

Main Measures: Participants were assessed one week following sport-related concussion, 

upon clearance to return-to-activity, and two weeks following return-to-sporting activity by a 

study investigator who administered the VOMS. We calculated test sensitivity, specificity, 

and positive and negative predictive values to estimate the diagnostic accuracy of the VOMS. 

We performed a mixed design ANOVA to assess differences in VOMS symptom scores 

reported by concussed athletes compared with control athletes.  

Results: Fifty concussion participants and 50 control participants completed the study. The 

VOMS demonstrated sensitivity and specificity of 96% and 46%, respectively, and produced 

positive and negative predictive values of 64% and 92%, respectively. The concussion group 

exhibited a significantly greater symptom provocation change score from baseline than the 

control group for all test domains of the VOMS only in the first week following sport-related 

concussion. 

Conclusion: The VOMS may be most useful as a clinical screening tool to rule out, rather 

than confirm, the presence of sport-related concussion. The VOMS may be appropriate to 

inform the clinical recovery of vestibular and oculomotor impairments exhibited by 

concussed individuals over time.
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6.2 INTRODUCTION 

Sport-related concussion is a complex, traumatic brain injury producing a constellation of 

clinical and functional impairments.[1] Vestibular and ocular symptoms are prevalent patient-

reported complaints following sport-related concussion that are thought to relate to 

dysfunction of the vestibular and ocular systems.[2-4] Self-reported dizziness and postural 

instability are both frequent symptoms of vestibular dysfunction, reported by approximately 

33% and 70% of athletes following sport-related concussion, respectively.[3,4] Furthermore, 

at least one-third of concussions involve visual disturbances or sensitivity to light.[3,4] 

Athletes routinely exhibit vestibular and oculomotor impairments beyond 1-month following 

sport-related concussion,[5-8] exceeding standard clinical recovery timelines.[9] Thus, 

assessment strategies that identify and evaluate the clinical recovery of athletes who 

experience persistent vestibulo-ocular symptoms following sport-related concussion are 

necessary.[10] 

 

Persistent concussion-induced vestibular and oculomotor symptoms may be attributable to 

damage of the anatomical structures of the vestibular and ocular systems.[2] The vestibular 

system comprises a complex anatomical and physiological arrangement comprising two 

separate functional units. The vestibulo-ocular system enables visual stability during 

movements of the head while the vestibulo-spinal system regulates postural control.[11] Both 

systems may operate independently, and thus impairment of the vestibulo-ocular system may 

occur (causing dizziness and visual dysfunction) without impairment of the vestibulo-spinal 

system (manifesting in postural instability), and vice versa,[12] necessitating separate 

assessment strategies. The ocular system is a highly connected sensory organ system with 

greater than half of all brains circuits involved in vision and eye movement.[13,14] 

Oculomotor function involves versional (smooth pursuits and saccades) and vergence 

(convergence and accommodation) eye movements that facilitate dynamic ocular motion and 

stabilize visual targets.[8,14,15] The multi-functional capacity of the vestibular and 

oculomotor systems can introduce prolonged functional disability when damaged following 

sport-related concussion, underscoring the demand for clinical tests to assess and diagnose 

underlying impairment.  

 

Assessment methods have been empirically-developed to identify athletes who exhibit 

vestibular and oculo-motor impairments following sport-related concussion.[12,16,17]. The 

Vestibular/Oculo-Motor Screening (VOMS) is a clinical assessment tool comprising a 
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comprehensive set of vestibular and oculomotor test items.[12] The VOMS has demonstrated 

early promise as a clinical screening tool to discriminate concussed and non-concussed 

adolescent athletes,[12,18] and may facilitate early referral for vestibular and oculomotor 

rehabilitation following concussion.[19-21] The VOMS may also possess value as an 

assessment tool to longitudinally quantify clinical recovery.[8] In a relatively short 

timeframe, a substantial body of work has been produced that investigates concussion-

associated vestibular and oculomotor impairments.[5-8,12,15,17,21-28] However, little is 

known about the ability of the VOMS to prospectively diagnose and assess the recovery of 

adult athletes following sport-related concussion in a clinical setting.[18] Validating a 

screening tool in an alternative subpopulation (i.e., differing in age and time since injury) is 

an important diagnostic accuracy standard by which to determine the external validity of a 

screening tool.[29] 

 

Therefore, in the current study, we aimed to test existing hypotheses surrounding the 

psychometric properties of the VOMS in a concussion and healthy adult, athletic cohort. We 

hypothesized that, in line with the findings of existing research, the VOMS would 

demonstrate excellent internal consistency but poor test-retest reliability.[12,22,25] Second, 

we aimed to prospectively estimate the diagnostic accuracy of the VOMS using previously 

established clinical cut-off thresholds. We hypothesized that the VOMS would possess a 

positive predictive value ≥80% (i.e., 80% probability that sport-related concussion is present 

when the VOMS is positive) and a negative predictive value ≥80% (i.e.,80% probability the 

sport-related concussion is absent when the VOMS is negative). Finally, we aimed to identify 

clinical vestibular and oculomotor impairments exhibited by concussed athletes over time 

compared with non-concussed, control athletes using the VOMS. We hypothesized that 

concussed participants would exhibit greater symptom provocation scores on the VOMS up 

to return-to-sporting activity following sport-related concussion compared with non-

concussed, control participants. 

 

6.3 MATERIALS & METHODS 

This study received ethical approval from the Human Ethics Research Committee for Life 

Sciences at University College Dublin, Ireland. Study design, conduct, and analysis is 

reported according to the Statement for Reporting OBbsErvational studies (STROBE).[30, 

31] 
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6.3.1 Exposure measurement 

We recruited and tested adult, amateur athletes who were diagnosed with a recent sport-

related concussion following presentation to the emergency department (ED) of a university-

affiliated teaching hospital, which caters for a patient population of diverse socioeconomic 

and sporting demographics. ED physicians were asked to apply the injury definition and 

diagnostic criteria supported by the 5th Consensus Statement for Concussion in Sport Group 

to clinically diagnose sport-related concussion (i.e., a traumatic brain injury caused by blunt 

trauma to the head, face, neck, or elsewhere on the body transmitting an impulsive force to 

the brain).[1] 

 

6.3.2 Eligibility criteria 

Upon identification of a concussed patient, the patient was approached by a study 

investigator who applied study eligibility criteria and, if eligible, sought the patient’s interest 

in participating in the study. Concussed patients were included if they were diagnosed with a 

recent sport-related concussion by an emergency department physician and were 16-40 years 

of age. Participants were excluded from study participation if they reported: sustaining a prior 

concussion in the previous 12 months; a history of greater than three lifetime concussions; 

loss of consciousness greater than one minute following the current sport-related concussion; 

a history of vestibular disorder, or; any visual abnormality not correctable by lenses. We 

recruited sex-, age-, and activity-matched control participants, who had not experienced a 

concussion in the previous 12 months, from intervarsity athletic teams and the greater local 

catchment area of the university campus using the same exclusion criteria that were applied 

to the concussion group. Study participants were recruited over a 20-month rolling 

recruitment period from January 2017 until August 2018. 

 

6.3.3 Assessment setting & timeline 

We evaluated concussed participants at three time-points following sport-related concussion; 

1) within one-week following sport-related concussion; 2) upon medical clearance to return-

to-activity (RTA) following sport-related concussion, and; 3) two weeks following RTA. 

Control participants were assessed at an initial time-point and subsequently tested 

approximately two weeks and four weeks after their initial assessment. We aimed that control 

participants would be assessed at matched time-points within three days of the concussion 

group. 
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Concussed participants were medically cleared to RTA by physicians who were independent 

to the current observational study. We defined medical clearance to RTA as clearance of the 

concussed athlete by an emergency department physician, family physician/general 

practitioner, or sport and exercise medicine physician to initiate organised sporting activity 

following sport-related concussion. RTA criteria were physician-specific and comprised 

time-dependent (such as ensuring that the athlete complied with a mandatory rest period) and 

criterion-dependent (such as a symptom-limited rest period) approaches that were not 

standardised across all study participants. Return-to-sporting activity decision-making was at 

the discretion of the clearing physician. For example, some physicians may have immediately 

cleared athletes to return to unrestricted sporting activity, whereas other physicians may have 

instructed athletes to return to sporting activity in a progressive manner in line with a 

graduated return-to-play protocol. Physicians and patients were unaware of study hypotheses. 

 

6.3.4 Measurements 

6.3.4.1 Vestibular/Oculo-Motor Screening 

At each clinical evaluation, an investigator, who was not blinded to the group membership of 

participants, administered the VOMS using a standardized protocol. The VOMS is a short, 

clinical assessment tool that assesses patient symptom provocation in response to test 

manoeuvres of the vestibular and oculomotor systems.[27] It comprises seven test items; (1) 

smooth pursuits; (2) horizontal saccades; (3) vertical saccades; (4) near-point convergence; 

(5) horizontal vestibulo-ocular reflex; (6) vertical vestibulo-ocular, and; (7) visual motion 

sensitivity.[12]. Participants rate their symptoms before completing the VOMS and following 

each test item of the VOMS on an eleven-point Likert scale from 0 (no symptoms) to 10 

(severe symptoms) for symptoms of headache, dizziness, nausea, and fogginess.[12] All 

symptom domains are summed to create a total symptom provocation score for each test item 

(minimum score = 0; maximum score = 40) with increasing scores indicating greater 

symptom provocation. For each of the seven test items on the VOMS, the difference a 

symptom provocation change score was calculated by subtracting the pre-test symptom score 

from the post-test provocation score. Additionally, when the test participant reported double 

vision during the near-point convergence (NPC) item, the test administrator measured the 

distance between the test instrument and the participant’s nose in centimetres using a 

measuring tape.[12,32,33] The average of three test trials was computed.  
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Clinical cut-off thresholds for the VOMS have been developed and reported to discriminate 

concussed and non-concussed individuals (i.e., Receiver Operating Characteristic Curve – 

Area Under the Curve =0.89).[12] Clinical cut-off thresholds comprise a symptom 

provocation change score increase ≥2 from baseline on at least one test item and/or a NPC 

distance score ≥5cm. The VOMS has demonstrated excellent internal consistency 

(Cronbach’s 𝛼 = 0.92-0.97),[12,25] varied test-retest reliability depending on the statistical 

method of evaluation (𝐾 = 0.28-0.51; Level of Agreement = 58%-100%),[22,27,28] and 

good-to-excellent inter-item correlations[12]. The VOMS possesses a low technology burden, 

is easily interpretable by patients, and requires 5 minutes to administer.[12] 

 

6.3.5 Statistical analysis 

Descriptive statistics are presented as median and interquartile range (IQR) values for ordinal 

level data and presented as means and standard deviations for continuous data. 

 

6.3.5.1 Reliability & internal consistency 

To address the study’s first aim, we performed a Cronbach’s alpha analysis to estimate the 

internal consistency of the VOMS in both concussion and healthy adult athlete samples. We 

recoded total symptom provocation scores as 0, 1, 2, and ≥3 and calculated a weighted 

Kappa statistic to estimate the test-retest reliability of total symptom provocation scores in 

non-injured control participants from time-point 1 to time-point 2, from time-point 2 to time-

point 3, and from time-point 1 to time-point 3.[22] Finally, we estimated an intraclass 

correlation coefficient (ICC) to estimate the test-retest reliability for the mean NPC distance 

of the non-injured control group between each assessment time-point. We selected a two-way 

mixed effects model (‘model’), applying the average of 3 individual NPC measurements 

(‘type’), to determine the absolute agreement (‘definition’) of measurements between 

assessment time-points. We interpreted a cut-off threshold of 0.75 to differentiate Kappa and 

ICC estimates of poor-to-moderate (<0.75) and good (>0.75) test-retest reliability. 

 

6.3.5.2 Screening & diagnosis 

We applied previously established clinical cut-off thresholds (≥2 total symptom score and/or 

≥5cm NPC distance) to create a 2x2 cell contingency table containing the proportion of true- 

and false-positive and negative test results of the VOMS. We estimated the sensitivity and 

specificity of the VOMS at only the first clinical assessment time-point. We used the clinical 
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diagnosis of sport-related concussion by emergency department physicians as a diagnostic 

reference standard for test result comparison. Using the sensitivity and specificity of the 

VOMS and the proportion of ED-diagnosed concussed athletes in our sample (i.e., 50%), we 

estimated the sensitivity, specificity, and positive and negative predictive values of the 

VOMS. We estimated the positive likelihood ratio (LR) and negative LR to determine the 

increase or decrease in probability that a concussion is present given a positive or negative 

VOMS test, respectively. Finally, we used LR values to estimate the post-test probability 

from pre-test probability. We calculated 95% confidence intervals around each diagnostic 

accuracy statistic. We provide operational terminologies, definitions, and explanations for 

each diagnostic accuracy statistic in Supplemental Table 1. 

 

6.3.5.3. Recovery 

To investigate the recovery of vestibular and oculomotor impairments over time following 

sport-related concussion using the VOMS, we performed a between-within, mixed design 

analysis of variance (ANOVA) using one between-subjects factor (i.e., group) and one 

within-subjects factor (i.e., time). First, we calculated total symptom scores for each test item 

of the VOMS (e.g., visual motion sensitivity) by summing the individual symptom scores for 

headache, nausea, dizziness, and fogginess. Then, we calculated a symptom provocation 

change score for each test item of the VOMS by subtracting the pre-test total symptom score 

from the post-test total symptom score.[18] We recoded negative values (i.e., the post-test 

total symptom score is less than the pre-test total symptom score) as zero. Finally, we 

performed a series of between-within mixed methods ANOVA using one between-subjects 

factor (i.e., group) and one within-subjects factor (i.e., time) with change scores for each 

VOMS component as the outcome variable. We applied a Hochberg-Holm correction to 

control the family-wise error rate and account for outcome multiplicity. When a statistically 

significant group-by-time interaction was identified, we performed follow-up post hoc 

comparisons, using a Bonferroni correction to evaluate the difference between the concussion 

and the control group at each assessment timepoint. Statistical analyses were conducted using 

RStudio (v1.1.463, Austria, Vienna).  

 

6.4 RESULTS 

One-hundred participants completed the study protocol. Fifty participants were recruited to 

the concussion group and 50 participants were recruited to the control group. No significant 

differences were observed between the concussion and control groups on any patient 
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characteristic (Table 6.1). The results of our analysis of the psychometric properties (internal 

consistency and test-retest reliability) of the VOMS are presented in the supplemental 

material. 

TABLE 6.1 Concussion and control participant characteristics a 
Independent variable Concussion Group 

(n = 50) 
Control Group  

(n = 50) 
Sex, n M (n=36); F (n=14) M (n=36); F (n=14) 
Age (years), mean (SD) 22.9 (5.1) years 23.8 (4.6) years 
Body mass (kg), mean (SD) 79.2 (15.3) kg 79.0 (13.1) kg 
Height (cm), mean (SD) 177.4 (10.4) cm 177.0 (9.0) cm 
Sports participation per week (hours) 8 (3-25) hours 8 (3-24) hours 
Occupation status Student (n=26) 

Professional (n=24) 
Student (n=32) 

Professional (n=18) 
Participating sport type Collision (n=32)  

Contact (n=13) 
Non-contact (n=5) 

Collision (n=26)  
Contact (n=17) 

Non-contact (n=7) 
Concussion history (yes), n (%)b 26 (52%) 18 (36%) 
Migraine history (yes), n (%)b 7 (14%) 7 (14%) 
Learning disability (yes), n (%)b 6 (12%) 1 (2%) 
Mood disorder (yes), n (%)b 8 (16%) 4 (8%) 
Time since concussion at T1 (days) 4 (1-7) N/Ac 
Time since concussion at T2 (days) 14 (4-24) 14 (7-24)d 
Time since concussion at T3 (days) 30 (18-51) 29 (21-52)d 
Time to RTA (days) 13 (7-24) - 
PCSS Symptom Severity at T1e 39.1 (33.8, 45.3) 6.0 (4.4, 4.7) 
PCSS Symptom Severity at T2e 18.6 (14.3, 22.9)  6.2 (4.3, 8.0) 
PCSS Symptom Severity at T3e 11.5 (7.9, 15.2)  6.1 (3.6, 8.6) 

Abbreviations: PCSS, Post-Concussion Symptom Scale; RTA, return-to-sporting activity; T1, assessment time-
point 1; T2, assessment time-point 2; T3, assessment time-point 3. 
aMedian (min – max) unless stated otherwise; Sport type: Collision = sport during which routine, purposeful, 
body-to-body collisions occur as a legal and expected part of the game; contact = sport during which body-to-
body contact occurs as a recognized part of the game, but purposeful body-to-body collisions are not allowed; 
non-contact = sport during which body-to-body contact is a rare, unexpected occurrence. 
bDefinition and method of variable data collection are provided in the supplemental material. 
cThere is no sport-related concussion event from which to calculate time since injury for the control group using 
the first assessment time-point. 
dTime since the first assessment time-point for the control group. 
eMean and 95% Confidence Interval. 
 

6.4.1 Diagnostic accuracy of the VOMS 

Table 6.2 presents the number of true and false positive and negative test results observed in 

our sample at the initial study time-point. The VOMS demonstrated 96% sensitivity and 46% 

specificity. Applying the 50% concussion prevalence (50/100) that was present in our sample 
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of concussion (n = 50) and control participants (n = 50), the VOMS yielded a 64% positive 

predictive value and a 92% negative predictive value. Correspondingly, the false discovery 

rate of the VOMS was 36%. Overall, 71% of all tests produced the correct result (Table 6.3). 

 
TABLE 6.2 True- and false-positive and negative diagnostic test results  

of the VOMS at the initial study assessment 
 Concussion No concussion Total 

Positive VOMS 48 27 75 
Negative VOMS 2 23 25 
Total 50 50 100 

Abbreviations: VOM, vestibular/oculomotor screening 
 

TABLE 6.3 Diagnostic accuracy of the VOMS at the initial study assessment 
Diagnostic accuracy metric Estimate (95%CI) 

Apparent prevalence 0.75 (0.65 – 0.83) 
True prevalence 0.50 (0.40 – 0.60) 
Sensitivity 0.96 (0.86 – 1.00) 
Specificity 0.46 (0.32 – 0.61) 
Positive predictive value 0.64 (0.52 – 0.75) 
Negative predictive value 0.92 (0.74 – 0.99) 
Positive likelihood ratio 1.78 (1.37 – 2.31) 
Negative likelihood ratio 0.09 (0.02 – 0.35) 
Diagnostic accuracy 0.71 (0.65 – 0.83) 
Youden’s index 0.42 (0.18 – 0.60) 

Abbreviations: CI, confidence interval 
 

6.4.2 Recovery of vestibular and oculomotor impairment using the VOMS 

The concussion group exhibited a significantly greater symptom provocation change score 

than the control group for all test items of the VOMS only in the first week following sport-

related concussion (Figure 6.1). Upon clearance to RTA and two weeks after RTA following 

sport-related concussion the concussion and control group did not exhibit significantly 

different symptom provocation change scores on any test item of the VOMS (Table 6.4). The 

concussion group exhibited a significantly greater NPC distance than the control group in the 

first week following sport-related concussion and upon clearance to RTA but not two weeks 

after RTA (Table 6.4). 
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TABLE 6.4 Summary data of symptom provocation change scores for each test domain 
& near point convergence 

VOMS Test Item 
Timepoint 

Concussion group 
Mean (SD) 

Control group 
Mean (SD) 

Between-group 
comparison 

Smooth Pursuits    
Timepoint 1 1.12 (1.65) 0.14 (0.40) p<0.0001 
Timepoint 2 0.56 (1.21) 0.22 (0.74) p=0.094 
Timepoint 3 0.64 (1.35) 0.28 (0.67) p=0.095 
Horizontal Saccades    
Timepoint 1 2.52 (2.43) 0.52 (1.15) p<0.0001 
Timepoint 2 0.90 (1.63) 0.48 (1.18) p=0.14 
Timepoint 3 1.18 (2.61) 0.74 (1.24) p=0.28 
Vertical Saccades    
Timepoint 1 2.40 (2.63) 0.48 (1.11) p<0.0001 
Timepoint 2 1.36 (2.08) 0.68 (1.54) p=0.066 
Timepoint 3 0.80 (1.59) 0.62 (1.16) p=0.52 
Near Point Convergence     
Timepoint 1 3.18 (2.68) 0.56 (1.23) p<0.0001 
Timepoint 2 1.18 (1.81) 0.66 (1.98) p=0.17 
Timepoint 3 0.94 (1.96) 0.82 (1.97) p=0.76 
Horizontal VOR    
Timepoint 1 3.38 (3.02) 1.32 (1.63) p<0.0001 
Timepoint 2 2.16 (2.61) 1.52 (2.31) p=0.2 
Timepoint 3 1.94 (2.97) 1.62 (2.49) p=0.56 
Vertical VOR    
Timepoint 1 3.48 (3.34) 0.74 (1.50) p<0.0001 
Timepoint 2 1.82 (2.21) 1.32 (2.18) p=0.26 
Timepoint 3 2.00 (2.48) 1.40 (2.70) p=0.25 
Visual Motion Sensitivity    
Timepoint 1 3.02 (2.90) 0.90 (1.43) p<0.0001 
Timepoint 2 1.40 (1.74) 1.24 (2.54) p=0.71 
Timepoint 3 1.54 (2.60) 1.20 (2.93) p=0.54 
NPC distance (cm)    
Timepoint 1 11.84 (10.06) 4.29 (4.70) p<0.0001 
Timepoint 2 8.64 (6.67) 4.91 (5.45) p=0.0028 
Timepoint 3 7.60 (5.79) 4.98 (5.27) p=0.02 

Abbreviations: NPC, near-point convergence; VOR, vestibulo-ocular reflex 
Symptom provocation change scores from baseline and NPC distance values are presented as means and 

standard deviations
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FIGURE 6.1 Concussion & Control Group VOMS Total  

Symptom Provocation Change Score from Baseline 
 
 

6.5 DISCUSSION 

We investigated the diagnostic accuracy of the VOMS to discriminate concussed and non-

concussed athletes following sport-related concussion. Additionally, we prospectively 

explored the clinical recovery of vestibular and oculomotor impairments up to two weeks 

after RTA following concussion using the VOMS.  

 

The VOMS exhibited a high test sensitivity and low test specificity. When accounting for the 

50% concussion prevalence in our sample, we observed a 64% PPV for the VOMS, meaning 

that if an athlete in the current study produced a positive score on the VOMS, there was only 

a 64% probability that s/he was concussed. Although a PPV of 64% is considered suboptimal 

to reliably inform clinical diagnosis, the VOMS may contribute greater diagnostic value 

when combined with other valid measures to form a multifaceted clinical assessment 

battery.[34,35] The VOMS yielded an NPV of 92%, indicating that if a non-concussed 

athlete produced a negative test result, there was a 92% probability that s/he was not 

concussed. Consequently, our data suggest that the VOMS possesses greater utility as a 

clinical tool to rule out rather than correctly identify the presence of sport-related concussion.  
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The diagnostic accuracy in our study (71%) is lower than reported previously. Mucha et al., 

2014 estimated the diagnostic accuracy of the VOMS (89%) in adolescent athletes who 

presented to a specialty tertiary concussion clinic up to 21 days (mean (standard deviation) = 

5.5 (4.0) days) following sport-related concussion compared with the 7-day post-injury 

window that we used in our investigation.[12] Furthermore, the participants in our study were 

older (16-38 years versus 9-18 years) and recruited from an ED rather than a specialty 

concussion clinic.[12] Therefore, different participant and study characteristics may have led 

to the discrepant findings between our study and that of Mucha and colleagues.[12] The 

VOMS may possess greater diagnostic value when administered in a younger patient cohort 

(i.e., adolescents rather than adults) with greater injury severity (i.e., presenting up to 21 days 

following injury rather than an adult cohort enrolling within 7 days). Additionally, the 

difference in diagnostic accuracy between studies may highlight limitations of the VOMS to 

produce generalizable findings in a different patient sub-population in an independent study. 

 

Notably, some diagnostic accuracy statistics of the VOMS (e.g., PPV, NPV, LR+, LR-) are 

clinically interpretable only when presented with other information. Knowledge of the 

proportion of concussed individuals in the population enables a greater clinical understanding 

of the diagnostic value of the VOMS when screening for concussion. For example, 

combining the sensitivity (96%) and specificity (46%) of the VOMS with the 50% 

concussion prevalence in our sample produced a PPV and NPV of 64% and 92%, 

respectively. These PPV and NPV estimates provide more valuable clinical information to 

clinicians assessing concussion patients than test sensitivity and specificity alone. However, 

the 50% prevalence of concussion in our sample is likely an overestimate of the concussion 

prevalence in contact and collision sport athletes who present with concussion-like signs 

and/or symptoms. For example, only 39% of Pitch Side Concussion Assessments (PSCA) – a 

standardized sideline evaluation in rugby union that was initiated upon suspicion of sport-

related concussion – resulted in a concussion diagnosis.[36] Consequently, applying the 

current sensitivity and specificity estimates of the VOMS to the screening of professional 

rugby union players would result in a lower PPV of 53% and a higher NPV of 95%.  

 

A concussion prevalence of 39% in rugby union provides practitioners with a pre-test 

probability that concussion is present before initiating the PSCA and associated clinical tests 

(e.g., the VOMS). If a professional rugby union player is removed from match-play to 

complete the PSCA (now known as the Head Injury Assessment) and the VOMS is 
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adjunctively administered, a positive VOMS test increases the probability that the player is 

concussed to approximately 53%, which enhances diagnostic certainty to only slightly better 

than chance. Conversely, a negative test would reduce the post-test probability that the player 

is concussed to approximately 5%, offering greater relative certainty to the assessing 

clinician’s decision-making. Therefore, combining diagnostic information with concussion 

prevalence provides a greater understanding of the clinical impact of positive and negative 

VOMS test results on subsequent patient diagnosis. The current data indicated that the 

VOMS diagnosed 36% of non-concussed athletes as concussed. Elevated false discovery 

rates may incorrectly diagnose and subsequently restrict the match-play availability of 

athletes who are genuinely not concussed, negatively impacting player availability and 

related team success.[37,38] However, the costs of inaccurate concussion diagnosis in this 

instance are arguably outweighed by ensured player welfare.[39] 

 

The concussion group exhibited a significantly greater symptom provocation change score 

than the control group for all test domains in the first week following sport-related 

concussion. However, there were no significant differences for any VOMS symptom 

provocation change scores between the concussion and control group upon clearance to RTA 

and two weeks after RTA following sport-related concussion. The acute recovery of 

vestibular and oculomotor impairments for the majority of athletes in our concussion sample 

are in accordance with other published evidence.[8,40] There is a subset of athletes who 

experience persistent self-reported and objectively identified vestibular problems following 

sport-related concussion across the literature.[6,7,40] Independent vestibular and oculomotor 

injuries (e.g., Benign Paroxysmal Positional Vertigo, convergence insufficiency, 

accommodative disorder, and saccadic dysfunction) can co-occur with sport-related 

concussion and may be associated with a recalcitrant recovery trajectory.[20] 

 

Our sampling method to estimate the diagnostic accuracy of the VOMS is vulnerable to 

performance bias.[43] Upon enrolment in the current study, participants were aware of their 

injury status (i.e., concussed or non-concussed) and subsequent group membership (i.e., 

concussion or control group) due to their emergency department diagnosis. Consequently, the 

concussion group may have been more pre-occupied with symptom provocation on test items 

of the VOMS than the control group due to illness behavior associated with the knowledge of 

concussion diagnosis preceding their study assessment.[44] Moreover, diagnostic inferences 

from the current study might be limited by our inclusion of a control group for whom we 
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possessed no suspicion of concussion and are therefore unrepresentative of the clinical 

population to be encountered in the current or future use of the VOMS. This limitation 

introduces a risk of spectrum bias in favour of the VOMS as an accurate clinical screening 

tool.[45] However, the VOMS still yielded concerning specificity, PPV, and diagnostic 

accuracy estimates. Finally, only 10-15% of patients present to the emergency department 

following concussion, which contrasts with approximately 80% of concussion patients who 

present to primary care.[46] Patients who present to the emergency department following 

concussion may represent a unique sub-cohort who do not possess private healthcare, have 

more severe symptoms, or who are concerned about a more serious injury. As a result, 

concussion patients who present to the emergency department may have a more severe 

presentation and worse prognosis, which could introduce a risk of selection bias to the current 

study. 

 

6.6 CONCLUSION 

Because of a high test sensitivity and a high negative predictive value, the VOMS may be 

most useful as a clinical screening tool to rule out, rather than confirm, the presence of sport-

related concussion. The concussion group exhibited a significantly greater symptom 

provocation change score from baseline than the control group for all test items of the VOMS 

only in the first week following sport-related concussion. The VOMS may be useful to 

quantify the recovery of vestibular and oculomotor impairments exhibited by concussed 

individuals over time. 
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6.8 SUPPLEMENTAL MATERIAL 

Materials & methods 

Measurements 

Study investigators collected independent variables of participant age, sex, concussion 

history, migraine history, diagnosed attention disorder or learning disability, and history of 

anxiety or depression. Concussion history was ascertained by asking participants whether 

they had sustained a previously medically diagnosed sport-related concussion. Migraine 

history was ascertained by asking participants whether they have experienced a history of 

migraines, diagnosed by a physician. Diagnosed attention disorder or learning disability was 

ascertained by asking study participants whether they had ever been medically diagnosed 

with an attention disorder (such as ADD or ADHD) or a learning disability (such as dyslexia 

or dyspraxia). History of mood disorder was ascertained by asking study participants whether 

they had ever been medically diagnosed with anxiety or depression. 
 

Supplemental Table 6.1 
Diagnostic Accuracy Terminologies, Definitions, & Formulae 

Terminology Definition Formula 
Prevalence (P) Proportion of genuinely concussed athletes in the population.   
Sensitivity (Sn) Proportion of correctly identified concussion cases  

(i.e., true-positive rate). 
𝑇𝑃

(𝑇𝑃 + 𝐹𝑁) 

Specificity (Sp) Proportion of correctly identified non-concussed cases 
(i.e., true-negative rate). 

𝑇𝑁
(𝑇𝑁 + 𝐹𝑃) 

1-Specificity  Proportion of incorrectly identified concussion cases  
(i.e., false-positive rate). 

1 − 𝑆𝑝 

Positive Predictive Value 
(PPV) 

Probability that concussion is present when the test is positive. 
Probability that an athlete is concussed when the VOMS is 
positive. 

𝑆𝑛 ×  𝑃
(𝑆𝑛 ×  𝑃) + (1 − 𝑆𝑝) × (1 − 𝑃)  

Negative Predictive Value 
(NPV) 

Probability that concussion is absent when the test is negative. 
Probability that an athlete is not concussed when the VOMS is 
negative. 

𝑆𝑝 × (1 − 𝑃)
(1 − 𝑆𝑛) × 𝑃 + 𝑆𝑝 × (1 − 𝑃) 

False Discovery Rate 
(FDR) 

Probability that concussion is absent when the test is positive. 
Probability that an athlete is not concussed when the VOMS is 
positive. 

1 − 𝑃𝑃𝑉 

Positive Likelihood Ratio 
(LR+) 

Increase in the likelihood that concussion is present following a 
positive test. 

𝑆𝑛
(1 − 𝑆𝑝) 

Negative Likelihood 
Ratio (LR-) 

Reduction in the likelihood that concussion is present following 
a negative test. 

(1 − 𝑆𝑛)
𝑆𝑝  

Diagnostic accuracy The proportion of all tests that give a correct result. (𝑇𝑃 + 𝑇𝑁)
(𝑇𝑃 + 𝑇𝑁 + 𝐹𝑁 + 𝐹𝑃) 

Youden’s index The difference between the true positive rate and the false 
positive rate. Youden's index ranges from -1 to +1 with values 
closer to 1 if both Sn and Sp are high (i.e., close to 1). 

𝑆𝑛 − (1 − 𝑆𝑝) 
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RESULTS 

The concussion and control group were similar in mean age, weight, height, occupation 

status, type of sport, and median hours of sporting participation per week. No significant 

differences were observed between the proportion of participants in both groups with a prior 

history of concussion, history of migraine headaches, a diagnosed learning disability, and a 

history of mood disorder. 

 

Psychometric properties of the VOMS 

Internal Consistency of the VOMS 

Symptom provocation test items and mean NPC distance of the VOMS demonstrated good-

to-excellent internal consistency for both concussion and control groups at assessment time-

point 1 (concussion group: alpha = 0.98; control group: alpha = 0.89), assessment time-point 

2, (concussion group: alpha = 0.96; control group: alpha = 0.94), and assessment time-point 3 

(concussion group: alpha = 0.95; control group: alpha = 0.93). 

 

Test-Retest Reliability 

Total symptom scores of the VOMS symptom provocation test items demonstrated poor test-

retest reliability in the non-concussed control group from time-point 1 to time-point 2 (Kappa 

= 0.16 – 0.50), from time-point 2 to time-point 3 (Kappa = 0.29 – 0.49), and from time-point 

1 to time-point 3 (Kappa = 0.16 – 0.42). We estimated a moderate-to-good test-retest 

reliability for NPC distance test item of the VOMS in the non-concussed group from time-

point 1 to time-point 2 (ICC = 0.73 (95% CI 0.52 – 0.85)), from time-point 2 to time-point 3 

(ICC = 0.99 (95% CI 0.97 – 0.99)), and from time-point 1 to time-point 3 (ICC = 0.74 (95% 

CI 0.55 – 0.85). 

 
Psychometric Properties of the VOMS 

Supplemental Table 6.2 
Internal consistency (Cronbach’s standardized alpha) 

Assessment time-point Concussion group (n = 50) Control group (n = 50) 
Assessment time-point 1 0.98 0.89 
Assessment time-point 2 0.96 0.94 
Assessment time-point 3 0.95 0.93 
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Supplemental Table 6.3 Test-Retest Reliability – 
Weighted Kappa Statistic of Total Symptom Provocation Control Group Scores 

VOMS Test Item Time 1 – Time 2 Time 2 – Time 3 Time 1 – Time 3 
Smooth Pursuits 0.36 0.35 0.16 
Horizontal Saccades 0.16 0.41 0.42 
Vertical Saccades 0.25 0.48 0.20 
Near-Point Convergence 0.50 0.29 0.35 
Horizontal VOR 0.44 0.38 0.21 
Vertical VOR 0.36 0.49 0.30 
Visual Motion Sensitivity 0.41 0.40 0.25 
NPC Distance (cm)* 0.73 (0.52-0.84) 0.99 (0.97-0.99) 0.74 (0.55-0.85) 

*Intraclass Correlation Coefficient. Total Symptom Provocation Scores from Baseline recoded as 
0 = 0; 1 = 1; 2 = 2; ≥3 = 3. VOR = vestibulo-ocular reflex; NPC = near-point convergence. 

 
Diagnostic Accuracy of the VOMS 

Supplemental Table 6.4 
2x2 Cell Contingency Table 

 Injured Healthy 
Positive test True Positive (TP) False Positive (FP) 
Negative test False Negative (TN) True Negative (TN) 

 

Supplemental Table 6.5 
2x2 Cell Contingency Table – Concussion screening using the VOMS 

 Concussion Healthy Total 
VOMS Positive 48 27 75 
VOMS Negative 2 23 25 
Total 50 50 100 

Clinical cut-off thresholds comprise a total symptom provocation change score  
(increase) ≥2 from baseline on any test item of the VOMS and/or NPC distance ≥5cm 

 
Discussion 

Prior to investigating the value of the VOMS to screen for and longitudinally evaluate the 

recovery of sport-related concussion, we estimated the internal consistency and test-retest 

reliability of the VOMS. The VOMS demonstrated good-to-excellent internal consistency in 

both concussion and control groups over time, supporting previous estimates in cross-

sectional studies. Test-retest reliability was poor-to-moderate on all test items of the VOMS 

between every pair of assessment time-points (𝑘 = 0.16 – 0.50), comparable to reliability 

estimates in other prospective, cohort studies. The current study yielded substantially lower 

test-retest reliability ranges across time-points compared to similar studies estimating the 

level of agreement, which demonstrated a high level of percentage agreement over time. Low 

test-retest reliability of the VOMS highlights the potential measurement error of the tool, 
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which may complicate the inferences that clinicians can make about the diagnosis or recovery 

of athletes over time following sport-related concussion. 

 
Supplemental Table 6.6 ANOVA output 

Test domain Interaction term W; p-value GG correction F-value 𝒅𝒇 p-value 휼흆
ퟐ 

Smooth pursuits group x time 0.94; p = 0.064 N/A 5.609 2,196 0.0028 0.018 
Horizontal saccades group x time 0.93; p = 0.035 0.937 N/A  - <0.0001 - 
Vertical saccades group x time 0.98; p = 0.347 N/A 6.451 2,196 0.0019 0.022 
NPC group x time 0.96; p = 0.191 N/A 22.379 2,196 <0.0001 0.072 
Horizontal VOR group x time 0.97; p = 0.347 N/A 6.451 2,196 0.0019 0.22 
Vertical VOR group x time 0.93; p = 0.036 0.938 N/A - <0.0001 - 
VMS group x time 0.87; p = 0.001 0.887 N/A - 0.0004 - 
NPC distance group x time 0.50; p < 0.001 0.667 N/A - 0.0001 - 

NPC = near-point convergence; VOR = vestibulo-ocular reflex; VMS = visual motion sensitivity;  
GG = Greenhouse Geisser; 𝑑𝑓 = degrees of freedom; 𝜂 = Partial Eta Squared effect size. 

 
Readjusted p-value for outcome multiplicity using the Hochberg-Holm correction: 

0.05/8 = 0.00625 | 0.0001 
0.05/7 = 0.00714 | 0.0001 
0.05/6 = 0.00833 | 0.0001 
0.05/5 = 0.01       | 0.0001 
0.05/4 = 0.0125   | 0.0004 
0.05/3 = 0.01667 | 0.0019 
0.05/2 = 0.025     | 0.0019 
0.05/1 = 0.05       | 0.0028 
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CHAPTER SEVEN 
 
Longitudinal vestibular and oculomotor impairments amongst 
amateur athletes one-year following sport-related concussion: 

a prospective follow-up 
 
 

 
This chapter is based on the following paper that has been accepted for publication at the 

Journal of Head Trauma Rehabilitation: 
 
Büttner F, Howell DR, Doherty C, Blake C, Ryan J, Delahunt E. Longitudinal vestibular and 

oculomotor impairments amongst amateur athletes one-year following sport-related 
concussion: a prospective follow-up. 
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7.1 ABSTRACT 

Objectives: To investigate (i) the presence of vestibular and oculomotor impairments and (ii) 

the self-perceived effects of concussion-associated dizziness on health-related quality of life 

amongst amateur athletes six months and one-year following sport-related concussion. 

Design: Prospective, matched-cohort study. 

Setting: Clinical assessment laboratory. 

Participants: Amateur athletes who were diagnosed with sport-related concussion within 

one-week of injury, and sex-, age-, and activity-matched non-concussed, control athletes. 

Main measures: Participants were assessed six months and one-year following sport-related 

concussion and enrolment in the longitudinal study using the Vestibular/Oculo-Motor 

Screening and the Dizziness Handicap Inventory. We performed multivariate analyses of 

variance and chi-square analyses to compare concussion and control group scores at each 

study assessment. 

Results: Forty-seven concussion participants and 47 control participants completed the study. 

The concussion group reported similar mean symptom provocation scores on the 

Vestibular/Oculo-Motor Screening and exhibited a similar near-point convergence distance 

compared with the control group at the six-month and one-year study assessments. The 

concussion group and the control group had similar perceptions of the effects of dizziness on 

their HRQoL at both study assessments. 

Conclusion: Meaningful differences in vestibular- and oculomotor-symptom provocation and 

self-perceived effects of dizziness on everyday life were not observed between concussed and 

non-concussed, control athletes six months and one-year following sport-related concussion.
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7.2 INTRODUCTION 

The vestibular and oculomotor systems have complex anatomical structures with important 

physiological functions.1–3 Consequently, impairment of the vestibular or oculo-motor system 

can manifest in altered functioning in everyday tasks.1,4 The clinical recovery of trauma-

induced vestibular and oculomotor impairments following sport-related concussion is a 

common source of confusion.5 Up to 75% of athletes experience at least one vestibular- or 

oculomotor-related symptom (such as dizziness, sensitivity to light, postural imbalance, and 

visual disturbances) in the hours and days following sport-related concussion.6–9 Although 

many athletes (~80%) recover symptomatically and return-to-sport within two weeks 

following sport-related concussion, a notable subgroup experience a prolonged recovery 

characterised by persistent symptoms and impaired health-related quality of life 

(HRQoL).6,7,10 

 

Patients who report vestibular- and oculomotor-related symptoms and exhibit positive exam 

findings following sport-related concussion are at increased risk of prolonged recovery.11–16 

Because the vestibular system functions to (i) detect orientation of head and body movement 

and positioning, (ii) integrate sensory information from multiple sources, and (iii) process 

cognitive-perceptual stimuli, concussion-related vestibular impairments can induce moderate 

levels of disability for athletes.17 Stimuli that are inherent features of sports and everyday life 

can aggravate and provoke vestibular and oculomotor impairments and their related 

symptoms.5 For example, a rugby player who experiences visual motion sensitivity secondary 

to vestibular impairment after concussion may experience symptoms of dizziness, headache, 

or nausea when returning to the dynamic and multi-sensory sporting environment.4,18 

Similarly, a rugby player who experiences abnormal smooth pursuits and compensatory eye 

movements after returning to sport following concussion may struggle to make the necessary 

eye movements to adequately compensate for head and body movements that occur when 

they run to catch a ball while visually tracking the flight trajectory of the ball in the air.19,20 

 

Because vestibular and oculomotor symptoms are aggravated by specific environmental 

stimuli, patients often consciously, and sometimes subconsciously, avoid aggravating settings 

in order to minimize unpleasant symptoms.5 The clinician to whom the athlete initially 

presents following sport-related concussion (i.e., athletic trainer, sports medicine physician, 

emergency physician) may be the only practitioner from whom the athlete receives 

concussion-specific care and advice. As most concussion injuries are self-limiting and 
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resolve spontaneously for most injured athletes,21 many clinicians prescribe brief physical 

and cognitive rest followed by an early, gradual resumption of physical activity. 

Consequently, patients who experience persistent, episodic vestibular and oculomotor 

symptoms may not seek further concussion care but rather self-manage by avoiding 

symptom-provoking activities and by developing their own coping strategies. Given that 

physical activity may provoke symptoms, and that reduced physical activity after a sport-

related concussion has been documented to worsen clinical outcomes, identifying persistent 

vestibular and oculomotor symptoms may help inform appropriate treatment pathways.22,23 

 

Some longitudinal studies investigating the clinical recovery of vestibular and oculomotor 

dysfunction and related symptoms have reported impairments that can last 4-8 weeks after 

sport-related concussion.11,12,14,15,17,24 It is unclear whether residual vestibular and oculomotor 

impairments persist long-term (i.e., up to one-year) following sport-related concussion. We 

aimed to prospectively investigate the presence of vestibular and oculomotor impairments 

amongst amateur athletes six months and one-year after presenting to an emergency 

department hospital within one-week following sport-related concussion. We hypothesised 

that the concussion group would report a similar severity of vestibular- and oculomotor-

related symptoms on the vestibular/oculomotor screening six months and one-year after 

sport-related concussion. Additionally, we aimed to identify the proportion of athletes in the 

concussion group that exceeded clinical cut-off thresholds on the VOMS compared with the 

non-concussed, control group six months and one-year following sport-related concussion. 

We hypothesised that there would be a similar proportion of athletes who exceed clinical cut-

off thresholds on the VOMS in the concussion group compared with the non-concussed, 

control group at the six month and one-year study assessments. Finally, to assess athletes’ 

perceptions of the effects of dizziness on their physical, emotional, and functional HRQoL 

six months and one-year following sport-related concussion, we compared the concussion 

group and non-concussed, control group using the Dizziness Handicap Inventory. 

 

7.3 MATERIALS & METHODS 

This longitudinal study received ethical approval from the Human Resources Ethics 

Committee for Life Sciences at University College Dublin, Ireland. Study design, conduct, 

analysis, and results are reported according to the STatement for Reporting OBsErvational 

studies (STROBE) guidelines.25  

 



 286 

7.3.1 Participant identification and recruitment 

We recruited amateur adult athletes who presented to a university-affiliated hospital 

emergency department within one-week of sustaining a sport-related concussion. Patients 

were diagnosed with sport-related concussion by emergency department physicians who were 

asked to use the injury definition and diagnostic criteria developed for the 5th Consensus 

Statement for Concussion in Sport.21 In the current study, sport-related concussion was 

defined as a mild traumatic brain injury caused by a direct blow to the head, face, neck, or 

elsewhere on the body resulting in an impulsive force being transmitted to the head and 

manifesting in transiently altered mental status.21 

 

7.3.2 Eligibility criteria 

We included patients who were 16-40 years old and who were diagnosed with sport-related 

concussion that was sustained during organised amateur sporting competition or practice. We 

excluded patients who reported: sustaining a concussion in the preceding 12 months; a 

history of greater than three lifetime concussions; loss of consciousness greater than one-

minute following the current sport-related concussion, or; a history of vestibular disorder. We 

recruited sex-, age-, and activity-matched, non-concussed control athletes, to whom the above 

exclusion criteria were applied, using study advertisements across competitive and intramural 

sports teams within the university and surrounding geographic area. We recruited study 

participants over a 20-month time-period from January 2017 until August 2018. 

 

7.3.3 Assessment timeline  

Concussed and non-concussed, matched control athletes were assessed six months and one-

year following sport-related concussion and first enrolment in the study, respectively. 

Participants were also assessed acutely following sport-related concussion, which was 

described in chapter six. In brief, study participants were assessed within one-week after 

sport-related concussion, upon medical clearance to return-to-sporting activity, and two 

weeks following return-to-sporting activity.  

 

7.3.4 Outcome measures 

7.3.4.1 Vestibular/Oculo-Motor Screening (VOMS) 

At each study assessment a Chartered Physiotherapist, who was not blinded to the concussion 

status of the participant, administered the VOMS as originally described by Mucha and 

colleagues.26 In brief, the VOMS is a clinical assessment tool that measures the acute 
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provocation of four patient-reported symptoms – headache, dizziness, nausea, and fogginess 

– in response to physical manoeuvres of the vestibular and oculo-motor systems.5,26 The 

VOMS comprises four oculomotor test items (smooth pursuits, horizontal saccades, vertical 

saccades, and near-point convergence) and three vestibular test items (horizontal vestibulo-

ocular reflex, vertical vestibulo-ocular reflex, and visual motion sensitivity).26  

 

Participants report each symptom (i.e., headache, dizziness, nausea, and fogginess) on an 

eleven-point Likert scale (no symptom = 0; most severe symptom = 10) before the first test 

item and after each individual test item. Symptom scores are summed to create a total 

symptom score for each test item (minimum score = 0; maximum score = 40), with 

increasing scores indicating greater symptom severity.27–29 For each test item, the pre-test 

total symptom score is deducted from the total symptom score after each item to reflect a 

symptom provocation, or “change”, score for each item of the VOMS. For example, if a 

participant reported a total symptom score of four (out of 40) at baseline and then reported a 

total symptom score of six (out of 40) after the first test item of the VOMS, this participant 

would be allocated a symptom provocation “change” score of two for this item. A symptom 

provocation “change” score ≥2 represents clinically meaningful symptom provocation.26–29 

Near-point convergence (NPC) distance is also measured (in centimetres) from the point at 

which the participant reports double vision to the tip of the participant’s nose, using a 

measuring tape.30,31 The average distance of the three NPC test trials is calculated. An NPC 

≥5cm was selected as a clinical cut-off threshold in line with previous studies demonstrating 

the utility of this cut-off threshold to identify those with receded NPC after sport-related 

concussion.26,27,30,32 

 

The VOMS has demonstrated high internal consistency (𝛼 >0.88) and appears to be 

unaffected by prior concussion history, age, history of headaches or migraines, ADHD or 

learning disability, and depression or anxiety.26,33,34 The VOMS was originally developed as 

a triage-like assessment tool to objectively screen for vestibular and oculomotor impairments 

and identify individuals who would benefit from detailed vestibular examination and targeted 

rehabilitation following sport-related concussion.5,26,33 However, the VOMS has been 

increasingly applied in both research and practice to longitudinally monitor the presence, 

provocation, and recovery of vestibular- and oculomotor-related symptoms following sport-

related concussion.15,17,29,35 
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7.3.4.2 Dizziness Handicap Inventory (DHI) 

The DHI is a 25-item patient-reported outcome measure that assesses participant-perceived 

effects of dizziness on HRQoL.36 Specifically, the DHI evaluates participants’ perceptions 

about the presence of physical factors that precipitate dizziness and perceptions about the 

functional and emotional consequences of dizziness on everyday life.36 Participants provide 

one of three responses (“Yes” = 4 points; “Sometimes” = 2 points; or “No” = 0 points) to 

each item of the DHI. A maximum DHI score of 100 indicates maximal dizziness-related 

disability, with increasing scores reflecting greater self-perceived dizziness handicap. The 

DHI has demonstrated good-to-excellent test-retest reliability, internal consistency (α=0.72–

0.89), and a minimal clinically important difference of 18 points in patients with vestibular 

disease.36 A score greater than 10 has been anecdotally proposed as a minimum cut-off 

threshold to indicate dizziness-related impairment requiring referral for vestibular 

rehabilitation.5 

 

7.3.5 Statistical analysis 

Continuous variables are reported as means and standard deviations, and categorical variables 

are reported as absolute frequencies and relative proportions. We recoded negative “change” 

scores as zero in order to represent no change in symptom status rather than an improvement 

in symptoms after an item of the VOMS.29 

 

We performed separate multivariate analyses of variance (MANOVA) to compare 

concussion and control group scores on each item of the (i) VOMS and (ii) DHI at the six-

month and one-year study assessments. We included each item of the VOMS in the 

MANOVA model, making the assumption that test items belonged to a common underlying 

construct (i.e., vestibular and oculomotor domains), as has been performed previously.29 We 

selected a MANOVA to (i) control the family-wise error rate that can become inflated when 

many separate statistical tests are performed for multiple outcome measures, (ii) minimize 

loss of statistical power, and (iii) incorporate inter-outcome correlations into the statistical 

analysis.37 We included one between-subjects factor (i.e., group) with two levels (concussion 

and control) and one within-subjects factors (i.e., time) with two levels (six-month and one-

year study assessments). If we identified a statistically significant (p < 0.05) MANOVA, we 

performed univariate analyses of variance with Holm-adjusted alpha levels.  
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We performed chi-square analyses to compare the proportion of participants in the 

concussion and control groups who exceeded the clinical cut-off threshold developed by the 

original authors of the VOMS (i.e., symptom provocation “change” score ≥2 and/or a NPC 

distance ≥5cm) at each study assessment. We performed three additional chi-square analyses 

that considered (i) the proportion of participants in the concussion and control groups who 

recorded a symptom provocation “change” score ≥2, (ii) the proportion of participants in the 

concussion and control groups who exhibited an NPC distance ≥5cm, and (iii) the proportion 

of participants in the concussion and control groups who recorded a DHI score >10. We set 

the alpha level of the MANOVA to 0.05 and the alpha level of chi-square analyses to 0.0167 

(i.e., Bonferroni-adjusted). Hypothesis tests were two-tailed. Statistical analyses were 

performed using R (Vienna, Austria). 

 

7.4 RESULTS 

Fifty-two concussion participants and 52 control participants were enrolled in the study. Five 

participants were lost to follow-up in each group, withdrawing from the study due to: (i) an 

inability to travel to the university for study assessments (n=2), (ii) being too busy to 

participate further in the study (n=4), (iii) disinterest in participating further in the study 

(n=1), and (iv) sustaining a repeat sport-related concussion (n=3). Thus, 47 participants in 

each group completed the study and were included in all analyses. The concussion and 

control group were similar on baseline characteristics and timing of study assessments (Table 

7.1). 

 

TABLE 7.1 Baseline & demographic characteristics 
Characteristics Concussion Control p-value 
Sex (male), n (%) 34 (36.2%) 34 (36.2%) 1.00 
Age (years) 22.9 (5.0) 23.8 (4.6) 0.37 
Weight (kg) 80.6 (15.2) 79.3 (13.0) 0.67 
Height (cm) 178.1 (10.5) 177.2 (9.0) 0.65 
Sport participation per week (hours) 8.3 (3.9) 8.6 (3.4) 0.78 
Concussion history (yes), n (%) 26 (55.3%) 17 (36.3%) 0.06 
Migraine history (yes), n (%) 7 (14.9%) 7 (14.9%) 1.00 
Learning disability (yes), n (%) 6 (12.8%) 1 (2.1%) 0.11 
Mood disorder (yes), n (%) 8 (17.0%) 3 (6.4%) 0.11 
Six-month assessment (days) 182.1 (8.7) 183.8 (14.2) 0.48 
One-year assessment (days) 365.8 (12.8) 365.1 (10.1) 0.79 

Mean and standard deviation unless stated otherwise. Independent samples t-tests performed on continuous data. 
Chi-square test or Fisher’s Exact test performed on binary data
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FIGURE 7.1 VOMS total symptom provocation ‘change’ score in the concussion group 

and the control group at the six-month and one-year study assessments 
 

7.4.1 Vestibular/OculoMotor Screening symptom provocation and NPC distance 

The concussion group reported similar mean symptom provocation “change” scores on all 

items of the VOMS compared with the control group at the six-month and one-year study 

assessments (𝑉=0.001, F8,176 =0.19, p=0.99) (Figures 7.1). The concussion group and the 

control group exhibited similar mean NPC distance values at both assessment time-points 

(Table 7.2) (Figure 7.2). The concussion group had a non-significantly greater proportion of 

participants who exceeded the VOMS clinical cutoff threshold (i.e., symptom provocation ≥

2 and/or near-point convergence distance ≥5cm) compared with the control group at both the 

six-month (𝑥2(1)=1.66, OR 1.74 (95%CI 0.69-4.48), p=0.20) and one-year (𝑥2(1)=1.62, OR 

1.71 (95%CI 0.69-4.36), p=0.20) study assessments (Table 7.3).
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TABLE 7.2 VOMS Symptom Provocation & Dizziness Handicap Inventory Scores 
VOMS item/DHI score Time Concussion Control 
Smooth pursuits Six months 1.23 (2.39) 0.64 (1.19) 
 One-year 0.74 (1.26) 0.43 (1.26) 
Horizontal saccades Six months 1.85 (3.01) 1.23 (1.96) 
 One-year 1.21 (1.73) 0.79 (1.35) 
Vertical saccades Six months 1.79 (2.76) 1.13 (2.09) 
 One-year 1.23 (1.76) 0.94 (1.69) 
NPC Six months 2.09 (2.87) 1.21 (2.45) 
 One-year 1.45 (1.93) 0.87 (2.07) 
Horizontal VOR Six months 2.62 (3.01) 2.06 (3.12) 
 One-year 2.06 (2.35) 1.70 (2.66) 
Vertical VOR Six months 2.40 (2.95) 2.00 (3.39) 
 One-year 1.94 (2.36) 1.64 (3.03) 
Visual motion sensitivity Six months 2.64 (3.66) 1.83 (3.19) 
 One-year 1.98 (2.38) 1.55 (3.09) 
NPC distance (cm) Six months 5.92 (5.93) 4.31 (5.00) 
 One-year 6.13 (5.01) 4.36 (4.60) 
DHI total score Six months 1.57 (5.11) 0.77 (2.52) 
 One-year 1.83 (4.79) 1.23 (3.11) 
DHI physical subscale Six months 0.72 (2.02) 0.30 (1.02) 
 One-year 0.85 (2.27) 0.72 (2.02) 
DHI emotional subscale Six months 0.43 (1.72) 0.34 (1.34) 
 One-year 0.60 (2.00) 0.38 (1.29) 
DHI functional subscale Six months 0.43 (1.81) 0.13 (0.49) 
 One-year 0.38 (1.15) 0.13 (0.65) 

Mean and standard deviation unless stated otherwise. 
VOMS symptom provocation change scores minimum possible value = 0 and maximum possible value = 40. 

VOR, Vestibulo-ocular reflex. 
 

 
FIGURE 7.2 Near-point convergence distance in the concussion group and control 

group at the six-month and one-year study assessments
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7.4.2 Dizziness Handicap Inventory 

The concussion group and the control group had similar perceptions of the effects of 

dizziness on their HRQoL at the six-month and one-year study assessments (F1,92 = 0.09, 

p=0.76, 𝜂  = 0.0002). The concussion group did not perceive their dizziness to adversely 

affect their physical, emotional, or functional HRQoL to a significantly greater extent than 

the control group at the six-month or one-year study assessment (𝑉 = 0.005, F3,182 = 0.32, p = 

0.81). The proportion of participants in the concussion and control groups who reported a 

DHI score greater than 10 was similar at both the six-month (OR 2.03 (95%CI 0.10-123.10), 

p = 0.10) and one-year (OR 4.22 (95%CI 0.40-214.98), p = 0.36) study assessments (Table 

3). 

 

TABLE 7.3 Frequencies and proportions of participants who reported symptoms and 
exhibited NPC distance that exceeded clinical cut-off thresholds on the VOMS 

Time Group Symptom 
provocation ≥ ퟐ 

NPC ≥ ퟓcm Symptom provocation 
≥ ퟐ and/or NPC ≥ ퟓcm 

DHI >10 

Six months Concussion 28 (59.6%) 19 (40.4%) 33 (70.2%) 2 (4.3%) 
 Control 20 (42.6%) 14 (29.8%) 27 (57.4%) 1 (2.1%) 
  𝑥2(1)=2.73, p=0.10 𝑥2(1)=0.17, p=0.28 𝑥2(1)=1.66, p=0.20 OR 2.03, p=0.10* 
      
One-year Concussion 20 (42.6%) 23 (48.9%) 32 (68.1%) 4 (8.5%) 
 Control 18 (38.3%) 15 (31.9%) 26 (55.3%) 1 (2.1%) 
  𝑥2(1)=0.18, p=0.67 𝑥2(1)=2.83, p=0.09 𝑥2(1)=1.62, p=0.20 OR 4.22, p=0.36* 

* Fisher’s t-test performed due to n < 5 in certain cells 
 

7.5 DISCUSSION 

Vestibular and oculomotor impairments have been identified in the literature up to three 

months following sport-related concussion.11,12,24,38 However, findings of persistent vestibular 

and oculomotor impairments have been observed in specific sub-populations who typically 

present to specialty concussion programs greater than two weeks after sport-related 

concussion. Additionally, these studies include patients experiencing post-concussion 

syndrome by reporting subjective vestibular or oculomotor symptoms and by exhibiting 

positive vestibular or oculomotor exam findings greater than one-month following injury. 

Given the lack of prospective, longitudinal data evaluating the presence of vestibular- and 

oculomotor-related symptoms and dizziness-related HRQoL up to one-year following sport-

related concussion, our study aimed to address a knowledge gap regarding long-term 

temporal recovery from sport-related concussion. 
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We hypothesised that the concussion group and the control group would report similar 

severity of vestibular- and oculomotor-related symptoms (using the VOMS), and similar 

dizziness-related HRQoL, at the six-month and one-year study assessments. Our results failed 

to reject our pre-specified study hypotheses, indicating that the concussion and control groups 

reported similar symptom provocation on the VOMS and similar NPC distance at the six-

month and one-year study assessments. Similarly, the concussion group perceived little-to-no 

effects of dizziness on physical, emotional, and functional aspects of their HRQoL, which 

aligned with the perceptions of the control group at both six-month and one-year study 

assessments. 

 

We implemented the VOMS to evaluate the provocation of vestibular- and oculomotor-

related symptoms in response to test manoeuvres of the vestibular and oculomotor systems 

six months and one-year following sport-related concussion. Using the clinical cut-off 

threshold recommended by the creators of the VOMS, approximately 70% of the concussion 

group reported a symptom provocation “change” score ≥2 and/or an NPC distance ≥5cm, 

which was sustained at the one-year study assessment. However, the proportion of 

concussion group participants who exceeded the clinical cut-off threshold of the VOMS at six 

months (70.2%) and one-year (68.1%) was similar to the control group (57.4% and 55.3%, 

respectively). The VOMS was initially developed as a triage-like assessment tool to identify 

patients who would benefit from detailed vestibular examination and rehabilitation in the 

acute and subacute phases of concussion recovery. However, the VOMS is frequently 

administered to a variety of patients in clinical practice at varying time-points following 

sport-related concussion, including both acutely injured patients and those with chronic 

symptoms. Our results indicate that (i) the VOMS is insufficiently specific to correctly 

identify athletes who do not have long-term concussion-related vestibular and oculomotor 

impairments, and (ii) vestibular and oculomotor impairments have likely resolved in the 

majority of individuals six months and one-year following sport-related concussion when 

assessed using the VOMS. 

 

It is highly likely that the majority of concussed participants in the current study had 

recovered clinically by the six-month and one-year study assessments, highlighted by the low 

DHI scores recorded by concussion and control groups. The prevalent and limiting nature of 

dizziness following sport-related concussion can lead symptomatic athletes to withdraw from 



 294 

activities and settings that aggravate unpleasant symptoms. Self-withdrawal from social 

settings that aggravate symptoms can impact patients’ physical, functional, and emotional 

HRQoL, which may interfere with the nature and duration of recovery following sport-related 

concussion.5,17 Although the VOMS quantifies the patient’s symptom response to stimulating 

the vestibular and oculomotor system, it does not quantify the patient’s perceptions of the 

effects of vestibular- and oculomotor-related symptoms, such as dizziness, on everyday 

function. Despite the high proportion of both concussed and control participants who 

exceeded clinical cut-off thresholds on the VOMS (Table 7.3), very few participants reported 

self-perceived effects of dizziness on HRQoL. Only two (4.3%) and four (8.5%) concussed 

participants perceived dizziness to affect physical, emotional, and functional aspects of their 

HRQoL, which was similar to the control group. Our findings suggest that by six months 

following sport-related concussion, nearly all participants no longer perceived that any 

effects of dizziness influenced their HRQoL. 

 

The concussion group had a similar proportion of participants who exhibited an NPC distance 

greater than 5cm compared with the proportion of participants in the control group at the six- 

(40.4% vs. 29.8%) and one-year (48.9% vs. 31.9%) study assessments. These findings align 

with prior studies investigating NPC distance in concussed and control athletes following 

sport-related concussion. Although NPC distance is infrequently investigated long-term 

following sport-related concussion, student-athletes with a history of concussion (>6 months) 

exhibited similar NPC distance compared with a control group without any concussion 

history.39 Additionally, the rates of receded NPC (>5cm) in our concussion group 

approximated the proportion of athletes in other studies who exhibit receded NPC acutely and 

sub-acutely following sport-related concussion (36%-50%).12,14,26,29,32 The rates of receded 

NPC (>5cm) in the control group at the six-month (30%) and one-year (32%) study 

assessments fall within the range (11%-33%) of receded NPC (>5cm) proportions observed 

across studies assessing healthy, non-concussed athletes.28,30,32,33,35,40 These results 

collectively suggest the VOMS may not be an appropriate tool to identify persistent 

vestibular or oculomotor impairments following sport-related concussion due to the lack of 

between-group differences observed in our study and the relatively high rate of positive 

findings among non-injured controls. As such, use of the VOMS may be better suited to acute 

screening for more detailed examination, appropriate injury management, and treatment 

pathway guidance than detecting persistent impairment. 
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7.5.1 Limitations 

We used the VOMS as an assessment to identify persistent vestibular and oculomotor 

impairments following sport-related concussion. Despite widespread use in clinical practice 

as an independent evaluation of vestibular and oculomotor dysfunction, the VOMS was 

initially developed as a screening tool to identify patients who would benefit from detailed 

vestibular examination.26 However, in the current study, we did not supplement our use of the 

VOMS with a more detailed vestibular and oculomotor examinations, which may have 

resulted in overlooking subtle, underlying vestibular and oculomotor impairments. 

 

We assessed patients’ perceptions of dizziness on physical, functional, and emotional aspects 

of HRQoL following sport-related concussion. However, dizziness, albeit a prevalent 

symptom that is associated with vestibular and oculomotor impairments following sport-

related concussion, is only one of many symptoms that can manifest secondary to 

concussion-associated vestibular and oculomotor impairments affecting HRQoL. 

Additionally, other general life events and health conditions could occur over the six-month 

and one-year study duration that may induce dizziness and subsequently affect HRQoL. 

Thus, self-perceived dizziness handicap in the current study cannot be solely attributed to the 

persistent effects of sport-related concussion. 

 

Our sample of concussion participants comprised patients who presented to the emergency 

department following sport-related concussion. Only 10-15% of all patients who sustain 

concussion present to the emergency department following injury, whereas approximately 

80% present to primary care.41 Individuals who present to the emergency department may 

have different demographic characteristics compared with the majority of individuals who 

sustain sport-related concussion (and subsequently present to primary care settings). 

Fundamental differences in demographic characteristics between these sub-populations may 

influence their recovery trajectory and the severity and persistence of impairments (such as 

vestibular and oculomotor impairments) experienced beyond the acute and subacute phases 

of clinical recovery after sport-related concussion. 

 

7.6 CONCLUSION 

Data obtained within our investigation indicate that vestibular- and ocular-related symptom 

provocation measures obtained using the VOMS were unable to identify impairments six 

months and one-year after sport-related concussion compared with non-concussed, control 
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participants. Similarly, we did not observe any dizziness-related effects on health-related 

quality of life between groups at either study assessment time-point. Collectively, our work 

aligns with previous reports, suggesting these instruments are not equipped to identify mid- 

to long-term impairments after sport-related concussion. Focus on the utility of these 

approaches in more acute post-concussion studies to guide clinical decision-making may be 

warranted at this time. 
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of sensorimotor impairment in amateur athletes following 

sport-related concussion: a prospective, matched-cohort study 
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8.1 ABSTRACT 

Objective: To longitudinally investigate the presence of sensorimotor impairments in 

amateur adult athletes following sport-related concussion using two functional 

movement tests. 

Design: Prospective, matched-cohort study. 

Setting: Human movement analysis laboratory. 

Participants: Athletes who presented to the emergency department of a university-

affiliated, teaching hospital and were diagnosed with sport-related concussion, and sex-, 

age-, and activity-matched non-concussed, control athletes. Concussed participants were 

assessed within one-week following sport-related concussion, upon clearance to return-

to-sporting activity, and two weeks after return-to-sporting activity. Control participants 

were assessed at an initial time-point and subsequently assessed approximately two and 

four weeks following their initial study assessment. 

Main Outcomes Measures: At each laboratory assessment, participants completed two 

functional movement tests: (i) the Star Excursion Balance Test and (ii) the Multiple Hop 

Test. 

Results: Fifty concussed athletes and 50 non-concussed, control athletes completed the 

study. There were no significant differences at any study assessment between the 

concussion and the control group on the SEBT anterior reach distance or fractal 

dimension. During the MHT, the concussion group used a significantly greater number 

of corrective postural strategies than the control group one-week following sport-related 

concussion and upon clearance to return-to-sporting activity, but not two weeks after 

return-to-sporting activity. 

Conclusion: Recently concussed athletes made a greater number of corrective postural 

strategies than control participants during the MHT upon clearance to return-to-sporting 

activity but not two weeks after return-to-sporting activity. The MHT may offer a 

clinically useful tool for practitioners to examine the recovery of persistent sensorimotor 

impairments and related return-to-sport readiness.
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8.2 INTRODUCTION 

Sport-related concussion is a trauma-induced, functional disturbance of the brain 

causing transiently altered mental status.1,2 Accumulating evidence suggests that sport-

related concussion may be associated with subsequent lower extremity, musculoskeletal 

injury.3,4 Theory, clinical intuition, and preliminary research propose that post-

concussive sensorimotor impairments may be an important mediating variable in this 

potentially causal pathway.5–7 However, despite plausible hypotheses, an explanatory 

mechanism remains elusive. 

 

Developing evaluative tests that can detect persistent clinical and neuro-biological 

impairments following sport-related concussion is a field-wide priority.8,9 Currently-

recommended side-line assessment strategies evaluate clinical symptoms, cognitive 

deficits, and balance impairments that are thought to recover in most concussed athletes 

within 10-14 days following injury.10–13 The majority of collegiate and adult athletes 

exhibit normal static balance performance and report symptom resolution within five 

and ten days, respectively, following sport-related concussion.12,14,15 Consequently, 

return-to-play timelines remain brief (≤21 days) for most professional, amateur, and 

recreational athletes after sport-related concussion, irrespective of the sport played.13,15–

21 However, the crude nature of many clinical concussion tests belies certainty about 

whether resolved post-concussive impairments reflect complete recovery.22–27 

 

Functional movement tests that mirror some of the physical and cognitive demands of 

sport-specific activity may identify subtle, yet persistent, sensorimotor impairments 

following sport-related concussion.5,28–30 For example, divided attention walking and 

sport-specific functional movement tasks have demonstrated promise in detecting 

dynamic postural control impairments beyond one-month following sport-related 

concussion.30,31 Postural control impairments may be exacerbated in more physically 

dynamic and cognitively challenging environments that require athletes to distribute 

their attentional resources across internal and external cognitive or perceptual stimuli.5 

The physical and cognitive challenges of sports performance place a high demand on 

the athlete’s ability to process and respond to incoming stimuli.32,33 Because reduced 

internal processing abilities and sensorimotor impairments may co-exist following 
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sport-related concussion,34,35 participating in a dynamic and complex sporting 

environment with aberrant movement patterns may increase an athlete’s injury risk.5–

7,36–38 

 

Applying challenging functional movement tests when assessing athletes following 

sport-related concussion may detect subtle sensorimotor impairments that have 

important implications for return-to-play decision-making and future lower extremity 

musculoskeletal injury risk.3,5,6. This study aimed to longitudinally investigate the 

presence of sensorimotor impairments in amateur adult athletes following sport-related 

concussion using two functional movement tests. We hypothesised that concussed 

athletes would exhibit persistent sensorimotor impairments on challenging, functional 

tests up to two weeks after return-to-sporting activity following sport-related concussion 

compared with non-concussed, control athletes. 

 

8.3 METHODS 

This prospective, longitudinal study received ethical approval from the Human 

Resources Ethics Committee for Life Sciences at University College Dublin, Ireland 

and was performed in accordance with the Declaration of Helsinki. Study design, 

conduct, analysis, and results are reported according to the STatement for Reporting 

OBsErvational Studies (STROBE).39,40 

 

8.3.1 Participant identification 

Concussed patients were recruited from the emergency department of a national, 

university-affiliated, teaching hospital over a 20-month rolling recruitment period from 

January 2017 until August 2018. Patients were diagnosed with sport-related concussion 

by an emergency medicine physician using the injury definition and diagnostic criteria 

outlined by the 5th Concussion in Sport Consensus Statement.1 For the current study, we 

defined sport-related concussion as a traumatic brain injury induced by biomechanical 

trauma transmitting an impulsive force to the brain and manifesting in transiently 

altered mental status.1 
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Upon identification of a concussed patient, the patient was approached by a study 

investigator who applied study eligibility criteria and, if eligible, sought the patient’s 

interest in participating in the study. Concussed participants were included if they: 

attended the emergency department; were diagnosed with a sport-related concussion, 

and; were 16-38 years old were included. Participants were excluded if they reported: 

sustaining a sport-related concussion in the preceding 12 months; a history of greater 

than three lifetime concussions; loss of consciousness greater than one-minute 

following the current sport-related concussion, a lower extremity physical complaint in 

the preceding twelve months that resulted in at least twenty-four hours of missed 

training and/or match-play from midnight at the end of the day that the physical 

complaint was sustained, or; a history of vestibular disorder. Sex-, age-, and activity-

matched non-concussed, control participants were recruited by advertising the study 

across competitive and intramural athletic teams in the university and local catchment 

area, and by applying the same exclusion criteria as were used for the concussion group. 

 

8.3.2 Assessment timeline 

Study participants, who consented to participate, attended three study assessments at the 

university human movement analysis. We assessed concussed participants 1) within 

one-week following sport-related concussion, 2) upon medical clearance to return-to-

sporting activity (RTA), and 3) two weeks after RTA following sport-related 

concussion. Control participants were assessed at an initial study assessment and 

subsequently tested approximately two weeks and four weeks following their initial 

study assessment. 

 

We defined medical clearance to RTA as clearance of the concussed athlete by an 

emergency department physician, family physician/general practitioner, or sport and 

exercise medicine physician to initiate organised sporting activity following sport-

related concussion. RTA criteria were physician-specific and comprised time-dependent 

(such as ensuring that the athlete complied with a mandatory rest period) and criterion-

dependent (such as a symptom-limited rest period) approaches that were not 

standardised across all study participants. Return-to-sporting activity decision-making 

was at the discretion of the clearing physician. For example, some physicians may have 
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immediately cleared athletes to return to unrestricted sporting activity, whereas other 

physicians may have instructed athletes to return to sporting activity in a progressive 

manner in line with a graduated return-to-play protocol. Physicians typically 

recommended athletes to RTA using a stepwise RTA protocol that increased sport-

specific activity in volume and intensity. 

 

8.3.3 Participant demographic information 

We collected the following demographic characteristics that are considered to 

potentially mediate, and/or confound, the relationship between sport-related concussion 

and clinical recovery duration: medically diagnosed concussion history, migraine 

history, diagnosed attention disorder or learning disability, history of diagnosed anxiety 

or depression.41–44 We ascertained participant concussion history by asking participants 

whether they had sustained a previously medically diagnosed sport-related concussion. 

Migraine history was ascertained by asking participants whether they had experienced a 

history of physician-diagnosed migraines. Diagnosed attention disorder or learning 

disability was ascertained by asking study participants whether they had ever been 

medically diagnosed with an attention disorder (e.g., ADD or ADHD) or a learning 

disability (e.g., dyslexia). History of diagnosed anxiety or depression was ascertained by 

asking study participants whether they had ever been medically diagnosed with anxiety 

or depression. 

 

8.3.4 Assessment protocol 

At each study laboratory assessment, concussion and control participants completed the 

following clinical tests (Table 8.1): 

 

8.3.4.1 Star Excursion Balance Test (SEBT) 

The SEBT is a clinical assessment of dynamic postural control. During the SEBT, the 

participant performs single-leg squats using the non-weightbearing limb to reach 

maximally and touch a point along one of eight lines on the floor that extend from a 

fixed centre point and are spaced at 45° from each other.45 Participants were instructed 

to perform the SEBT in the anterior reach direction, as described by Gribble et al.46 In 

brief, participants maintain a stable base of support on the weightbearing stance foot 
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while performing a maximal reach in the anterior direction with the non-weightbearing 

leg (further explanation in supplemental material). 

 

We computed the average of three test trials to calculate the anterior reach distance for 

each participant. The anterior reach component of the SEBT was selected due to its 

similarity with a single-leg squat but also because it has a clinician-based outcome (i.e., 

reach distance) as well as a laboratory-based outcome (i.e., forceplate-instrumented 

postural control) when performed in the laboratory. Anterior reach distance was 

normalised for participant leg length (as measured from the ASIS to the medial 

malleolus) to account for systematic leg length differences between participants in the 

concussion and control group.47 We measured closed-chain ankle dorsiflexion range of 

motion of the weightbearing limb by performing a knee-to-wall lunge test and included 

this variable as a confounding variable to minimise the influence of this variable on 

normalised anterior reach distance performance.47,48 

 

Additionally, we acquired centre of pressure data for the stance limb to calculate fractal 

dimension combining anteroposterior and mediolateral centre of pressure (CoP) 

paths.49,50 Fractal dimension is a unit-less measure that characterises the complexity of 

the CoP signal,51 thereby providing an indication of the extent to which the participant 

is using their available base of support.52 Fractal dimension describes its shape using a 

value ranging from 1 (i.e., low complexity or reduced capacity to avail of the supporting 

base) to 2 (i.e., high complexity).51 

 

TABLE 8.1 Study outcome measures and metrics 
Clinical test  Outcome measure Outcome metric (unit) 
 
SEBT 

Anterior reach distance performance 
normalised for leg length 

Percentage (%) 

Fractal dimension N/A (unitless) 
 
MHT 

Performance time Seconds (s) 
Corrective postural strategies Frequency 
Time-to-stabilisation (x-axis) Seconds (s) 
Time-to-stabilisation (y-axis) Seconds (s) 

SEBT, Star excursion balance test; MHT, Multiple hop test 
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8.3.4.2 Multiple Hop Test 

The Multiple Hop Test (MHT) is a functional assessment of dynamic postural control 

developed by Riemann et al.53 Participants performed the MHT as described by 

Eechaute et al..54 In brief, participants hop and land, with a stable landing, along a 

multi-directional pattern of ten numbered, floor markers. Participants pause 

momentarily when landing upon each tape marker to stabilise. When the participants’ 

weightbearing knee and hip are aligned, and foot, chest and head are pointing anteriorly, 

the participant can hop to the next marker. Participants aim to cover each tape marker 

with their weightbearing foot upon landing (further explanation in supplemental 

material). 

 

Participants were instructed to maintain balance and to minimise corrective postural 

strategies upon landing. Corrective postural strategies included: (1) falling or stumbling; 

(2) displacing the supporting foot (through shuffling or jumping); (3) touching the 

ground with the non-weightbearing foot; (4) removing the hand(s) from the iliac 

crest(s); (5) moving the trunk medially or laterally in the frontal plane or anteriorly in 

the sagittal plane; (6) holding the legs together to maintain stability, and (7) swinging 

the non-weightbearing leg into greater than 30° of adduction or abduction. Participants 

were instructed to minimise corrective postural strategies. Participants performed four 

practice trials and three test trials, with three-minute rest intervals between trials. 

Participants performed the MHT using only the dominant limb (further explanation in 

supplemental material).54–56 

 

MHT trials were video-recorded using a tripod-mounted video camera facing the 

participant antero-posteriorly (Canon, Tokyo). Two independent assessors (one blind 

and one not blind to participant concussion status) assessed video recordings of MHT 

performance. Assessors evaluated to the number of corrective postural strategies made 

by participants throughout the test upon landing on each floor marker. The sum of 

corrective postural errors across trials was used to calculate the error outcome score for 

each MHT assessment (further explanation in supplemental material). An unweighted 

mean of assessor one and assessor two error ratings for each participant was calculated. 
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At the end of the MHT, participants stabilised on the final tape marker, which was 

positioned on a force-plate. Data from the force-plate was recoded using a sampling 

frequency of 1 kHz and was segmented, for each trial, from the instant of landing to 

exactly 5 seconds after landing. The time-to-stabilisation parameter was calculated from 

the force-plate data for both the antero-posterior and medio-lateral directions using the 

sequential estimation method (further explanation in supplemental material).57 

 
8.3.5 Statistical analysis 

We performed descriptive statistics to summarise group-level demographic 

characteristics and outcomes. Continuous variables are expressed as means or medians, 

and standard deviations (SD) or inter-quartile ranges (IQR). Dichotomous variables are 

presented using frequencies (n) and percentages (%). Equivalence testing was 

performed to test the null hypothesis that concussion and control groups were 

statistically equivalent on baseline and demographic variables.58,59 

 

We performed a multi-level model to investigate whether SEBT and MHT outcome 

measures differed between the concussion group and the control group at each study 

assessment (further explanation in supplemental material). We selected a maximum-

likelihood estimation method to compare models with fixed and random coefficients 

(i.e., intercepts and slopes) and to assess which models provided the best fit to the data. 

We constructed an initial baseline model including only a fixed intercept and then added 

a random intercept for individual participants to assess whether allowing scores at each 

time-point to vary across individuals improved model fit. Random intercepts improved 

model first for each outcome variable and was retained. Allowing outcome scores to 

vary across individual participants significantly improved model fit and was retained in 

each statistical model. 

 

Group, time, and group-by-time were entered, in that order, into each model as fixed 

effects and interaction terms, respectively. We allowed study assessment time-points to 

cluster within each patient due to the dependency of these scores on the same patient 

over time. We interpreted Akaike Information Criterion (AIC) values to evaluate 

improvements in the fit of each model. We calculated -2Log-Likelihood ratio value to 
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assess significant improvements in model fit with each added parameter. Alpha level 

was set at 0.05.  

 

Significant interaction terms were interpreted by performing separate multi-levels 

models at each assessment to evaluate whether there were significant differences 

between the concussion group and the control group at time-points one, two, and three. 

We adjusted the alpha level for family-wise comparisons of significant interaction terms 

using a Bonferroni correction (0.05/3 time-points = 0.0167). Statistical analyses and 

data visualisation were performed in RStudio (Vienna, Austria). 

 

8.4 RESULTS 

Fifty-two concussion patients and 52 control participants were eligible to participate, 

provided informed consent, and enrolled in the study. Two participants in each group 

were lost to follow-up and excluded from the study. Fifty concussed athletes and 50 

sex-, age-, and activity-matched control athletes (table 2), who were similar on collected 

demographic characteristics, completed the study. 

 

TABLE 8.2 Participant demographic information 
 Concussion group 

(n = 50) 
Control group  

(n = 50) 
Equivalence 

testing 
Upper & lower 

bounds 
Sex (female), n (%) 14 (28%) 14 (28%) p = 0.013* ±0.2% 
Age (years), mean (SD) 22.9 (5.1) 23.8 (4.6) p < 0.001* ±4 years 
Height (cm), mean (SD) 177.4 (10.4) 177.0 (9.0) p = 0.034* ±4.0cm 
Weight (kg), mean (SD) 79.2 (15.4 79.0 (13.1) p = 0.023* ±6.0kg 
Sports participation per week (hours), mean (SD) 8.3 (3.7) 8.5 (3.4) p = 0.006* ±2 hours 
Assessment 1 (days), mean (SD) 4.3 (1.70) N/A - - 
Assessment 2 (days), mean (SD) 14.3 (4.6) 14.4 (3.4) p < 0.001* ±3 days 
Assessment 3 (days), mean (SD) 30.3 (7.2) 31.5 (6.9) p = 0.004* ±5 days 
Prior concussion history (yes),  
n (%) 

26 (52%) 18 (36%) p = 0.342** 
p = 0.102** 

± 0.2 

History of migraine (yes), n (%) 7 (14%) 7 (14%) p = 0.002* ± 0.2 
History of diagnosed learning disability (yes), n (%) 6 (12%) 1 (2%) p = 0.049* ± 0.2 
History of diagnosed mood disorder (yes), n (%)  8 (16%) 4 (8%) p = 0.031* ± 0.2 

N/A = Time calculated since injury meaning that control group could not produce a numeric value. 
Control group assessment time-points are subtracted from first control group assessment. 

*In equivalence testing using two one-sided significance tests, p< 0.05 indicates that both the concussion 
group and control group are statistically equivalent. 

**For prior concussion history, the concussion group and the control group not statistically equivalent but 
also not statistically different due to a lack of statistical power. 
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8.4.1 SEBT anterior reach distance normalised by leg length 

There was no significant main effect for group by including group a fixed effect 

(𝜒2(1)=0.70; p=0.4). Adding dorsiflexion range of motion as a confounding variable to 

the model, with group, significantly improved model fit (𝜒2(1) = 20.86; p < 0.0001). 

Time did not significantly improve model fit, indicating that reach distance was not 

significantly different across time irrespective of whether individuals were in the 

concussion or in the control group (𝜒2(2) = 5.409; p = 0.067). There was not a 

significant group-by-time interaction (𝜒2(5) = 0.00001; p = 0.99), indicating that the 

concussion and control groups did not demonstrate significantly different anterior reach 

distance adjusted for leg length on the SEBT at any study assessment (supplemental 

table 1). 

 

8.4.2 Fractal dimension 

The concussion group exhibited significantly less complexity in centre of pressure 

trajectory compared with the control group regardless of the study assessment time-

point (main effect for group: 𝜒2(1) = 11.35; p = 0.0008). The concussion group did not 

demonstrate significantly less complexity in postural stability than the control group at 

any study assessment (group-by-time interaction: 𝜒2(2) = 1.55; p = 0.46). 

 

TABLE 8.3 Descriptive statistics of SEBT & MHT outcome measures 
 Time-point 1 Time-point 2 Time-point 3 
 Concussion 

Mean (SD) 
Control 

Mean (SD) 
Concussion 
Mean (SD) 

Control 
Mean (SD) 

Concussion 
Mean (SD) 

Control 
Mean (SD) 

DF RoM (cm) 8.39 (3.36) 6.41 (3.26) 8.23 (3.05) 6.36 (3.43) 8.41 (3.39) 6.33 (3.23) 
LL (cm) 92.7 (6.27) 92.5 (5.34) 92.1 (6.17) 92.5 (5.56) 92.8 (6.51) 92.1 (5.29) 
SEBT       
Anterior reach distance* (cm) 62.6 (5.32) 64.0 (5.92) 63.9 (5.89) 64.1 (6.42) 63.5 (6.53) 64.0 (5.87) 
Fractal dimension  1.07 (0.08) 1.11 (0.07) 1.05 (0.08) 1.10 (0.06) 1.05 (0.07) 1.10 (0.07) 
MHT       
Time (s) 39.0 (6.88) 31.3 (6.18) 36.8 (7.90) 32.0 (7.86) 35.9 (8.02) 32.1 (8.08) 
Postural errors (number) 14.8 (5.74) 10.0 (4.57) 15.1 (5.07) 10.5 (4.42) 12.8 (5.21) 10.5 (5.21) 
TTSx** (s) 2.67 (0.11) 2.73 (0.22) 2.70 (0.18) 2.74 (0.08) 2.77 (0.13) 2.73 (0.06) 
TTSy** (s) 2.56 (0.24) 2.62 (0.18) 2.61 (0.18) 2.65 (0.18) 2.68 (0.23) 2.60 (0.16) 

DF RoM = Dorsiflexion range of motion, cm = centimetres, LL = Leg length 
*Star Excursion Balance Test anterior reach distance normalised by leg length;  

**TTSx = Time-to-stabilisation (x-axis), anteroposterior direction, sagittal plane; TTSy = Time-to-
stabilisation (y-axis), mediolateral direction, frontal plane. 



 313 

 
8.4.3 MHT corrective postural strategies 

There was a significant group-by-time interaction (𝜒2(2) = 14.16; p = 0.008) for 

corrective postural strategies on the MHT (supplemental table 3), whereby the 

concussion group used a significantly greater number of postural strategies than the 

control group within one-week following sport-related concussion (𝛽 = 4.85; SE = 1.05; 

p < 0.0001) and upon clearance to RTA (𝛽 = 4.65; SE = 1.00; p < 0.0001) (Figure 8.1) 

(supplemental table 4). The number of postural strategies employed by the concussion 

group were not significantly different to the control group two weeks following RTA 

after sport-related concussion (𝛽 = 2.26; SE = 1.10; p < 0.043). 

 

 

FIGURE 8.1 Mean number of corrective postural strategies for the concussion 
group and the control group over time 

Error bars represent 95% confidence intervals for each group mean at assessment time-points. 
 
8.4.4 MHT time-to-stabilisation in the sagittal plane 

There was a significant group-by-time interaction for time-to-stabilisation in the sagittal 

plane (𝜒2(2) = 10.8; p = 0.0045), whereby adding this interaction term significantly 
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improved model fit to the data (supplemental table 5). However, when applying a 

Bonferroni correction for multiple comparisons between the concussion and the control 

group, there were no significant differences in the time taken for participants to stabilise 

in the sagittal plane following the MHT (supplemental table 6). 

 

8.4.5 MHT time-to-stabilisation in the frontal plane 

Adding a group-by-time interaction significantly improved the fit of the multi-level 

model for time-to-stabilisation in the frontal plane (𝜒2(2) = 2.52; p = 0.019) 

(supplemental table 7). However, the concussion group did not take significantly longer 

than the control group to stabilise in the frontal plane after the MHT one-week 

following sport-related concussion (𝛽 = 0.06; SE = 0.05; p = 0.2), upon medical 

clearance to RTA (𝛽 = 0.04; SE = 0.04; p = 0.3), and two weeks after RTA following 

sport-related concussion (𝛽 = -0.07; SE = 0.04; p = 0.08) (supplemental table 8). 

 

8.5 DISCUSSION 

Using two functional movement tests, we assessed for the presence of sensorimotor 

impairments in a group of recently concussed amateur athletes compared with non-

concussed, control athletes. Upon clearance to RTA, concussed athletes demonstrated a 

greater number of corrective postural strategies than control athletes when performing 

the MHT. However, the concussion group recorded a similar time-to-stabilisation as the 

control group when completing the MHT from one-week following sport-related 

concussion. Similarly, the concussion group did not perform significantly differently 

during the SEBT compared with the control group from one-week following sport-

related concussion up to two weeks after RTA. Our results contradict our pre-study 

hypotheses, which anticipated that acutely concussed athletes would exhibit persistent 

sensorimotor impairments on the SEBT and the MHT up to two weeks following RTA.  

 

We used the number of corrective postural strategies exhibited during the MHT as a 

surrogate marker of neuromuscular control performance. The dynamic and multi-

directional demands of the MHT require high levels of neuromuscular control to confer 

postural stability. Neuromuscular control – the nervous system’s control of muscle 

activation when performing a physical task – represents the unconscious activation of 
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musculotendinous restraints to prepare for and respond to joint motion and loading to 

maintain functional joint stability.32 We speculated that performing a challenging 

physical task such as the MHT would magnify underlying sensorimotor impairments 

that manifest only under high perceptual or cognitive loads during sports performance. 

Our findings only partially support the belief that subtle sensorimotor impairments are 

present when athletes RTA following sport-related concussion,30,31,60,61 which may 

mediate the relationship between concussion and subsequent lower extremity, 

musculoskeletal injury.3 Future prospective studies are needed to confirm this theory.  

 

Sensorimotor changes following sport-related concussion may impact locomotor 

control, contributing to subsequent musculoskeletal injury risk.5,62,63 Delayed reaction 

times and greater postural instability during a variety of functional walking tasks can 

persist beyond the resolution of clinical impairments and resumption of physical 

activity following concussive injury.30,64–70 It is probable that impaired sensorimotor 

control following sport-related concussion is only one of many risk factors that interact 

in a complex manner to manifest in subsequent lower extremity, musculoskeletal 

injury.71,72 For example, underlying strength deficits and erratic training load 

prescriptions may further increase an athlete’s susceptibility to lower extremity 

musculoskeletal injury when combined with impaired sensorimotor control secondary 

to neurological alterations following sport-related concussion.34,35,73 

 

Interestingly, the concussion group did not demonstrate a significantly greater number 

of corrective postural strategies than the control group (mean difference=2.3 postural 

corrective strategies) two weeks after RTA following sport-related concussion. 

Continued recovery of the sensorimotor system following RTA and the (training) effect 

of organised sporting activity on sensorimotor control may explain the improvement in 

MHT performance of the concussion group.74 It is also possible that subtle, clinically 

undetectable sensorimotor impairments persist following sport-related concussion may 

become clinically meaningful, long-term outcomes over time. Whether patients who 

exhibit corrective postural strategies on the MHT should be allowed to return to 

sporting activity depends on the results of future longitudinal research using long-term 

and meaningful patient-based outcomes. For example, if elevated acute or sub-acute 
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corrective postural strategies following sport-related concussion are associated, or 

predictive, of a patient-based outcome such as subsequent, lower extremity, 

musculoskeletal injury, only then might there be sufficient grounds to consider whether 

this clinician-based outcome could be used to inform patients’ RTA timing. However, 

future investigations in this area are required to answer this research question. 

 

When performing the MHT, the concussion group did not exhibit a significantly 

different time-to-stabilisation compared with the control group. These null findings 

align with the existing literature that explore the utility of functional movement tests to 

assess concussion-associated impairments using laboratory-based outcomes.30,75–79 

Specifically, athletes with and without a recent (<1.5 years) history of concussion 

demonstrated a similar time-to-stabilisation when landing from a single-leg hop.80 

Additionally, when completing jump landing tasks with and without anticipated cutting 

manoeuvres, athletes with a history of concussion did not perform significantly 

differently compared to athletes without a history of concussion after correcting for 

multiplicity.75 Dynamic, cognitive-motor dual-tasks did not consistently identify 

differences between concussion and control groups during single- and dual-task 

conditions.30,75,77,78 Moreover, prospectively examined head impact exposure throughout 

one football season was not associated with pre-season to post-season changes in 

functional movement scores.79 This body of evidence suggests that only a subset of, 

rather than all, athletes may experience persistently impaired sensorimotor performance 

following sport-related concussion. 

 

There were no significant differences between the concussion and control groups during 

the SEBT over time on either normalised reach distance or fractal dimension. While the 

SEBT is a novel, clinical assessment of postural control with both closed-chain and 

open-chain components (i.e., closed-chain controlling centre of mass while reaching 

outside of one’s base of support),46 it has been suggested that more functional 

movement activities, such as gait tasks, are better at identifying deficits after a sport-

related concussion than statically performed tasks.69,81–83 When performing clinician-

administered static postural control tasks to assess balance impairment following sport-

related concussion, athletes typically exhibit normative values within five days.10–12 
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Similarly, athletes with a history of concussion exhibited similar performance on 

laboratory-based outcome measures (i.e., CoP path, speed, and velocity) compared to 

athletes without a history of concussion when performing a single-leg squat; similar to 

the movement involved in the anterior reach component of the SEBT.80 Unlike static 

postural control tasks and dynamic postural control with a closed-chain component 

(such as the SEBT), highly functional and dynamic postural control tasks (such as the 

MHT) are less reliant on sensory feedback by emphasising feedforward control to 

maintain and restore somatosensory homeostasis.32 Consequently, the MHT may be a 

more appropriate clinical tool for practitioners to evaluate persistent sensorimotor 

impairments following sport-related concussion. 

 

8.5.1 Limitations 

Given our study design and resources, we could not collect pre-injury data for our 

cohort of concussed athletes. A prospective study design with pre-morbid data may 

have resulted in different findings due to an additional time-point facilitating a within-

subject analysis. Additionally, our mixed-sport sample impacts the generalisability of 

our findings to a cohort of athletes who participate in a specific sport. We included a 

non-injured, athletic control group instead of a musculoskeletal injury, athletic control 

group. This may introduce a risk of selection bias in favour of greater corrective 

postural differences between the concussion and control groups during the MHT. 

Sensorimotor impairments have been identified as a risk factor for elevated non-contact 

musculoskeletal injury risk,84–88 and therefore dynamic postural control may be worse in 

athletes with a musculoskeletal injury compared with non-injured athletes. However, 

due to the high functional and physical requirements of the MHT, including control 

participants with musculoskeletal injury was considered too restrictive to only mild 

injuries that were not limiting enough to prevent MHT performance. Two independent 

raters evaluated the number of participant corrective strategies during the MHT using 

objectively set criteria. One-hundred participants negotiated ten numbered markers 

during the MHT and participants could make any one of seven corrective strategies, 

resulting in hundreds of potential combinations. Resolving inter-rater disagreement by 

discussion or third rater arbitration was not time feasible. Consequently, we computed 

an unweighted average for both raters. 
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8.6 CONCLUSION 

Recently concussed amateur athletes made a greater number of corrective strategies 

than control participants during the MHT upon clearance to return-to-sporting activity 

but not two weeks after return-to-sporting activity. The concussion group and the 

control group exhibited similar SEBT anterior reach distance (normalised for leg length) 

and fractal dimension within one-week following sport-related concussion through two 

weeks after RTA following sport-related concussion. These findings indicate that 

sensorimotor impairments may still be present in dynamic, complex environments when 

athletes return-to-sporting activity. The MHT may offer a clinically useful tool for 

practitioners to examine the recovery of subtle sensorimotor impairments and RTA 

readiness. Future longitudinal research using challenging, functional movement tests 

such as the MHT may elucidate the association, or lack thereof, between concussion-

associated sensorimotor impairments and subsequent lower extremity, musculoskeletal 

injury. 
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8.8 SUPPLEMENTAL MATERIAL 

Star Excursion Balance Test (SEBT) 

We selected only the anterior reach direction to simulate a single-leg squat task but with a 

performance-oriented target (i.e., reach distance). Principal components analysis recommends 

only three reach directions (anterior, posterolateral, posteromedial) to minimize redundancy 

of participant performance across eight reach directions. Participants balanced on their 

dominant foot while reaching maximally with their non-dominant foot in the anterior 

direction, made a light touch on the ground without coming to a rest, and returned to a 

bilateral stance position on the force-plate. If participants heavily rested the non-

weightbearing foot at the touchdown point to maintain balance, or lifted any part of the 

weightbearing foot during the trial, the trial was aborted and re-performed. Participants 

performed four practice trials and three test trials. 

 

The SEBT has demonstrated discriminative capacity to differentiate the level of postural 

control in injured and uninjured participants with chronic ankle instability, anterior cruciate 

ligament reconstruction, and patellofemoral pain syndrome. Consistent intra-tester (0.78-

0.96), inter-tester (0.81-0.93) and inter-session (0.84-0.92) reliability has been demonstrated 

for the SEBT, when practice trials were accounted for.  

 

Multiple Hop Test (MHT) 

On a stand signal, the participants assume a starting position on the first tape marker, 

standing on their dominant limb with hands positioned above their iliac crests. On a go 

signal, participants initiate the test, hopping to the first marker. Participants pause 

momentarily when landing upon each tape marker to sufficiently stabilize. When the 

participants’ weightbearing knee and hip are aligned, and foot, chest and head are pointing 

anteriorly, the participant can hop to the next marker. Participants aim to cover each tape 

marker with their weightbearing foot upon landing. A deviation of one foot’s width from the 

marker is permitted. During the MHT, participants hop and land, with a stable landing, along 

a multi-directional pattern of numbered floor markers in medial, lateral, antero-medial, and 

antero-lateral directions [Supplemental Figure 1]. Each floor marker comprises a piece of 

white inelastic 2-inch by 2-inch tape. Intertape distances are modified according to the 

subject’s height, as categorized in 10-cm deciles. 

 



 330 

 
Supplemental figure 8.1 Numbered floor marker configuration for the Multiple Hop Test 

 
Previous studies using the MHT have reported no differences in performance errors between 

tests performed using dominant and non-dominant lower limb. Therefore, participants 

performed the MHT using only the dominant limb in the current study. 

 

Two independent assessors (one blind and one not blind to participant concussion status) 

assessed video recordings of MHT performance. Because a participant’s first corrective 

strategy may result in other compensatory strategies, assessors coded only the first visible 

corrective postural strategy on each floor marker. We calculated the unweighted mean for 

both assessors scores and used this score to represent the total number of corrective postural 

strategies employed by participants. The sum of corrective postural errors across trials was 

used to calculate the error outcome score for each MHT assessment. A maximum of ten 

errors could occur per test trial, resulting in a maximum score of 30 errors per MHT 

assessment. 

 

A study investigator also recorded participants’ MHT performance time (in seconds) with a 

manual stop-watch (Casio, Tokyo). The investigator started the stopwatch when providing 

the go signal and stopped the stopwatch when the participants’ weightbearing foot made 

initial contact with the final tape marker. The mean performance time of three MHT trials 
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was calculated. Study investigators informed participants the number of corrective postural 

strategies, and not MHT performance time, was the outcome variable of interest. Participants 

could self-select the speed with which they complete the test providing the test was 

performed according to the test protocol. 

 

The MHT has not been validated in a concussion cohort but has demonstrated good-to-

excellent intersession reliability (time in seconds: ICC=0.87-0.97; corrective strategies: 

ICC=0.64-0.83) and moderate-to-good intra- (corrective strategies: ICC=0.83-0.94) and inter-

rater reliability (corrective strategies: ICC=0.91-0.94) in healthy and other clinical 

populations. The MHT good discriminative properties to differentiate individuals with and 

without chronic ankle instability using the number of corrective strategies (receiver operator 

characteristic (ROC) area under the curve (AUC) = 0.79 (95%CI 0.67-0.89)). 

 
In the sequential estimation method, the cumulative average of the ground reaction force data 

in both directions was calculated, for each time point, as the average of all samples up to that 

point. Then, a threshold was calculated, for each direction, as the average + 0.25 times the 

standard deviation of the whole ground reaction data for the trial. The time-to-stabilisation 

parameter was then identified as the instant in which the cumulative average first fell below 

the threshold value. All analyses were performed using custom Matlab (Mathowks, US) 

scripts. 

 

Supplemental table 8.1 Multi-level model – SEBT Anterior Reach Distance Normalised 
by Leg Length 

Model # df AIC BIC logLik Test L.Ratio p-value Action 
norm_fixed 1 2 1817.14 1824.43 -906.571     
norm_random 2 3 1528.86 1539.79 -761.429 1 vs 2 290.284 <.0001 Retain 
norm_group 3 4 1530.16 1544.74 -761.080 2 vs 3 0.698 0.4033 Retain 
norm_df 4 5 1511.30 1529.53 -750.651 3 vs 4 20.857 <0.0001 Retain 
norm_time 5 7 1509.89 1535.41 -747.947 4 vs 5 5.409 0.0669 Retain 
norm_time_random 6 12 1508.86 1552.60 -742.429 5 vs 6 11.035 0.0507 Retain 
norm_covariance 7 13 1510.86 1558.25 -742.429 6 vs 7 0.00001 0.9994 Remove 
norm_interaction 8 12 1508.86 1552.60 -742.429 6 vs 8 0.00001  0.999 Adds nil 
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Supplemental table 8.2 Multi-level model – SEBT Fractal Dimension 
Model # df AIC BIC logLik Test L.Ratio p-value Action 
fd_fixed 1 2 -636.13 -628.91 320.06     
fd_random 2 3 -842.78 -831.95 424.39 1 vs 2 208.65 <.0001 Retain 
fd_group 3 4 -852.13 -837.69 430.07 2 vs 3 11.349 0.0008 Retain 
fd_time 4 6 -868.13 -846.47 440.07 3 vs 4 20.000 <.0001 Retain 
fd_time_random 5 11 -862.99 -823.28 442.49 4 vs 5 4.8559 0.43 Remove 
fd_covariance 6 7 -866.66 -841.39 440.33 4 vs 6 0.5250 0.47 Remove 
fd_interaction 7 8 -865.68 -836.80 440.84 4 vs 7 1.5452 0.46 Remove 

 

Supplemental table 8.3 Multi-level model – MHT Corrective Postural Strategies 
Model # df AIC BIC logLik Test L.Ratio p-value Action 
error_fixed 1 2 1739.95 1747.22 -867.98     
error_random 2 3 1608.64 1619.54 -801.32 1 vs 2 133.31 <.0001 Retain 
error_group 3 4 1593.56 1608.09 -792.78 2 vs 3 17.08 <.0001 Retain 
error_time 4 6 1590.55 1612.33 -789.27 3 vs 4 7.02 0.03 Retain 
error_time_random 5 11 1592.95 1632.89 -785.47 4 vs 5 7.60 0.1799 Remove 
error_interaction 6 8 1580.39 1609.44 -782.20 4 vs 6 14.16 0.0008 Retain 
error_covariance 8 8 1579.35 1612.03 -780.68 6 vs 7 3.04 0.081 Remove 

 
Supplemental table 8.4 Beta coefficients and standard error values for group intercepts 

over time 
 Beta SE p-value Random effects 

Time 1: Int 14.8367 0.7409 p < 0.0001 Sd = 4.806 
Control -4.8469 1.0477 p < 0.0001*  
Time 2: Int 15.1222 0.7089 p < 0.0001 Sd = 4.404 
Control -4.6548 0.9971 p < 0.0001*  
Time 3: Int 12.7556 0.7768 p < 0.0001 Sd = 4.824 
Control -2.2556 1.0985 p = 0.043  

Bonferroni correction with reduced alpha level = 0.0167 
 

 Concussion group Control group  
 Mean (SD) CI.mean.95 Mean (SD) CI.mean.95 
Time 1 14.84 (5.74) 1.65 9.99 (4.57) 1.31 
Time 2 15.12 (5.07) 1.52 10.47 (4.42) 1.31 
Time 3 12.76 (5.21) 1.56 10.50 (5.21) 1.57 

 
Supplemental table 8.5 Multi-level model – Time-to-stabilisation (x-axis) 

Model # df AIC BIC logLik Test L.Ratio p-value Action 
ttsx_fixed 1 2 -280.65 -273.41 142.33     
ttsx _random 2 3 -283.72 -272.86  144.86 1 vs 2 5.07 0.0244 Retain 
ttsx _group 3 4 -282.65 -268.17 145.33 2 vs 3 0.93 0.3339 Retain 
ttsx _time 4 6 -284.26 -262.54 148.13 3 vs 4 5.61 0.0605 Retain 
ttsx _time_random 5 11 -300.29 -260.47 161.15 4 vs 5 26.03 0.0001 Retain 
ttsx _interaction 6 13 -307.10 -260.03 166.55 5 vs 6 10.80 0.0045 Retain 
ttsx _covariance 7 14 -305.10 -254.41 166.55 6 vs 7 0.00 1.0000 Remove 
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Supplemental table 8.6 Beta coefficients and standard error values for group intercepts 
over time. 

 Beta  SE p-value Random effects (SD) 
Time 1: Int 2.6749 0.02479 <0.0001 0.1607841 
Control 0.0599 0.03505 0.0905  
Time 2: Int 2.7006 0.02084 <0.0001 0.1294217 
Control 0.0368 0.02930 0.2126  
Time 3: Int 2.7716 0.01530 <0.0001 0.0939504 
Control -0.0436 0.02177 0.0485  

 
 Concussion group Control group  
 Mean (SD) CI.mean.95 Mean (SD) CI.mean.95 
Time 1 2.67 (0.11) 0.0307 2.73 (0.22) 0.0634 
Time 2 2.70 (0.18) 0.0542 2.74 (0.08) 0.0244 
Time 3 2.77 (0.13) 0.0389 2.73 (0.06) 0.0196 

 
Supplemental table 8.7 Multi-level model – Time-to-stabilisation (y-axis) 

Model # df AIC BIC logLik Test L.Ratio p-value Action 
ttsy_fixed 1 2 -101.53   -94.35 52.76     
ttsy _random 2 3 -131.20  -120.42 68.60 1 vs 2 31.67   <.0001 Retain 
ttsy _group 3 4 -129.20   -114.83 68.60 2 vs 3 0.00004 0.995           Retain 
ttsy _time 4 6 -128.92 -107.38 70.46 3 vs 4 3.73 0.155 Retain 
ttsy _time_random 5 11 -124.35   -84.85 73.17 4 vs 5 5.42 0.366 Remove 
ttsy _interaction 6 8 -132.87 -104.15 74.44 4 vs 6 2.52 0.0188  
ttsy _covariance 7 9 -132.76 -100.44 75.38 6 vs 7 1.88 0.17 Remove 

 
Supplemental table 8.8 Beta coefficients and standard error values for group intercepts 

over time. 
 Beta  SE p-value Random effects (SD) 
Time 1: Int 2.563 0.032 <0.0001 0.199 
Control 0.059 0.046 0.199  
Time 2: Int 2.605 0.027 <0.0001 0.169 
Control 0.0398 0.038 0.301  
Time 3: Int 2.676 0.029 <0.0001 0.180 
Control -0.074 0.042 0.076  

 
 Concussion group Control group  
 Mean (SD) CI.mean.95 Mean (SD) CI.mean.95 
Time 1 2.56 (0.24) 0.074 2.62 (0.18) 0.055 
Time 2 2.61 (0.18) 0.054 2.65 (0.18) 0.055 
Time 3 2.68 (0.23) 0.068 2.60 (0.16) 0.048 

Bonferroni correction with reduced alpha level = 0.0167
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An evaluation of dual-task postural balance performance in 
amateur athletes following sport-related concussion: a 

prospective, matched-cohort study 
 
 
 

This chapter is based on the following paper that is currently under peer review at  
Gait & Posture: 

 
Büttner F, Howell DR, Doherty C, Blake C, Ryan J Delahunt E. An evaluation of dual-task 

postural balance performance in amateur athletes following sport-related concussion: a 
prospective, matched-cohort study. 
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9.1 ABSTRACT 

Background: Longitudinally assessing patient-, clinician-, and laboratory-based balance 

outcomes after sport-related concussion may enable the quantification of functional and 

mechanistic changes to postural balance that occur throughout recovery. 

Objective: To compare the postural balance performance of acutely concussed athletes with 

those of matched controls using patient-, clinician- and laboratory-based outcome measures. 

Design: Prospective, matched-cohort study. 

Methods: We recruited amateur athletes who were diagnosed with sport-related concussion 

by emergency department physicians within one-week of injury. Concussed patients were 

assessed within one-week following sport-related concussion, upon medical clearance to 

return-to-sporting activity, and two weeks after return-to-sporting activity. Sex-, age-, and 

activity-matched non-concussed, control participants were also recruited and assessed at 

matched time-points. Concussion-related symptoms were assessed using the Post-Concussion 

Symptom Scale. Static postural balance performance was evaluated using a single motor task 

and a cognitive-motor dual-task. We performed a mixed-design ANOVA for each outcome, 

adjusting the study alpha level using a Holm correction. 

Results: Twenty-five concussed and 25 non-concussed, control participants completed the 

study. Concussed participants reported greater total symptom severity (group-by-time: 

F2,96=35.25; p < 0.0001) and balance symptom severity (group-by-time: F2,96=11.67; 

GG=0.87; p < 0.0001) than control participants in the first week following sport-related 

concussion and upon clearance to return-to-sporting activity, but not two weeks after return-

to-sporting activity. The concussinon group and the control group exhibited similar cognitive 

reaction times, task accuracy, and static postural balance performance when assessed using a 

dual-task assessment at all study time-points following sport-related concussion. 

Conclusion: Concussed athletes reported greater symptom severity over time following sport-

related concussion compared with non-concussed, control athletes after clinician- and 

laboratory-based dual-task balance impairments had resolved. A static postural control task 

such as tandem stance may be insufficiently challenging to detect subtle sensorimotor 

impairments that persist following sport-related concussion. 
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9.2 INTRODUCTION 

Sport-related concussion is a transient disturbance of brain function that is caused by blunt 

trauma to the head, face, neck, shoulder, or torso.1,2 Concussed athletes typically exhibit a 

constellation of physical, emotional, cognitive, fatigue, vestibular, and oculomotor symptoms 

in the hours to days following injury.3,4 Although most concussed athletes experience 

concussion-related symptoms, functional impairments, and time-loss from sport that is short-

lived (10-14 days),5–8 a limited body of evidence associates concussive head trauma with 

adverse long-term health outcomes.9,10 The complex and heterogeneous clinical presentation 

of sport-related concussion necessitates a multi-faceted assessment strategy.11 An expanded 

suite of clinical and laboratory tests are likely required to identify the presence, and 

subsequent resolution of, post-concussive impairments that evade detection on traditional 

assessment strategies.12,13 For example, using patient-reported symptoms of postural 

instability and dizziness,14–16 clinician-administered vestibular and oculomotor tests,17,18 and 

laboratory-based videonystagmography19 may inform the identification of balance 

impairments following sport-related concussion more than any test alone. A detailed, 

prospective assessment of patient-, clinician-, and laboratory-based outcomes may enable the 

identification of subclinical changes that become clinical problems over time.20,21  

 

Approximately 30% of student-athletes report balance problems following sport-related 

concussion.22 Despite this symptom prevalence, static balance impairments typically resolve 

3-5 days after sport-related concussion when traditional clinical tests, such as the modified 

Balance Error Scoring System (mBESS), are used.23–25 Clinician-based balance tests are 

typically crude clinical measures designed to identify overt balance impairments and their 

ability to identify persistent impairments diminishes with increasing time following sport-

related concussion.26 Dual-task assessments – tests where participants simultaneously divide 

attention between separate cognitive and motor tasks27 – have demonstrated promise in 

detecting persistent walking and postural balance impairments following sport-related 

concussion.16,28–30 The allocation of attention to two concurrently-performed tasks reduces 

attention otherwise allocated to each task alone and impairs the performance of one or both 

tasks when cognitive attentional capacity is filled.27,31 It is hypothesised that concussed 

individuals have limited attentional resources for allocation when performing simultaneous 

cognitive and motor tasks of varying complexity.27,31 The identification of persistent balance 

impairments following sport-related concussion is important to minimise premature return-to-

sporting activity and may inform targeted, impairment-specific rehabilitation strategies.32–37 



 338 

 

This study aims to compare the single- and dual-task static balance performance of concussed 

and control participants using patient-, clinician-, and laboratory-based outcomes. We 

hypothesised that due to the greater sophistication of laboratory apparatus, concussed 

participants would exhibit persistent laboratory-based dual-task postural balance impairments 

up to two-weeks after return-to-sporting activity compared with control participants. We also 

hypothesised that, in line with existing literature,25,38,39 concussed participants would exhibit 

greater patient- and clinician-based balance impairments compared with control participants 

only in the first week following sport-related concussion. 

 

9.3 METHODS 

9.3.1 Ethical review 

This prospective, longitudinal study received ethical approval from the Human Resources 

Ethics Committee for Life Sciences (HREC-LS) at University College Dublin, Ireland. Study 

rationale, design, conduct, analysis, and interpretation are reported according to the Statement 

for the Reporting of OBsErvational Studies (STROBE).40 The funders played no role in the 

design, conduct, analysis, or reporting of the study. 

 

9.3.2 Study participants 

We recruited 25 adult amateur athletes who presented to a university-affiliated hospital 

emergency department and were diagnosed with sport-related concussion. Concussed 

participants were diagnosed by an emergency department physician using the injury 

definition and diagnostic criteria endorsed by the 5th Consensus Statement for Concussion in 

Sport.1 Participants who were diagnosed with sport-related concussion by an emergency 

department physician and who were 16-40 years old were eligible for inclusion. Participants 

were excluded from participating in the study if they reported: sustaining a concussion in the 

preceding 12 months; a history of greater than three lifetime concussions; loss of 

consciousness greater than one-minute following the current sport-related concussion, a 

lower extremity physical complaint in the preceding twelve months that affected walking and 

resulted in at least twenty-four hours of missed training and/or match-play activities; a history 

of vestibular disorder, or; any visual abnormality not correctable by lenses. We recruited sex-

, age-, and activity-matched non-concussed, control participants using the above exclusion 

criteria. 
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9.3.3 Assessment timeline 

Concussed participants were assessed (i) within one-week following sport-related 

concussion, (ii) upon medical clearance to return-to-sporting activity, and; (iii) two weeks 

after return-to-sporting activity. Concussed participants were medically cleared to return-to-

sporting activity by physicians who were independent of the current observational study and 

were not aware of study hypotheses. We defined medical clearance to RTA as clearance of 

the concussed athlete by an emergency department physician, family physician/general 

practitioner, or sport and exercise medicine physician to initiate organised sporting activity 

following sport-related concussion. RTA criteria were physician-specific and comprised 

time-dependent (such as ensuring that the athlete complied with a mandatory rest period) and 

criterion-dependent (such as a symptom-limited rest period) approaches that were not 

standardised across all study participants. Return-to-sporting activity decision-making was at 

the discretion of the clearing physician. For example, some physicians may have immediately 

cleared athletes to return to unrestricted sporting activity, whereas other physicians may have 

instructed athletes to return to sporting activity in a progressive manner in line with a 

graduated return-to-play protocol. Control participants were assessed at an initial time-point 

and subsequently tested approximately two weeks and four weeks after their initial 

assessment. Control participants were assessed at matched time-points within three days of 

the sport-related concussion group. 

 

9.3.4 Participant information 

We collected additional participant information that may be important confounder of the 

relationship between sport-related concussion and recovery duration.41,42 Concussion history 

was ascertained by asking participants whether they had sustained a previously medically 

diagnosed sport-related concussion. Migraine history was ascertained by asking participants 

whether they had experienced a history of physician-diagnosed migraines. Diagnosed 

attention disorder or learning disability was ascertained by asking study participants whether 

they had ever been medically diagnosed with an attention disorder (e.g., ADD or ADHD) or a 

learning disability (e.g., dyslexia). History of diagnosed anxiety or depression was 

ascertained by asking study participants whether they had ever been medically diagnosed 

with anxiety or depression. 
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9.3.5 Assessment protocol 

9.3.5.1 Symptom evaluation 

Patient-reported symptoms were assessed using the Post-Concussion Symptom Scale (PCSS). 

The PCSS is a 22-item symptom scale that quantifies the frequency and severity of 

concussion-related physical, cognitive, emotional, and fatigue symptoms.3,43,44 Participants 

rate each symptom on a seven-point Likert from zero (‘no symptom’) to six (‘severe 

symptom’). Patients recall the greatest severity of each symptom during the preceding 24-

hours, regardless of the perceived relationship between the symptom and sport-related 

concussion. The PCSS possesses excellent internal consistency (α= 0.88–0.94),43 acceptable 

test-retest reliability (ICC=0.615),45 and a minimum clinically important difference (6.8 

points) to indicate meaningful change in symptom status over time.43 

 

9.3.5.2 Cognitive-motor single- and dual-task assessment  

As part of a dual-task assessment paradigm, participants completed a (i) single-task cognitive 

assessment, (ii) single-task balance assessment, and (iii) cognitive-motor dual-task 

assessment combining cognitive and balance tasks. The order of single-task cognitive and 

single-task motor tests was randomised. The cognitive-motor dual-task assessment followed 

cognitive and motor single-task assessments. 

 

Single-task balance assessment 

For the single-task cognitive assessment, study participants performed an N-Back test while 

seated in the Human Movement Analysis Laboratory at the University College Dublin School 

of Public Health, Physiotherapy and Sports Science. The N-Back test is a cognitive test of 

visual working memory involving the continuous recognition of visual stimuli.46 During the 

N-Back test, a sequence of differently-coloured circles were presented pseudo-randomly to 

study participants at a rate of one visual stimulus per second on a white-background 

computer screen using Superlab 5 (Cedrus Corporation, San Pedro, CA). Participants were 

instructed to manually indicate (via a two-button respond pad) whether the coloured circle 

they observed in the computer display screen was congruent or incongruent with the coloured 

circle they observed two circles prior (i.e., 2-Back). Although the reliability of the N-Back 

varies between studies, greater task complexity (i.e., 2-Back and 3-Back) demonstrates 

greater task reliability.46 Studies using the N-Back test have observed persistent cognitive 

differences in single-task settings following sport-related concussion compared with non-



 341 

concussed controls.47,48 Participants were seated during the performance of the N-Back test 

and performed three single-task practice trials and three single-task test trials.  

 

Visual working memory performance during 2-Back test single- and dual-task trials were 

assessed by assessing mean reaction time (in seconds) and mean task error rate (as 

percentages). We defined mean reaction time as the mean time from visual stimulus being 

presented until participants’ responses in each trial, regardless of whether a correct or 

incorrect response was recorded. Task accuracy was defined as the proportion of correct 

participant responses divided by all responses (i.e., correct or incorrect), which was 

calculated separately in single-task and dual-task conditions. Error rate was calculated by 

dividing the number of incorrect responses by all responses. An incorrect response was 

determined when a participant incorrectly indicated that a 2-Back was displayed on the laptop 

screen, irrespective of reaction time. A correct response was determined when a participant 

correctly indicated that a 2-Back was displayed on the laptop screen, regardless of reaction 

time. The mean of three participant test trials was calculated and used to represent participant 

performance during the cognitive assessment. 

 

Single-task balance assessment 

Participants completed a single-task balance assessment by performing the tandem stance 

eyes open condition of the mBESS on a firm, strain-gauge force-plate. The mBESS is a 

clinical assessment of postural stability consisting of three incrementally challenging stance 

conditions (e.g., bilateral, tandem, unilateral) that participants perform with eyes closed on a 

firm surface.49 The mBESS has demonstrated moderate-to-good inter- (0.57-0.96) and intra-

rater (0.58-0.98) reliability,50–52 albeit with evidence of mild practice effects.53 Participants 

stood with their eyes fixed on a target at participant eye-level, their non-dominant foot behind 

their dominant foot, and their hands on their iliac crests. Participants completed three 20-

second practice trials and three 20-second test trials of single-task static balance. Tandem 

stance was selected for inclusion in the study protocol because it (i) has demonstrated the 

greatest discriminative capacity of mBESS conditions to differentiate between concussion 

and control participants,54 (ii) suffers minimal floor and ceiling effects,49,55 and (iii) is useful 

as a prognostic factor of concussion recovery.42 

 

Postural errors of the mBESS were rated and comprised: (1) stepping, stumbling, or falling 

out of the test position, (2) removing hands from the iliac crest, (3) lifting the heel of 
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forefoot, (4) exhibiting greater than 30° hip flexion or hip adduction, or (5) remaining out of 

the test position for >5 seconds. A maximum score of 10 can be achieved for each trial. 

Postural errors were identified by two cameras (Canon, Tokyo) positioned anteriorly and 

medially to the participant. Two independent assessors (one blind and one unblind to 

participants’ group membership) reviewed video recordings of participants’ static balance 

performance. We measured participants’ 95% Center of Pressure (CoP) ellipse area to 

quantify postural control in a laboratory setting. 95% CoP ellipse area is a laboratory-based 

outcome measure derived from an algorithm based on kinetic postural control data that 

contains 95% of participants’ CoP trajectories.56 All static postural balance tasks were 

performed on a strain-gauge force plate (Advanced Mechanical Technology Inc., Watertown, 

MA). 

 

Dual-task cognitive-balance assessment 

Participants performed a tandem stance static balance task while simultaneously performing a 

2-Back cognitive task. During the dual-task trial, participants looked directly at a stand-

mounted laptop screen that was positioned at the eye level of participants and displayed the 

visual stimuli of the 2-Back. Participants responded manually to visual stimuli using a two-

button response pad that was positioned on the patient’s abdomen to avoid displacement of 

the patients’ hands from the iliac crests. Study investigators did not instruct participants to 

allocate attention equally between cognitive and motor tasks or to prioritize one task. 

Participants completed three 20-second static balance practice and three 20-second test trials 

while simultaneously performing the visual 2-Back test. 

 

9.3.7 Data analysis 

COP data acquired from stance trials were used to compute time domain distance measures 

including the distance travelled by the COP in one trial and the average velocity of the COP 

using algorithms described by Prieto et al.57 Kinetic data were acquired at 100 Hz. 

Anteroposterior and mediolateral time series were passed through a fourth-order zero phase 

Butterworth low-pass digital filter with a 5-Hz cut-off frequency.  

We imputed missing data assuming that data were missing completely at random using the 

predictive mean matching method within the Multivariate Imputation Chain Estimation’ 

(MICE) package in R. We performed five simulations and used the average of the five 
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imputed datasets. We determined the suitability of imputed data by inspecting the distribution 

of imputed data using density plots, scatter plots, and strip-plots. 

 

9.3.8 Statistical analysis 

Categorical data are presented as frequencies (n) and proportions (%). Continuous data are 

presented as means and standard deviations (SD). We performed Shapiro-Wilks’ test to 

evaluate the assumption of normality and if the data distribution of a dependent variable was 

positively skewed, we performed a square root transformation. 

We performed a mixed-design, between-within univariate analysis of variance (ANOVA) for 

each study outcome. ANOVA models possessed one between-subjects factor (group) with 

two levels (concussion and control) and one within-subjects factor (time) with three levels 

(assessment one, two, and three). To correct for multiple comparisons, we applied a Holm 

correction to adjust the alpha level of each ANOVA model by dividing the original alpha 

level (0.05) by the remaining omnibus tests. Each ANOVA models had a critical alpha level 

from most significant to least significant: 0.0083, 0.01, 0.0125, 0.0167, 0.025, and 0.05. 

When Mauchly’s test of Sphericity was violated, we applied a Greenhouse Geisser (GG) 

correction. When a significant group-by-time interaction was observed, we performed 

multiple pairwise tests to compare concussion and control groups at each study assessment. 

We applied a Bonferroni correction (0.05/3 = 0.0167) to adjust for multiple comparisons. We 

computed Hedges’ g effect sizes to quantify differences between the concussion and control 

groups at each study assessment. 

 

9.4 RESULTS 

Fifty patients were recruited to the study and completed the study protocol in both the 

concussion (n = 25) and the control group (n = 25). Concussion and control groups were 

similar on all demographic and assessment characteristics (Table 9.1). 

 
9.4.1 Patient-based outcomes 

9.4.1.1 Total Symptom Severity 

Concussed athletes reported greater total symptom severity compared with non-concussed 

athletes (group-by-time: F2,96 = 35.25; p<0.0001) in the first week following sport-related 

concussion (g = 2.47; 95%CI = 1.72-3.21; p<0.0001) and upon receiving clearance to return-

to-sporting activity (g = 1.34; 95%CI = 0.72-1.96; p = 0.0001) (Table 9.2). However, the 
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concussion group did not report significantly greater total symptom severity than the control 

group two weeks after return-to-sporting activity (g = 0.31; 95%CI = -0.25-0.88; p = 0.24). 

 
9.4.1.2 Balance Symptom Severity 

The concussion group reported greater balance symptom severity than the control group 

(group-by-time: F2,96 = 11.67; GG = 0.87; p<0.0001) in the first week following sport-related 

concussion (g = 1.78; 95%CI = 1.12-2.44; p<0.0001) and upon medical clearance to return-

to-sporting activity (g = 1.70; 95%CI = 1.05-2.36; p<0.0001) compared with non-concussed 

athletes (Table 2). However, the concussion group did not report significantly different 

balance symptom severity two weeks following return-to-sporting activity (g = 0.61; 

95%CI=0.04-1.18; p=0.05) 

 

TABLE 9.1 Concussion and control participant characteristics 
 Concussion Group 

(n = 25) 
Control Group 

(n = 25) 
Sex: male, n (%) 16 (64) 16 (64) 
Age: years, mean (SD) 23.6 (5.1) 24.4 (4.3) 
Body mass: kg, mean (SD) 79.1 (18.2) 75.1 (12.3) 
Height: cm, mean (SD) 177.4 (11.5) 176.0 (8.6) 
Sports participation/week, hours: median (min-max) 8 (3-25) 9 (6-24) 
Occupation status, (n) Student (10) 

Professional (15) 
Student (12) 

Professional (13) 
Participating sport type at time of injury/first 
assessment, (n) 

Collision (10) 
Contact (11) 

Non-contact (4) 

Collision (8) 
Contact (10) 

Non-contact (7) 
Concussion history: yes, n (%) 14 (56%) 8 (32%) 
Migraine history: yes, n (%) 7 (28%) 4 (16%) 
Learning disability: yes, n (%) 4 (16%) 0 (0%) 
Mood disorder: yes, n (%) 5 (20%) 3 (12%) 
Time since concussion at study assessment 1, days 5 (2-7) - 
Time since concussion at study assessment 2, days 15 (10-24) 14 (7-24) 
Time since concussion at study assessment 3, days 31 (21-51) 30 (21-52)  
Time since concussion at RTA, days 15 (7-24) - 

Abbreviations: RTA, return-to-sporting activity 
Sport type: Collision = sport during which routine, purposeful, body-to-body collisions occur as a legal and 

expected part of the game; Contact = sport during which body-to-body contact occurs as a recognized part of the 
game, but purposeful body-to-body collisions are not allowed; Non-contact = sport during which body-to-body 

contact is a rare, unexpected occurrence.
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9.4.2 Clinician-based outcomes 

9.4.2.1 Single- & Dual-task 2-Back Reaction Time 

Concussed athletes did not respond significantly faster or slower to cognitive stimuli during 

single-task or dual-task 2-Back tests at any study assessment compared with non-concussed 

athletes (group-by-time-by-task: F2,96 = 1.81; p = 0.17) (Table 9.3). However, both groups 

completed the single-task cognitive assessment with significantly faster reaction time 

compared to the dual-task cognitive assessment (time-by-condition: F F2,96 = 6.17; p = 0.003) 

only in the initial days following sport-related concussion (g = 0.76; 95%CI = 0.35-1.17) and 

upon medical clearance to return-to-sporting activity (g=0.49; 95%CI = 0.09-0.089). 

 

 TABLE 9.2 Patient-based outcome scores in concussion and control groups over time 
Post-Concussion 

Severity Scale 
Time-point 
assessment 

Concussion Group 
(n = 25) 

Control Group 
(n = 25) 

Between-group  
effect size (g) 

Total Symptom 
Severity, 

mean (SD) 

Time-point one (T1) 42.08 (19.35) 6.00 (6.34) 2.77 (2.01-3.62) a 
Time-point one (T2) 19.60 (14.45) 4.96 (4.82) 1.60 (0.96-2.25) a 
Time-point one (T3) 14.28 (14.54) 9.96 (12.58) 0.43 (-0.14-1.00) 

Balance Symptom 
Severity, 

mean (SD) 

Time-point one (T1) 1.76 (1.33) 0.04 (0.20) 1.78 (1.12-2.44) 
Time-point one (T2) 1.08 (1.19) 0.24 (0.70) 1.60 (0.96-2.25) 
Time-point one (T3) 0.36 (0.70) 0.04 (0.20) 0.43 (-0.14-1.00) 

Abbreviations: Abbreviations: T1, within one-week after sport-related concussion; T2, upon 
medical clearance to return-to-sporting activity; T3, two weeks after return-to-sporting activity. 

a statistically significant finding. 
 

9.4.2.2. Single- & Dual-task 2-Back Error Rates  

No significant differences in 2-Back error rates existed between concussion and control 

groups at any assessment (group-by-time: F2,96 = 1.93; p = 0.15) during single- and dual-task 

conditions (group-by-time-by-condition: F2,96 = 4.65; GG = 0.83; p = 0.0173). 

 

9.4.2.3 mBESS Postural Errors 

We observed that concussed athletes did not make a significantly different number of 

postural errors than non-concussed athletes at any study assessment (group-by-time-by-

condition: F2,96 = 1.64; GG = 0.77; p = 0.20). Irrespective of single- or dual-task condition 

performed, concussed and control athletes did not differ significantly in postural errors 

committed at any study assessment (group-by-time: F2,96= 2.03; GG = 0.77; p = 0.15). 
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9.4.3 Laboratory-based outcomes 

9.4.3.1 95% CoP Ellipse Area 

Concussed athletes did not sway over a significantly different area than non-concussed 
athletes during single- or dual-task conditions at any study assessment (group-by-time-by-
condition: F2,96 = 0.56; GG = 0.75; p = 0.53). 

 
TABLE 9.3 Clinician- & laboratory-based outcome scores in concussion and control 

groups over time on single- & dual-task assessments 
Outcome Time-point 

assessment 
Task 

condition 
Concussion Group 

(n = 25) 
Control Group 

(n = 25) 
Single- & Dual-
Task Cognitive 
Reaction Time 

(ms), mean (SD) 

One-week 
post-injury 

Single 1049.5 (616.2) 1004.3 (552.3) 
Dual 722.0 (477.8) 552.5 (349.6) 

Upon  
RTA 

Single 843.8 (710.9) 537.4 (370.9) 
Dual 561.6 (410.5) 338.9 (295.6) 

Two weeks 
after RTA 

Single 532.4 (400.6) 576.4 (289.7) 
Dual 425.9 (413.6) 341.8 (214.2) 

Single- & Dual-
Task Cognitive 
Error Rates (%), 

mean (SD) 

One-week 
post-injury 

Single 8.18 (6.30) 7.59 (6.07) 
Dual 7.34 (8.42) 4.68 (5.21) 

Upon  
RTA 

Single 5.28 (4.99) 8.85 (9.39) 
Dual 5.23 (5.41) 5.26 (6.31) 

Two weeks 
after RTA 

Single 4.60 (5.89) 2.35 (1.38) 
Dual 4.93 (4.54) 7.26 (6.49) 

Single- & Dual-
Task mBESS 

Postural Errors, 
median (min-

max) 

One-week 
post-injury 

Single 0 (0-2.5) 0 (0-2.5) 
Dual 0 (0-1.7) 0 (0-3.2) 

Upon  
RTA 

Single 0 (0-3.2) 0 (0-1.9) 
Dual 0 (0-1.5) 0 (0-0.2) 

Two weeks 
after RTA 

Single 0 (0-1.5) 0 (0-1.2) 
Dual 0 (0-0.5) 0 (0-0) 

Single- & Dual-
Task 95% CoP 

Ellipse Area 
(mm2), 

mean (SD) 

One-week 
post-injury 

Single 1380.8 (1577.2) 1184.6 (642.3) 
Dual 979.7 (796.8) 1119.5 (436.7) 

Upon  
RTA 

Single 1247.4 (1357.4) 944.3 (462.8) 
Dual 1040.4 (1214.9) 686.9 (724.0) 

Two weeks 
after RTA 

Single 667.1 (378.8) 560.8 (384.6) 
Dual 614.8 (273.2) 455.8 (329.7) 

Abbreviations: mBESS, modified Balance Error Scoring System; RTA, return-to-sporting activity 

 

9.5 DISCUSSION 

We compared concussed and non-concussed, control athletes by assessing patient-, clinician-, 

and laboratory-based outcome measures within a dual-task assessment paradigm. The 

concussion group reported persistent patient-based symptom impairments upon medical 

clearance to return-to-sporting activity, after clinician- and laboratory-based dual-task 
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balance impairments had resolved. These results reject our pre-study hypothesis that 

predicted concussed athletes would exhibit persistent laboratory-based impairments beyond 

return-to-sporting activity, outlasting patient- and clinician-based impairments. Overall, these 

findings indicate that an assessment of symptom status provide clinicians with a useful source 

of patient information to interpret patient status over time following sport-related concussion. 

 

9.5.1 Patient-based outcomes 

Greater total symptom severity and balance symptom severity scores were reported by the 

concussion group compared with the control group up to the point of medical clearance to 

return-to-sporting activity (approximately two weeks following sport-related concussion). 

Following return-to-sporting activity, the severity of total symptoms and balance symptoms 

following sport-related concussion decreased to approach similar values of the control group. 

These findings echo the existing literature that identifies differences between concussed and 

non-concussed athletes up to at least 14 days following sport-related concussion.5 

 

Interestingly, the concussion group was cleared to return-to-sporting activity when symptom 

severity was still significantly higher than the control group approximately two weeks after 

sport-related concussion. Upon return-to-sporting activity the concussion group reported a 

mean symptom severity score of 19.6, which falls on the threshold of “borderline” and “very 

high” symptom severity categories for healthy, non-concussed university and high school 

athletes. However, there is substantial variability in symptom reporting in our sample at each 

time-point, which is expected given the heterogeneity of patient presentation following sport-

related concussion.24,25,58 

 

Premature return-to-sporting activity when concussion symptoms are elevated could 

represent potential oversight by clearing physicians. However, clinicians may have 

prescribed return-to-sporting activity despite elevated symptoms to stimulate the beneficial 

effects of physical exercise on clinical symptoms following sport-related concussion.59,60 

Although symptomatic return-to-sporting activity may violate best-practice recommendations 

that encourage rest and discourage return-to-sporting activity until asymptomatic,1,61 

physicians may consider the possible negative consequences of prolonged physical activity 

restriction after initial physical and cognitive rest, especially in highly active study 

populations.62–64 Indeed, two weeks after return-to-sporting activity there were no longer 

significantly different symptom severity scores between concussion and control groups. 
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Increasing time alone following sport-related concussion may be a factor in reducing 

concussion symptom severity. However, the resumption of incrementally increased sporting 

activity approximately two weeks following sport-related concussion may have also had a 

positive effect on symptom resolution.36,59,60  

 

Persistent concussion symptoms until medical clearance to return-to-sporting activity 

compared with clinician- and laboratory-based outcome measures underscore the clinical 

value of patient-based outcome measures when longitudinally evaluating recovery. However, 

the manifestation and subsequent recovery of concussion-associated symptoms is complex, 

dynamic, multidimensional, and individual;3,4 requiring investigation of specific symptom 

clusters and recovery trajectories using large sample sizes in future research. 

 

9.5.2 Clinician- & laboratory-based outcomes 

Surprisingly, clinician- and laboratory-based cognitive and sensorimotor impairments – 

represented by 2-back reaction time, 2-back error rate, mBESS postural errors, and 95% CoP 

ellipse area – were not observed following sport-related concussion. Cognitive and static 

balance impairments are often short-lived when assessed under single-task conditions 

following sport-related concussion.5,16,29,30,65–67 However, in contrast with a small body of 

evidence on static balance dual-task impairments,16 concussed athletes in the current study 

did not exhibit dual-task impairments on a laboratory-based outcome measure (i.e., 95% CoP 

Ellipse area) at any assessment following injury. Dorman et al. identified greater single- and 

dual-task 95% CoP ellipse sway area in concussed athletes compared with non-concussed, 

control athletes during a cognitive task with eyes open approximately one week following 

sport-related concussion but not at follow-up assessments up to three months after injury.38 

Similarly, Rochefort et al. found that concussed patients swayed over a significantly greater 

sway area compared with control individuals during a single-task (eyes open quiet stance) 

and dual-task (eyes open quiet stance and cognitive Stroop test) one-month following sport-

related concussion.68 Both studies included an adolescent population with inclusion criteria 

identifying patients who may be more likely to report persistent concussion-related 

complaints.38,68 

 

In accordance with our findings, Berkner et al. 2018 assessed single- and dual-task balance 

performance of concussed athletes in quiet standing acutely post-concussion and following 

symptom resolution; identifying similar performances between concussion and control 
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groups at each assessment.39 Null findings in balance performance between single- and dual-

task conditions following sport-related concussion supports the ‘constrained-action’ 

hypothesis discussed in chapter two. Under the ‘constrained-action’ hypothesis, it is theorised 

that consciously focusing solely on ensuring steadier postural standing balance affects the 

automaticity that regulates postural control.69 The ‘constrained-action’ hypothesis proposes 

that adding a cognitive stimulus improves standing balance by reducing participants’ 

sustained attention on otherwise singe-task standing balance.70,71 This theory, along with 

practice effects, may help to explain why concussion and control groups did not exhibit 

worse dual-task standing balance than single-task standing balance. Notably, persistent 

cognitive-motor dual-task impairments have been observed when participants undertake a 

dynamic, non-novel motor task (e.g., steady-state walking) rather than a static motor task 

(e.g., tandem stance).16 Dynamic motor tasks pose a greater demand to the central nervous 

system than a static postural control assessment, which may increase the sensitivity of 

dynamic, non-novel tasks to identify persistent impairments throughout recovery following 

sport-related concussion.27 Additionally, dynamic, non-novel walking is executed daily and 

performed more frequently than a tandem stance balance task. Tandem stance may be too 

novel for test participants and provide an unfamiliar challenge to the sensorimotor system 

that induces rapid practice and learned responses in participants. Providing only three 

practice trials prior to data collection in the current study may have constituted an insufficient 

familiarization period to negate learned and practice effects.49,53 

 

9.5.3 Translation of findings from the laboratory setting to the ecological environment  

Divided attention tasks, such as dual-task comprising quiet standing balance while 

concurrently performing question-&-answer tasks, challenge the cognitive and motor 

domains of athletes in a similar way to everyday postural demands (e.g., standing while 

conversing).27 We hypothesised that concussed athletes would have a limited attentional 

capacity and subsequently reduced attentional resources to allocate to dual-tasks following 

sport-related concussion compared with a non-concussed, control group.29 Therefore, similar 

between-group differences on cognitive-motor outcomes in the current study were surprising. 

These null findings could be attributable to a genuine null effect. However, null findings may 

also be due to methodological differences in study design and conduct.16 For example, we 

selected the tandem stance condition to assess sensorimotor impairment following sport-

related concussion due to its previous non-use in a dual-task paradigm and its perceived 

challenge to participants.16 In the current study tandem stance may have been insufficiently 
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challenging for acutely concussed athletes because we observed substantial floor effects. 

Greater than 15% of both concussion and control groups registered the best possible mBESS 

score. Simultaneously presenting a cognitive task with a tandem stance motor task likely only 

increases the initial novelty of this dual-task paradigm. We selected eyes open rather than 

eyes closed to enable a dual-task paradigm with a cognitive task presenting visual stimuli. 

Internal processing tasks have been used in previous dual-task assessment paradigms and 

appear to provide a more conscious and effortful processing of cognitive load that hampers 

dual-task performance.27,31,72 

 

9.5.4 Limitations 

Our cohort of concussed athletes who presented to the emergency department following 

sport-related concussion represent a less frequently studied cohort in sport-related concussion 

with a potentially worse initial clinical presentation. Therefore, the generalisability of our 

findings to concussed student-athletes who are managed by team physicians and Certified 

Athletic Trainers may be limited. Given our study design and resources, we did not have the 

opportunity to collect pre-injury data for our cohort of concussed athletes. A prospective 

study design with pre-morbid data may have resulted in different findings due to an 

additional time-point facilitating a within-subject analysis. Finally, it is likely that this 

exploratory study does not have sufficient statistical power to detect small between-group 

differences with large variances on balance scores. This exploratory study was powered to 

detect small (Cohen’s d = .2), between-group differences in self-reported symptoms but not 

kinetic outcomes. 

 

9.6 CONCLUSIONS 

Following sport-related concussion, adult amateur athletes reported greater total symptom 

severity and balance symptom severity up to clearance to return-to-sporting activity 

compared with non-concussed, control athletes. Surprisingly, concussed and non-concussed, 

control athletes demonstrated similar reaction time, task accuracy, and static tandem balance 

performance in both single- and dual-task assessments in the first week following sport-

related concussion. Static balance tasks, such as tandem stance, may be insufficiently 

challenging and excessively novel to detect subtle sensorimotor impairments following sport-

related concussion. Using tests with greater functional and sport-specific demands may better 

differentiate concussion and control athletes over time by challenging the cognitive and 

motor faculties of concussed athletes. 
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10.1 GENERAL DISCUSSION OF PRIMARY FINDINGS 

The current doctoral thesis aimed to investigate the one-year clinical recovery of amateur 

athletes who presented to the emergency department of a university-affiliated, teaching 

hospital within one-week following sport-related concussion. A clinical outcomes assessment 

framework was applied to examine whether athletes recovered within standard clinical 

timelines (approximately two weeks) or exhibited concussion-associated impairments beyond 

return-to-sporting activity. This concluding chapter aims to: (i) discuss the primary findings 

of the current doctoral thesis, (ii) present the perceived methodological limitations of this 

research, and (iii) provide recommendations for future investigations of the clinical recovery 

of athletes following sport-related concussion. 

 

First, a systematic review and meta-analysis using individual patient data (IPD) was 

performed to critically evaluate the available literature on cognitive-motor, dual-task gait and 

balance impairments following sport-related concussion. Thereafter, we performed a one-

year prospective, matched-cohort study that examined the clinical recovery of athletes across 

patient-, clinician-, and laboratory-based outcomes. The reported original research represents 

the first prospective, longitudinal study performed in Ireland that examines the clinical 

recovery of Irish athletes following sport-related concussion. We hypothesised that current 

clinical recovery timelines – typically spanning two-to-three weeks following sport-related 

concussion – are expedient, which is likely explained by the widespread use of assessment 

strategies that lack sufficient sensitivity to detect subtle concussion-associated impairments 

persisting beyond return-to-sporting activity. We anticipated that concussed athletes would 

exhibit concussion-associated impairments after returning to sporting activity compared with 

non-concussed, control athletes, as detected by statistically significant, between-group 

differences. 

 

Chapter two reported an IPD meta-analysis that systematically identified, included, critically 

appraised, narratively synthesised, and quantitatively aggregated data from 26 observational 

studies evaluating cognitive-motor, dual-task gait and static balance performance following 

sport-related concussion. When evaluated using a dual-task assessment, IPD syntheses 

observed that participants who incurred a sport-related concussion exhibited walking 

impairments that persisted beyond reported standard clinical recovery timelines of 10–14 

days. 
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Specifically, participants walked at a significantly slower velocity during cognitive-motor, 

dual-task assessments up to two months following sport-related concussion, on average, 

compared with the non-concussed, control group. During a single-task assessment, 

differences in gait velocity between the concussion and control groups were apparent only up 

to one-week following sport-related concussion. Similarly, the concussion group exhibited 

greater frontal plane centre of mass (CoM) displacement in gait during cognitive-motor, dual-

task evaluations at each study assessment from 48 hours through two months following sport-

related concussion compared with the non-concussed, control group. Narratively synthesising 

kinetic outcome data across eligible studies (k = 3) that were too methodologically dissimilar 

to aggregate, we observed greater quiet standing impairments on cognitive-motor, dual-task 

assessments one-month following sport-related concussion compared to a non-concussed, 

control group. IPD was independently analysed for two cross-sectional studies to verify 

reported results without aggregating these data with other studies. Concussed individuals 

swayed faster and over a greater stance area than non-concussed individuals, on average, in 

dual-task conditions compared with single-task, quiet stance one-month following sport-

related concussion.(1,2) 

 

Persistent walking impairments demonstrated by concussed athletes in the IPD meta-analysis 

differ from the findings of related aggregate data systematic reviews answering conceptually 

similar review questions.(3–6) Where the current IPD meta-analysis observed group-by-time 

interactions for gait velocity, frontal plane CoM displacement, and antero-posterior CoM 

velocity, many aggregate data systematic reviews were restricted to identifying only the main 

effects of group and time that were reported by included research studies.(3–5,7) The ability 

of the IPD meta-analysis to identify persistent differences between the concussion group and 

the control group up to two months is likely due to a substantial increase in statistical power 

facilitated by synthesised IPD. Outcomes that consistently demonstrated between-group 

differences over time across the literature retained statistically significantly effects when 

analysed using harmonised IPD due to greater statistical power. Conversely, outcomes that 

possessed more conflicting evidence across studies in the literature (e.g., mediolateral CoM 

velocity) were statistically non-significant when analysed using IPD, highlighting that low 

statistical power in original studies may have led to chance, spurious results when analysed in 

conjunction with many other outcomes.(8) 
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A high risk of selection, detection, and selective outcome reporting biases in included studies 

likely inflates the magnitude of effect estimates and lowers the certainty of evidence (i.e., the 

extent of confidence in review findings) observed in the IPD meta-analysis of chapter 

two.(9–11) Gait velocity and frontal plane CoM displacement provisionally appear to be the 

most sensitive spatiotemporal and kinematic outcomes to identify persistent impairments 

following sport-related concussion when assessed under dual-task conditions. However, 

outcome multiplicity within-studies,(12) conflicting findings between included studies that 

were not aggregable, and laboratory-oriented evidence producing very small absolute effects 

(in metres per seconds (i.e., gait velocity) and millimetres (i.e, mediolateral CoM 

displacement)) limit the clinical utility of meta-analytic findings.(13) 

 

Performing an IPD meta-analysis was an important step to identify gaps in the literature on 

existing dual-task assessment protocols following sport-related concussion. We observed a 

relative scarcity of kinetic outcomes in the dual-task concussion literature compared with 

spatiotemporal and kinematic outcomes. Additionally, our IPD meta-analysis observed that 

included studies investigating static balance outcomes during dual-task assessments did not: 

(i) have a prospective, longitudinal design, (ii) include assessment time-points beyond one- 

month following sport-related concussion, or (iii) assess a static balance condition other than 

quiet standing. Because of the promise demonstrated by dual-task assessments in our IPD 

meta-analysis to identify persistent gait and balance impairments on specific laboratory-based 

outcomes, we investigated the longitudinal presence of static balance impairments during 

dual-task assessments following sport-related concussion. Gaps in the literature that were 

observed by the IPD meta-analysis were used to design the laboratory protocol of the 

prospective, longitudinal study reported in section D. 

 

The objective of Section B was to determine the nature and duration of clinical recovery 

amongst amateur athletes following sport-related concussion using patient-based outcomes. 

Subjective (i.e., condition-specific HRQoL), objective (i.e., concussion-related symptoms), 

and event-determined (i.e., return-to-activity and return-to-preinjury level sport) patient-

based outcomes were assessed along acute (<72 hours), sub-acute (3 days – 3 months), and 

long-term (>3 months) timelines following injury. Chapter three investigated concussion-

related symptoms and condition-specific HRQoL following sport-related concussion. 
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The breadth of diverse and non-specific impairments that can manifest after sport-related 

concussion necessitates a comprehensive assessment,(14,15) including many outcome 

measures, to adequately capture impairments that might affect recovery and HRQoL. 

Although some outcome measures have been specifically developed for sport-related 

concussion (e.g., PCSS),(16) many outcome measures are adapted from other conditions, 

such as headache (HIT-6),(17) neck pain (NDI),(18) and dizziness (DHI).(19) Upon medical 

clearance to return-to-sporting activity (RTA), the concussion group had significantly greater 

perceptions of the effects of neck pain, generalized anxiety, and dizziness handicap on 

HRQoL compared with the control group. Two weeks after RTA, only the perception of 

dizziness handicap on HRQoL was significantly greater in the concussion group than in the 

control group. These findings suggest that athletes may perceive that concussion-associated 

symptoms have a lesser effect on their HRQoL over time following sport-related concussion, 

despite differences existing between the concussion and group upon clearance to RTA. 

 

Between-group mean differences can obscure the absolute number of participants who 

experience clinically impaired condition-specific HRQoL scores. Consequently, condition-

specific HRQoL PROMs were exploratively dichotomised using clinical cut-off thresholds 

established in healthy or other clinical populations. The majority of concussed participants 

perceived that headache, fatigue, neck pain, generalised anxiety, and dizziness symptoms 

affected HRQoL to levels that were similar to that perceived by participants in the control 

group. However, even after RTA following sport-related concussion, a notable minority 

(~25%) of concussed participants exhibited clinically impaired headache burden and 

dizziness handicap scores, which were significantly greater than the proportion of control 

participants who exhibited clinically impaired HRQoL scores (proportion difference = 26% 

and 20%, respectively). 

 

Concussion-associated impairments are non-specific and can be affected by other health 

conditions, lifestyle factors, and general life stressors.(20–26) Whether stimuli that are 

related or unrelated to sport-related concussion precipitate and/or perpetuate lingering 

concussion-associated impairments, condition-specific HRQoL PROMs are valuable to 

determine the individual’s perceptions of the effects of specific impairments on distinct 

aspects of their physical, psychological, social, and emotional HRQoL. Concussion-related 

symptoms were only modestly correlated with condition-specific HRQoL at each study 

assessment up to two weeks after RTA following sport-related concussion, indicating that the 
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presence of symptoms is not necessarily representative of perceived disability and functional 

limitations in everyday life following sport-related concussion. 

 

Condition-specific HRQoL, compared with generic HRQoL, has been relatively under-

investigated amongst individuals who have incurred a sport-related concussion.(27–31) The 

findings of chapter three largely align with the small body of observational evidence 

investigating condition-specific HRQoL following sport-related concussion. In a prospective, 

longitudinal study of 122 high school student-athletes (13-17 years) who recovered (based on 

return to unrestricted participation) following sport-related concussion within short (0-7 days, 

n=46), moderate (8-13 days, n=38), and prolonged (≥14 days, n=38) timelines, all groups 

exhibited similar perceptions of the effects of headache and cognitive- and sleep-related 

fatigue on HRQoL by 30 days following injury.(28) Similarly, high-school student-athletes 

(n=122) reported HIT-6 scores by day 10 following sport-related concussion that 

approximated pre-season, baseline scores and correlated significantly with SCAT2 symptom 

severity scores.(31) A case series evaluating the clinical recovery trajectories of high school 

and collegiate athletes following sport-related concussion observed that concussed athletes 

continued to report perceived recovery of the effects of dizziness handicap on HRQoL up to 

four weeks following injury.(32) This literature, when combined with the findings reported in 

chapter three, suggests that condition-specific HRQoL returns to healthy, non-concussed 

values within the first month following sport-related concussion. However, a separate cross-

sectional study of 302 collegiate student-athletes (17-23 years old) exhibited a dose-response 

relationship between the number of self-reported, previous concussions (0, n=169; 1-2, n=93; 

3+, n=40) and their perceptions of the effects of headaches on their HRQoL.(30) 

Consequently, the relationship between concussion-associated impairments, such as 

headache, and HRQoL may be confounded by concussion history. 

 

In specific athletes who have one or more characteristics that appear to confound, mediate, or 

modify the relationship between sport-related concussion and clinical recovery duration (e.g., 

ADHD, migraine history, prior concussion history, or elevated initial post-concussion 

symptom burden),(33,34) condition-specific HRQoL PROMs can be particularly helpful to 

clinicians. Clinicians can use patients’ responses to individual items on condition-specific 

HRQoL PROMs to identify impairments and environmental contexts that require more 

detailed evaluation or therapeutic intervention.(29) Consequently, repeated administration of 

condition-specific PROMs, and also carefully selected generic PROMs, over time offers 
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clinical value to longitudinally monitor improvements in HRQoL and to inform the 

management of concussion-associated impairments. 

 

In contrast to the frequency with which generic HRQoL PROMs have been applied in the 

concussion literature,(35–38) condition-specific HRQoL had been infrequently evaluated 

amongst athletes who have incurred a sport-related concussion.(28,30,31) Additionally, it 

was unclear whether impaired HRQoL resolves indefinitely, persists, and/or fluctuates over 

time following sport-related concussion given the diverse array of impairments and life 

events that can occur, which may or may not be related to concussion injury.(21) Chapter 

four extended the investigation of condition-specific HRQoL to six-month and one-year 

study assessment time-points. Participants in the concussion group and the control group 

were prospectively evaluated six months and one-year following sport-related concussion and 

after initial enrolment in the study, respectively. 

 

By applying an analytical approach whereby Bayesian statistics were used in concert with 

Frequentist statistics, we observed that the concussion group demonstrated similar clinical 

symptoms and condition-specific HRQoL compared with the non-concussed control group at 

both the six-month and one-year study assessments. This bipartite analysis was employed to 

assess the strength of evidence in favour of the null hypothesis relative to the alternative 

hypothesis. Across headache, fatigue, neck pain, anxiety, and dizziness condition-specific 

HRQoL PROMs, study data indicated strong-to-very strong evidence that no meaningful 

differences existed between the concussion and the control groups six months and one-year 

following sport-related concussion. Consequently, we can infer that at a group-level, 

participants in concussion and control groups have similar condition-specific HRQoL one-

year following sport-related concussion. Similar findings have been observed previously, 

albeit predominantly in the form of generic HRQoL that approximates a non-concussed, 

control group and/or pre-injury baseline one-year following sport-related concussion.(27,36) 

 

After dichotomising condition-specific HRQoL scores to examine whether or not there was a 

greater proportion of participants in the concussion group who experienced clinically 

impaired condition-specific HRQoL compared with the control group, a minority of 

participants in both groups exhibited clinically impaired HRQoL at the six-month and one-

year assessments. The data indicated at least moderate evidence in favour of the null 

hypothesis: a similar proportion of participants in the concussion and control groups 
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perceived the effects of headache, fatigue, neck pain, anxiety, or dizziness to affect their 

HRQoL. Specifically, between-group condition-specific HRQoL differences that were 

observed two weeks after medical clearance to RTA were clinically and statistically non-

significant at both the six-month and one-year study assessments. 

 

Chapter four adds to a small body of prospective, longitudinal evidence investigating HRQoL 

following sport-related concussion, albeit condition-specific HRQoL rather than generic 

HRQoL. The observed null findings are important when considering that: (i) concussed 

athletes are thought to only recover expediently and have persistent impairments that go 

undetected acutely and sub-acutely following sport-related concussion, and (ii) HRQoL may 

deteriorate over time after sport-related concussion alongside adverse later-life cognitive, 

behavioural, and psychiatric outcomes.(39–45) Factors other than sport-related concussion 

may influence condition-specific HRQoL and concussion-associated impairments (e.g., 

clinical symptoms) may act only as a mediating variable. Many concussion-related symptoms 

are highly non-specific and are reported by non-concussed athletes across the spectrum of 

age.(22,25,26,46) For example, fatigue and headache are reported by more than a half and a 

quarter of healthy, non-concussed athletes, respectively.(22,23,25,26) Non-concussed athletes 

with pre-existing health conditions such as ADHD, anxiety, depression, migraine history, and 

a prior or current psychiatric disorder report concussion-like symptoms at greater rates than 

athletes without pre-existing health conditions.(22,23) Similarly, lifestyle factors such as 

fatigue, stress, alcohol consumption, physical exertion, and sleep difficulties lead healthy, 

non-concussed athletes to experience and report non-specific, concussion-like 

symptoms.(23,46) Consequently, impaired condition-specific HRQoL exhibited by 

participants at the six-month and one-year assessments in chapter four may be attributable to 

numerous, co-existing health conditions and/or lifestyle factors, with which sport-related 

concussion may interact to contribute minimally, moderately, or substantially, if at 

all.(21,47,48) 

 

Although clinical symptoms and condition-specific HRQoL are informative patient-based 

outcomes, neither outcome informs important “event-determined” recovery milestones 

following sport-related concussion. Many athletes across the spectrum of performance 

struggle to return to their preinjury level of sporting performance following significant 

orthopaedic injury.(49,50) Similarly, despite the resolution of symptom, cognitive, and 

balance impairments following sport-related concussion, numerous physical, emotional, 
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psychological, and social factors may interact over time to influence athletes’ return to, and 

maintenance of, their pre-injury level of sport; both of which comprise important patient-

based outcomes. Consequently, chapter five examined the time taken by athletes to return to 

their pre-injury level of sport following sport-related concussion and estimated the proportion 

of athletes who, after returning to sport post-injury, were no longer participating at their pre-

injury level of sport one-year following injury. 

 

Amateur athletes in our sample received clearance to RTA, on average, 13 days following 

sport-related concussion, and all athletes were cleared to RTA within 25 days following 

sport-related concussion. The median time to return to pre-injury level sport following sport-

related concussion was 30 days, and 96% of athletes returned to their pre-injury level of sport 

within 50 days following sport-related concussion. Approximately 75%-85% of athletes 

across the spectrum of age return-to-play within one-month following sport-related 

concussion.(51–55) The level of sporting participation to which athletes return following 

sport-related concussion is rarely reported, most likely due to non-recording, and hence 

return-to-preinjury level sport can only be assumed. Only 50% of athletes in our study 

reported returning to pre-injury sport by 30 days following sport-related concussion, which 

may be attributable to numerous factors including the subpopulation sampled (i.e., amateur 

athletes presenting to an emergency department hospital) and contextual practice patterns 

(e.g., strict adherence to stepwise RTA protocol), as discussed in chapter five. 

 

Six months and one-year following sport-related concussion, approximately half (52%) of the 

athletes in the concussion group were no longer participating at their pre-injury level of sport, 

compared with 10% (six months) and 24% (one-year) of athletes in the control group. One-

year following sport-related concussion, 34% of athletes in the concussion group were 

participating in the same sport but at a lower level of performance (than before their 

concussion) compared with only 10% of athletes in the control group. Ten percent of athletes 

were not participating in any sport or exercise one-year following sport-related concussion, 

whereas no athlete in the control group reported withdrawing from all participation in sport 

or exercise one-year after enrolling in the study. These results partly agree with the limited 

literature available on long-term attrition in professional sport following sport-related 

concussion,(56–59) as discussed in chapter five. In an amateur athletic cohort, 8% of student 

athletes ceased participating in sport one-year following sport-related concussion due to 

subsequent concussion(s) and/or persistent symptoms.(60)
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The maintenance of pre-injury level sport after returning-to-sport following sport-related 

concussion is likely determined by a complex interaction of multiple factors (e.g., 

psychological responses, medical care, social support, etc.). Although athletes’ psychological 

responses to injury and to return-to-sport, or level of social support received following sport-

related concussion, may contribute towards attrition from sport, empirical mechanisms 

remain elusive. It is important to highlight that chapter five describes an exploratory study, 

which should be replicated using a larger sample size to enhance study validity and 

heterogeneous subpopulations to enhance study generalisability. Additionally, future 

longitudinal research should investigate factors that may elucidate the relationship between 

sport-related concussion and sustained participation in pre-injury level sport one-year 

following concussive injury. 

 

Section C detailed an examination of recovery using clinician-based outcomes following 

sport-related concussion. Chapter six evaluated: (i) the diagnostic accuracy of the VOMS 

and; (ii) the presence of vestibular and oculomotor impairments over time following sport-

related concussion, using the VOMS. The 2017 Consensus Statement on Concussion in Sport 

recommends follow-up examinations that include clinician-based outcome measures of 

vestibular and ocular function among other functional domains to inform clinical diagnosis 

and recovery following sport-related concussion.(61) Longitudinal studies investigating 

vestibular and oculomotor impairments and related symptoms have reported persistent 

impairments greater than one-month following sport-related concussion.(62–65) However, 

little is known about the discriminative capacity of the VOMS during subacute and chronic 

phases of recovery following sport-related concussion. Therefore, it was hypothesised that 

longitudinally applying the VOMS might allow for the identification of vestibular and 

oculomotor impairments over time following sport-related concussion. 

 

Using previously established clinical cut-off thresholds (i.e., ≥2 total symptom provocation 

from baseline and/or ≥5cm NPC distance) to discriminate concussed and control participants 

at the initial study assessment (within the first week following sport-related concussion), the 

VOMS yielded a test sensitivity of 96% and test specificity of 46%. When accounting for the 

prevalence of genuinely concussed athletes in the study (based on physician diagnosis) 

towards whom the VOMS is administered following a potential sport-related concussion, 

PPV and NPV estimates suggest a different clinical value offered by the VOMS. The sample 

prevalence of genuinely concussed athletes observed in the current study (i.e., 50%) yielded 
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PPV and NPV estimates of 64% and 92%, respectively. Applying these data in practice; an 

individual exceeding the VOMS cut-off threshold has a 64% probability of being concussed. 

Conversely, an individual registering scores beneath the clinical cut-off threshold of the 

VOMS has a 92% probability of not being concussed. Consequently, due to high test 

sensitivity and high NPV, the VOMS may offer greatest clinical utility as a tool to rule out, 

rather than confirm, the presence of sport-related concussion. 

 

The sample prevalence of concussed participants in the current study is likely inflated due to 

the sampling methodology and study design used. The true prevalence of concussed 

individuals to whom the VOMS is administered following suspected sport-related concussion 

is likely lower depending on the assessment setting, which would lower the true PPV, and 

elevate the true NPV, of the VOMS. Although the PPV and NPV of the VOMS had not been 

previously estimated prior to the current investigation, the diagnostic accuracy of the VOMS 

in the current study (i.e., 71%) differed from the diagnostic accuracy reported in the original 

development and validation study of the VOMS (i.e., 89%), using identical clinical cut-off 

thresholds. Differences in diagnostic accuracy estimates between studies may be due to 

different sub-populations used and a different assessment timeline. However, these between-

study differences also emphasise the importance of externally validating the diagnostic 

accuracy of a clinical, screening tool in an independent study using different data. 

 

The concussion group exhibited a significantly greater symptom provocation change score 

for all test items of the VOMS compared with the control group in the first week following 

sport-related concussion. Similarly, the concussion group exhibited a significantly greater 

NPC distance than the control group in the first week following sport-related concussion. For 

symptom provocation change scores on each item of the VOMS, including NPC distance, the 

concussion and control group exhibited similar scores upon medical clearance to RTA and 

again two weeks following RTA. These findings align with a small body of existing literature 

that also used the VOMS to assess the presence of vestibular and oculomotor impairments 

beyond an acute recovery timeline following sport-related concussion.(32,66) Henry and 

colleagues performed a case series investigating the clinical recovery of high school and 

collegiate athletes following sport-related concussion on a multi-modal clinical assessment 

protocol including concussion-related symptoms, neurocognitive performance, and vestibular 

and oculomotor performance (assessed using the VOMS).(32) Total symptom provocation 

scores recovered within 14 days following sport-related concussion to approximate healthy, 
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normative data.(32) Elbin and colleagues observed significantly greater symptom 

provocation change scores for all test items of the VOMS (except smooth pursuits) in high 

school athletes within seven days following sport-related concussion compared with pre-

injury, baseline values.(66) By the second study assessment – 8-14 days following sport-

related concussion – no test item of the VOMS was significantly different from pre-injury 

baseline values after adjusting the alpha level for multiple post hoc comparisons.(66) Further 

longitudinal research that supplements the VOMS with a detailed vestibular and oculomotor 

examination is necessary to determine the clinical value of the VOMS as a screening tool in 

order to evaluate the presence of persistent vestibular and oculomotor impairments. 

 

Acute vestibular and oculomotor impairments appear frequently in the literature as prognostic 

factors of prolonged recovery following sport-related concussion, underscoring the extent to 

which vestibular and oculomotor impairments may induce persistent disability.(67–69) As 

vestibular- and oculomotor-related symptoms can be aggravated by everyday environmental 

stimuli, vestibular and oculomotor impairments persistently affect patients’ HRQoL 

following sport-related concussion. Prospective studies with long-term follow-up of 

concussed athletes, irrespective of whether or not athletes report prolonged vestibular and 

oculomotor symptoms, have been infrequently performed. Chapter seven continued the 

investigation performed in chapter six by using the VOMS to assess for the presence of 

vestibular and oculomotor impairments six months and one-year following sport-related 

concussion. 

 

At the six-month and one-year study assessments, the concussion group reported similar 

vestibular- and oculomotor-related symptom provocation on all items of the VOMS and 

exhibited similar NPC distance values compared with the control group. The concussion 

group contained a similar proportion of participants exceeding clinical cutoff thresholds of 

the VOMS compared with the control group. Significant between-group differences in 

symptom provocation change scores observed within one-week following sport-related 

concussion (in chapter six) resolved by sub-acute (clearance to RTA following sport-related 

concussion) and chronic (six months following sport-related concussion) phases of recovery. 

Our results indicate that (i) the VOMS is insufficiently specific to correctly identify athletes 

who do not have long-term concussion-related vestibular and oculomotor impairments, and 

(ii) vestibular and oculomotor impairments have likely resolved in the majority of individuals 

six months and one-year following sport-related concussion when assessed using the VOMS.
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While the VOMS quantifies the patient’s symptom response to tests of the vestibular and 

oculomotor systems, it does not quantify the patient’s perceptions of the effects that 

vestibular- and oculomotor-related symptoms, such as dizziness, have on their everyday 

function. Using the DHI, the concussion group perceived little-to-no effects of dizziness on 

physical, emotional, and functional aspects of their HRQoL, which aligned with the 

perceptions of the control group at both six-month and one-year assessments. Few (<9%) 

participants in the concussion group reported self-perceived, clinical effects of dizziness on 

HRQoL (i.e., total DHI score >10) at either study assessment.(70) Previous prospective, 

longitudinal research investigating dizziness handicap has observed continuous reductions in 

DHI scores every week throughout the first month following sport-related concussion.(32) 

Future longitudinal research studies have been recommended to assess dizziness and other 

vestibular and oculomotor symptoms at subsequent clinical evaluations following sport-

related concussion. Consequently, we prospectively evaluated dizziness handicap up to one-

year following sport-related concussion, concluding that participants either had little-to-no 

dizziness to influence their perceptions of HRQoL, or that the presence of dizziness did not 

affect physical, functional, and emotional aspects of their HRQoL. 

 

Despite resolution within one week after sport-related concussion for the majority of 

athletes,(71–73) static and dynamic balance impairments have been observed in the sub-acute 

phase of recovery following sport-related concussion.(1,5,6,74–76) It has been proposed that 

concussion-associated gait and balance impairments may mediate the relationship between 

sport-related concussion and subsequent lower extremity, musculoskeletal injury risk.(6,77–

81) Consequently, detecting persistent dynamic balance impairments could inform the 

implementation of injury prevention strategies to minimise the risk of subsequent lower 

extremity, musculoskeletal injury. Specifically, chapter eight examined the presence of 

dynamic balance impairments using tests that more closely mimic the demands that athletes 

experience during sporting participation than traditional isolated testing approaches. 

 

Upon clearance to RTA following sport-related concussion, the concussion group exhibited a 

greater number of corrective postural strategies – a clinician-based outcome – on the multiple 

hop test (MHT) compared with the control group. Despite persistent sensorimotor 

impairments when assessing corrective postural strategies, the concussion and control groups 

recorded a similar time-to-stabilisation (TTS) – a laboratory-based outcome – at the end of 

the MHT from the first week following sport-related concussion through two weeks 
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following RTA. These results were surprising, primarily due to our pre-study assumption that 

TTS, as a laboratory-based outcome, would have greater sensitivity to detect persistent 

sensorimotor impairments. However, a previous cross-sectional study of athletes with a 

history of sport-related concussion observed non-significantly different TTS when landing 

from a single-leg hop compared to athletes without a history of sport-related concussion.(81) 

Additionally, athletes with a history of sport-related concussion exhibited reaction time costs 

and functional movement performance during a jump landing task with and without cutting 

manoeuvres that were similar to athletes without a history of sport-related concussion.(80) In 

the current investigation, the comprehensive set of postural corrective strategies that are 

evaluated when assessing MHT performance may have offered greater sensitivity than TTS 

to detect acute and sub-acute, between-group sensorimotor differences following sport-

related concussion. 

 

The concussion group had similar star excursion balance test (SEBT) anterior reach distance 

and fractal dimension values, on average, compared with the control group at each study 

assessment up to two weeks after RTA following sport-related concussion. The SEBT 

anterior reach – a single-leg, squat-like movement with a goal-oriented, “reach” target – may 

not have challenged the sensorimotor system sufficiently to identify underlying, between-

group differences that exist, whether acutely, sub-acutely, or persistently, following sport-

related concussion. Similar findings have been observed in the literature, whereby athletes 

with a history of sport-related concussion recorded similar laboratory-based outcomes (e.g., 

CoP path and velocity) when performing a single-leg squat compared with athletes without a 

history of sport-related concussion.(81) 

 

To understand whether existing concussion-associated sensorimotor impairments may 

mediate the relationship between sport-related concussion and subsequent lower extremity, 

musculoskeletal injury, prospective research is required that longitudinally evaluates dynamic 

postural control and the subsequent incidence of musculoskeletal injury following sport-

related concussion. To date, only one longitudinal study has prospectively investigated 

clinical predictors of subsequent lower extremity, musculoskeletal injury following sport-

related concussion, including static balance task performance (i.e., mBESS) as a clinical 

predictor – no relationship between static balance performance and subsequent lower 

extremity musculoskeletal injury was observed.(78) However, including functional tasks with 

greater ecological validity may enhance the capacity of acute or subacute clinical assessments 
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to predict subsequent, lower extremity musculoskeletal injury following sport-related 

concussion. 

 

Although difficult to apply to clinical practice, laboratory-based outcomes and laboratory-

oriented evidence can provide unique, sub-clinical information about injury-associated 

impairments.(82) Section D extended the investigations of patient- and clinician-based 

outcomes in earlier sections to simultaneously investigate patient-, clinician-, and laboratory-

based balance outcomes following sport-related concussion. Specifically, chapter nine 

examined athlete-reported balance problems, clinical reaction time, task accuracy, and 

balance errors on a cognitive-motor, dual-task assessment, and laboratory force-plate derived 

balance sway in concussed and control athletes. By assessing clinical and sub-clinical 

sensorimotor and cognitive changes over time following sport-related concussion, we 

anticipated that a contextual model combining patient-, clinician-, and laboratory-based 

outcomes would interpret findings in a manner that offers greater understanding of the 

recovery of concussion-associated impairments. 

 

Following sport-related concussion, adult amateur athletes reported greater balance symptom 

severity on the PCSS compared with non-concussed, control athletes up to medical clearance 

to RTA (g = 1.70, 95%CI = 1.05, 2.36). However, the concussion group exhibited similar 

clinician- (i.e., reaction time, task accuracy, and static tandem balance) and laboratory-based 

outcomes (i.e., 95% CoP Ellipse area) compared with the control group from within one-

week following sport-related concussion through two weeks after RTA. Although the 

resolution of balance symptoms in the concussion group up to RTA roughly aligns with 

existing literature on symptom recovery following sport-related concussion,(83,84) non-

significant between-group differences on clinician- and laboratory-based outcomes at each 

study assessment were unexpected and diverged from existing literature in the area.(5,74) 

Cognitive and balance impairments frequently resolve within 3-10 days when assessed using 

a single-task assessment.(71–73,85–87) The temporal sequence of study assessments, 

involving an initial assessment in the first week following sport-related concussion, may have 

been too late to identify impairments that recovered quickly. However, under dual-task 

conditions, persistent static and dynamic balance impairments have been observed following 

sport-related concussion.(1,3–5,88) Additionally, the IPD meta-analysis reported in chapter 

two observed that dual-task paradigms using more dynamic motor tasks (such as non-novel, 

steady-state walking) identified differences in balance between concussion and control 
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groups over a longer period of time (i.e., two months) than static motor tasks (i.e., one-

month). 

 

The findings of chapter nine add to the conflicting literature on cognitive-motor, dual-task 

methodologies investigating static balance impairments following sport-related concussion. 

Where some observational studies have observed increased 95% CoP ellipse area amongst 

athletes in dual-task conditions up to one-month following sport-related concussion 

compared with non-concussed athletes,(1,2) other studies have observed similar 

performances between concussion and control groups over times on single- and dual-task 

quiet standing.(88,89) Although the latter study aligns with the findings of chapter nine and 

supports the ‘constrained-action’ hypothesis discussed in chapter two,(74) selective outcome 

reporting and substantial methodological differences between studies (particularly on dual-

task methodologies) complicates understanding of the capacity of dual-task methodologies to 

identify postural control impairments following sport-related concussion. 

 

10.2 LIMITATIONS 

Every doctoral student’s learning trajectory has a steep gradient, and this regularly frustrated 

me throughout the second half of my doctoral studies. I acquired new knowledge daily that 

stimulated me intellectually but also highlighted the methodological limitations of the 

research I worked conscientiously to design, conduct, analyse, and report. Observational 

studies – particularly prospective, longitudinal studies with one-year follow-up – do not, or at 

least should not, permit modifications to design, methodology, outcomes, statistical analyses, 

and reporting after initiation. Learning about, acknowledging, enduring, and reflecting upon 

the ‘what’, ‘why’, and ‘how’ of the shortcomings entrenched in this doctoral research has 

been enormously humbling but has instilled in me a deep appreciation for the difficulty and 

complexity inherent in performing empirical research. 

 

The originally enrolled sample size of the current doctoral research – 52 concussion 

participants and 52 control participants – was informed by an a priori statistical power 

calculation that estimated the sample size required to reliably detect a small effect size (f = 

0.2) with 80% statistical power and an alpha level of 0.05 for a two-tailed hypothesis test.(90) 

However, 80% statistical power only applied to the current doctoral research when 

performing a between-within ANOVA with two groups over three time-points (e.g., chapter 

three) for one primary outcome measure (e.g., PCSS). Including many outcome measures in 
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this doctoral research study – however carefully-selected and well-justified they were – and 

duly adjusting study alpha levels to correct for outcome multiplicity and minimise inflations 

of the Type I error rate,(91) inevitably reduced the statistical power in each study. 

Consequently, the Type II error rate – that is, the probability of observing a false-negative 

result by erroneously failing to reject the null hypothesis – was elevated for the results of 

each chapter.(8) Additionally, and perhaps counter-intuitively, due to the lowered statistical 

power in each chapter; when a statistically significant result was observed, the magnitude of 

that result was likely inflated.(92) 

 

When investigating the relationship between sport-related concussion and concussion-

associated impairments over time compared with a non-concussed, control group, we were 

limited in our use of confounding, mediating, and effect modifying variables. We lacked 

adequate statistical power to include third variables in statistical analyses, especially given 

the repeated-measures nature of the prospective, longitudinal study design. Not adjusting for 

the presence of relevant third variables (e.g., through unmeasured confounding, residual 

confounding, or measured but non-adjustment for confounding) can obscure the true 

relationship between sport-related concussion and concussion-associated impairments. 

Consequently, not incorporating confounding, mediating, and effect modifying variables in 

the current doctoral research may have masked the true identification of between-group 

differences on patient-, clinician-, and laboratory-oriented outcomes following sport-related 

concussion. 

 

In the IPD meta-analysis reported in chapter two, statistical power was sufficient to include 

potential confounding variables (e.g., concussion history, psychiatric history, anxiety, or 

ADHD diagnosis) into statistical analyses where applicable. However, confounding variables 

were not available across all studies, which precluded incorporation of these confounding 

variables into the IPD meta-analysis. Additionally, peer review continuously requested that 

we include confounding variables only if between-group differences existed on independent 

variables between the concussion group and the control group, which does not constitute best 

practice for third variable inclusion. Finally, we included unadjusted effect estimates because 

this doctoral research represents the first appearance for some of the reported outcome 

measures (e.g., condition-specific HRQoL PROMs) in the sport-related concussion literature.
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In each chapter of this doctoral thesis that reports the undertaking of original research, 

statistically significant differences were interpreted to indicate noteworthy differences 

between the concussion group and the control group. However, statistically significant 

between-group differences do not always imply that differences between the concussion and 

the control group are meaningfully different or practically significant. In the presence of large 

sample sizes and/or little variation within groups, statistically significant differences may be 

observed despite differences being negligible. Consequently, statistically significant 

differences have limited utility when trying to infer whether meaningful recovery, or lack 

thereof, has occurred over time following sport-related concussion. The use of reliable 

change statistics, such as a reliable change indices,(93–97) minimal clinically important 

difference,(98–100) or even minimal detectable change,(100,101) would have provided 

greater insight into the extent of meaningful change that was occurring within groups on 

patient-, clinician-, and laboratory-oriented outcomes over time. Using reliable change 

statistics in the current doctoral thesis was complicated by our application of outcome 

measures from other health conditions, many of which were not validated in a concussion or 

even a non-injured, athletic population. Furthermore, our control group was not sufficiently 

large (in sample size) nor homogeneous (in baseline characteristics) to estimate reliable 

change statistics for use in the current doctoral research. 

 

Participants in the concussion group comprised patients who presented to the emergency 

department following sport-related concussion. Only 10% to 15% of patients present to the 

emergency department following sport-related concussion, which contrasts with 

approximately 80% of concussion patients who present to primary care following 

injury.(102) Patients who present to the emergency department following sport-related 

concussion may represent a unique cohort that differ fundamentally from patients who 

instead present to primary care, tertiary specialty programs, or university sports medicine 

centres following sport-related concussion.(34) For example, patients who present to the 

emergency department following sport-related concussion may not possess private 

healthcare, may have more severe symptoms, or may be concerned about a more serious 

injury. As a result, concussion patients who present to the emergency department may have a 

more severe presentation and worse prognosis, which could introduce a risk of selection bias 

to this study.
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We selected five assessment time-points; two of which were criterion-dependent (i.e., upon 

medical clearance to RTA following sport-related concussion and two weeks after RTA 

following sport-related concussion). Other study assessment time-points were time-

dependent; occurring within one week, six months, and one-year following sport-related 

concussion. We included criterion-dependent time-points in an effort to understand the 

presence of concussion-associated impairments at important athlete recovery milestones, 

such as clearance to RTA, following sport-related concussion. However, the heterogeneous 

nature of clinical presentation, athlete recovery, and RTA decision-making between 

physicians following sport-related concussion complicated the interpretation of results at this 

time-point and how they relate to the presence of concussion-associated impairments, or lack 

thereof, over time.  

 

After medical clearance to RTA following sport-related concussion, activity characteristics 

(i.e., frequency, intensity, mode, and duration) that athletes performed before returning to 

competitive sporting performance was not recorded. There was a wide range of RTA 

approaches used by physicians who cleared athletes to RTA following sport-related 

concussion. Athletes were considered to have returned to activity once they initiated any 

physical activity – however mild in intensity or short in duration – following medical 

clearance to RTA by a physician. Although low-intensity and low-duration physical activity 

are favourable initially following RTA after sport-related concussion and align with the 

graduated return-to-play protocol endorsed by the International Concussion in Sport 

Group,(61) athletes may have experienced grossly different increases in physical activity 

type, frequency, intensity, and duration, for which we could not account due to non-

recording. 

 

Due to design, resource, and logistical constraints, it was not possible to include an 

assessment of pre-morbid status in the current doctoral research. A prospective study design 

harnessing pre-morbid data, albeit not without its own limitations, would have facilitated 

within-subject analyses with increased statistical power that may have altered study results. 

For example, in chapter three we were unable to infer whether concussed athletes had 

naturally-elevated PROM scores that had already returned to their individual baseline by 

RTA following sport-related concussion. However, it is important to note that including only 

one assessment of pre-morbid status would also introduce a risk of spuriously significant 

study results that might be attributable to regression to the mean. Additionally, without a 
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preinjury, baseline assessment and by comparing concussion and control participants, it was 

possible to circumvent whether “good-old-days” bias (i.e., response-shift bias) affected the 

retrospective reports of pre-injury status of concussed participants on patient-based outcomes 

such as condition-specific HRQoL. 

 

To facilitate a reference standard against which we could compare concussion participants 

over time, we included control participants who were closely matched with the concussion 

group on sex, age, and activity type. However, our matched control group comprised a non-

injured, athletic control group rather than an injured, athletic control group. Musculoskeletal 

injury can negatively influence athletes’ physical, psychological, and social health. 

Consequently, including an injured, athletic cohort may have provided a better comparator 

for the concussion group by enabling inferences about whether concussed athletes recover 

differently to athletes who experience other musculoskeletal injuries. 

 

Clinical observations of patients presenting to specialty concussion programs have informed 

anecdotal evidence that distinct clinical profiles emerge throughout recovery following sport-

related concussion.(103–105) We did not possess a sufficiently large sample size, and thus 

adequate statistical power, to identify clusters of symptoms in our concussion cohort. A 

concussion-specific PROM has not yet been developed to assess patients’ perceptions of the 

effect that the variety of concussion-associated impairments have on HRQoL. Therefore, we 

paired anecdotally-proposed specific clinical profiles with related condition-specific HRQoL 

measures, as reported in chapters three and four. However, it is unknown whether the 

condition-specific HRQoL PROMs administered in chapters three and four adequately 

represent the construct of each clinical concussion profile. 

 

Despite administering six condition-specific HRQoL PROMs in the current doctoral research, 

no generic HRQoL PROMs were administered. Including a generic HRQoL PROM (e.g., 

Short-Form Health Survey (SF-36)) alongside condition-specific HRQoL PROMs would 

have enabled an assessment of a patient’s overall HRQoL in conjunction with his/her 

perceived HRQoL attributable to a concussion-associated impairment.(106) Furthermore, 

condition-specific HRQoL PROMs administered in chapter three and four were developed in 

the general population, or in an injured population, and were not validated in concussion nor 

athletic populations. Athletes’ motivations and values frequently differ from those of non-

athletic populations. Therefore, for athletes who experience specific injuries, PROMs that are 
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developed for athletes and that have measurement properties established in athletic 

populations will have greatest applicability and utility.(29) 

 

Although many outcome measures were administered to participants over the one-year 

duration of the current doctoral research, prolonged recovery and persistent post-concussion 

symptoms were not defined or measured. Given the current longitudinal nature of the 

reported prospective study, defining prolonged recovery and persistent post-concussion 

symptoms, and evaluating the proportion and characteristics of athletes experiencing 

prolonged recovery following sport-related concussion may have added value to the 

interpretation of study results. There is no consensus-driven, universally-applied definition of 

prolonged recovery following sport-related concussion, which introduces inconsistency in 

how prolonged recovery is investigated.(34) However, the definition of persistent post-

concussion symptoms – that is, three or more symptoms for greater than one-month after 

sport-related concussion – is supported by International Classification of Diseases 10th 

edition and would have sufficed as an operational definition to evaluate athletes who 

experienced prolonged recovery in the current study.(107–109) 

 

A large amount of clinical symptom variability exists between athletes following sport-

related concussion.(110–114) Despite the same diagnosis, concussed athletes can experience 

grossly different clinical presentations and impairment trajectories throughout recovery. 

Consequently, comparing group-level means is likely not the most appropriate statistical 

method to determine whether specific concussion-associated impairments exist and distinct 

recovery trajectories emerge following sport-related concussion. Furthermore, this may not 

be the best approach to identify whether concussed individuals with specific clinical 

impairments experience a unique clinical recovery duration following sport-related 

concussion. Future, highly-powered research employing more sophisticated statistical 

methods, such as cluster analyses, will offer greater value when identifying concussion 

recovery trajectories following sport-related concussion. 

 

In addition to comparing group-level means, clinical cut-off thresholds were applied in 

chapters three, four, six, and seven to identify the proportion of athletes in the concussion 

group and the control group who exhibited clinical, rather than healthy, scores on various 

outcome measures over time. Validated clinical cut-off thresholds for concussed, athletic 

populations were not always available in the literature (for example, in chapters three and 
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four). Therefore, clinical cut-off thresholds were selected and applied in the current doctoral 

research despite being derived in healthy populations or in populations with other health 

conditions. As a result, the direction and magnitude of our results may depend on the specific 

threshold values that were applied in the current doctoral research, however justified they are 

or constrained we were in our selection of those thresholds. 

 

Similarly, in chapters three and four after dichotomising condition-specific HRQoL scores at 

each time-point, we did not consider multivariate outcomes by calculating the frequency or 

proportion of participants in the concussion and the control groups who had clinically 

impaired scores on one, two, three, and greater than three condition-specific HRQoL 

PROMs. Given the advances in measurement theory relating to multivariate base-rates, it is 

now better understood that an individual with “normal” cognitive function may not 

necessarily have “normal” scores on all sub-tests of a cognitive test.(115–117) Applying 

multivariate base-rate principles to participants in our study sample may have revealed that 

many control group participants had clinically abnormal scores despite normal symptom 

frequency and severity. 

 

In the current doctoral research, we predominantly administered the same patient-, clinician-, 

and laboratory-based outcome measures at each study assessment time-point. However, as 

observed in diagnostic accuracy studies of sport-related concussion using a multi-faceted 

assessment battery,(118,119) it is unlikely that outcome measures have the same 

discriminative capacity or responsiveness over time.(14) More likely, many outcome 

measures may have greater sensitivity to detect the presence of concussion-associated 

impairments acutely following sport-related concussion, with fewer outcome measures 

possessing sensitivity to detect the presence of concussion-associated impairments sub-

acutely or persistently after injury. 

 

In chapter five, athletes’ pre-injury level of sport informed our understanding of whether or 

not athletes returned to their pre-injury level of sport six months and one-year following 

sport-related concussion. A greater number of athletes in the concussion group reported that 

they performed at the highest level of sport (i.e., international competition) before injury 

compared with the control group. Due to the highly competitive nature of international sport, 

returning to national or international level sport following injury is more challenging than 

returning to regional or district competition. This notable imbalance in pre-injury level of 
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sport may have affected subsequent study results. Additionally, throughout the observational 

period after enrolling in the longitudinal study, participants were not asked to indicate 

whether they had attempted to return to various levels of their sport in the preceding six 

months or one year. Collecting this information in future research will enable an inference 

about whether study participants who were not participating at their pre-injury level of sport 

one-year following sport-related concussion are the same participants who were not 

participating at their pre-injury level of sport six months after sport-related concussion. 

 

A growing body of observational evidence has observed that athletes are at an increased risk 

of subsequent, lower extremity, musculoskeletal injury up to one-year following sport-related 

concussion compared with pre-injury and/or control group injury risk.(120) Despite the 

longitudinal nature of the current study, performing injury surveillance of athletes in 

concussion and control groups was not possible. As discussed in chapter five, a greater 

proportion of concussed athletes in the current study may have experienced a lower 

extremity, musculoskeletal injury in the months following return-to-sport compared with the 

non-concussed, control group, thereby affecting their level of sporting participation and 

performance one-year following sport-related concussion. Additionally, impaired clinician- 

and/or laboratory-based outcomes acutely, sub-acutely, or persistently following sport-related 

concussion may be less meaningful if such impairments do not manifest in or contribute 

towards the development of patient-based outcomes, or ill-health, over time. 

 

The sampling method used in the current doctoral research to estimate the diagnostic 

accuracy of the VOMS is vulnerable to performance bias. Upon enrolment in this 

longitudinal study, participants were aware of their injury status (i.e., concussed or non-

concussed) and subsequent group membership (i.e., concussion or control group) due to their 

emergency department diagnosis. Consequently, the concussion group may have been more 

preoccupied with symptom provocation on test items of the VOMS than the control group 

due to illness behaviour associated with the knowledge of concussion diagnosis preceding 

their study assessment. 

 

Similarly, because the diagnosis of sport-related concussion should be informed by a 

comprehensive suite of clinical tests incorporating symptoms, cognition, and balance, using 

the VOMS alone as a screening tool to diagnose sport-related concussion has limited 

diagnostic utility.(118,119,121) Including a control group for whom we possessed no 
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suspicion of sport-related concussion, and were therefore unrepresentative of the clinical 

population to be encountered in the current or future use of the VOMS, introduced a risk of 

spectrum bias. Despite this risk of spectrum bias in chapter six favouring the VOMS as an 

accurate screening tool, the VOMS still yielded suboptimal specificity, PPV, and diagnostic 

accuracy estimates. 
 

In chapters six and seven, we did not perform a ROC Curve analysis to estimate the optimal 

sensitivity and specificity cut-off thresholds of the VOMS to discriminate concussion and 

control participants. Instead, we applied the clinical cut-off threshold (e.g., total symptom 

provocation ≥2 and/or NPC distance ≥5cm) that was previously established by the original 

authors of the VOMS.(122) It is unclear whether or not this clinical cut-off threshold 

optimised the discrimination of concussion and control participants in the reported 

longitudinal study. However, applying the VOMS to a different sub-population in an 

independent study enabled external validation of this previously established cut-off threshold.  

 

We used the VOMS to assess for the presence of persistent vestibular and oculomotor 

impairments following sport-related concussion. Despite its use in clinical practice as an 

evaluation of vestibular and oculomotor dysfunction, the VOMS was initially developed as a 

screening tool to identify patients who would benefit from detailed vestibular 

examination.(70,122) However, in the current study, we did not supplement our use of the 

VOMS with a more detailed vestibular and oculomotor examinations, which may have 

resulted in overlooking subtle, underlying vestibular and oculomotor impairments following 

sport-related concussion. 

 

10.3 RECOMMENDATIONS FOR FUTURE RESEARCH 

When reflecting upon the perceived methodological limitations of this doctoral thesis, the 

changes that I would institute if re-performing the reported research inform the majority of 

recommendations outlined in this section. Additionally, the results of each chapter have 

informed recommendations for future research to: (i) substantiate the results observed in the 

current thesis, and (ii) explore novel lines of research identified through the current work. 

 

The under-powered nature of the current research highlights the need for future research 

endeavours in the area of sport-related concussion to comprise multi-centre collaborations. 

Multi-centre, longitudinal studies are essential in the area of recovery following sport-related 
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concussion to increase statistical power, enhance generalisability, and thus improve the 

validity and utility of related findings. Multi-centre collaborations investigating the clinical 

and neurobiological time-course of recovery following sport-related concussion have been, 

and are currently being, undertaken in the United States.(71–73,123,124) Indeed, multi-centre 

collaboration and related increases in statistical power can overcome many limitations of the 

current doctoral research, namely the omission of third variables from statistical analyses, the 

absence of a pre-injury, baseline assessment, and the inability to perform subgroup analyses. 

 

Due to the complex, multi-dimensional relationships that exist between sport-related 

concussion and various patient-, clinician-, and laboratory-based outcomes, including third 

variables – confounders, mediators, and effect modifiers – in statistical analyses, where 

applicable, is essential to elucidate the nature of persistent concussion-associated 

impairments over time following sport-related concussion. Future research should identify 

candidate third variables of interest, prior to data collection, based on content knowledge of 

the relationship between sport-related concussion and clinical recovery. 

 

Many of the findings observed in the current doctoral thesis are exploratory findings that, 

although answering a research question that was developed a priori, did not result from 

following a pre-specified study protocol outlining planned hypotheses, methodologies, and 

statistical analyses. Future research should aim to replicate the current doctoral research 

through both direct and conceptual replication efforts. Throughout this doctoral research 

study, there were numerous opportunities to perform post hoc subgroup analyses and analyse 

subsets of data that we had not intended to analyse prior to data collection. However, 

performing sub-group analyses with smaller sample sizes would have further reduced the 

statistical power of each analysis, and in some cases, would have produced spurious, false-

positive results. Consequently, we only addressed study hypotheses and analysed relevant 

data for research questions that we formulated a priori. This is somewhat apparent by 

relatively simple research questions answered in each chapter (i.e., between-group 

differences without explorations of subgroup analyses involving male versus female, 

concussion history versus no concussion history, etc.). Future, highly powered research will 

be better positioned to extend the findings of the current study by exploring the effects of 

subgroup characteristics on the relationship between sport-related concussion and the 

presence of concussion-associated impairments. 
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Given the many outcome measures assessed and reported in the current doctoral thesis, future 

research investigating clinical recovery following sport-related concussion should harness 

established outcome measures to evaluate impairments following sport-related concussion 

using resources such as the Practical Concussion Physical Examination Toolbox and National 

Institutes of Neurological Disorder and Stoke Common Data Elements.(14,15) In instances 

where novel outcome measures have not yet been validated in a concussion population (such 

as condition-specific HRQoL PROMs in the current study) and where no normative data are 

available for a concussion population, future research may use the control group, where 

appropriate, to validate novel outcome measures. 

 

As stated in the limitations section, including a matched, musculoskeletal injury group in 

addition to a concussion and a matched, non-concussed, non-injured, control group in future 

research will partly account for between-group differences that could otherwise be attributed 

to any musculoskeletal injury and not just sport-related concussion. Our use of criterion-

dependent assessment time-points – that is, medical clearance to RTA following sport-related 

concussion – may best be avoided in future research that strives to mitigate unnecessary 

sources of heterogeneity. Including only time-dependent assessment time-points (e.g., one 

month following sport-related concussion) can ensure that participants are assessed at time-

points that reflect their recovery at a standardised time. For example, even when RTA 

decision-making varies between physicians, evaluating athletes one month following sport-

related concussion will reflect recovery status one month following sport-related concussion 

irrespective of whether or not athletes have returned to sport by this time. 

 

Various patient-based outcomes were included in the current doctoral research, specifically in 

chapters three, four, and five. Future research should continue to examine, and emphasise the 

importance of, pragmatic patient-based outcomes in the assessment of athletes over time 

following sport-related concussion. Event-determined patient-based outcomes, such as 

subsequent, lower extremity, musculoskeletal injury, are meaningful to patients and patients’ 

HRQoL following sport-related concussion. Acutely, sub-acutely, or persistently altered 

neuromuscular control following sport-related concussion may bear little relevance to the 

athlete who experiences no negative consequences of this concussion-associated impairment 

(e.g., in the form of lower extremity, musculoskeletal injury). Similarly, athlete-reported 

symptoms following sport-related concussion may be insignificant if the athlete is 

sufficiently resilient, receives the required support, or has (or develops) the necessary coping 
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strategies to prevent symptoms impacting their HRQoL. Moreover, many concussion-related 

symptoms are non-specific and may be precipitated by unrelated, general life stressors such 

as the end of a relationship or failing an exam.(20) Consequently, the continued use of event-

determined and subjective patient-based outcomes in future concussion research, whether in 

isolation or alongside clinician- and laboratory-based outcomes, is recommended. 

 

When clinician- or laboratory-based outcomes involving balance or human movement are 

evaluated following sport-related concussion, future research should apply functional, non-

novel, movement tasks. The findings of chapter nine suggest that static balance tasks – as 

assessed using the tandem stance condition of the mBESS – may be too novel for test 

participants and therefore possess rapid practice and learning effects. Non-novel motor and 

cognitive tests, such as steady-state walking and internal cognitive processing tasks, detailed 

in chapter two may be sufficiently non-novel to minimise practice and learning effects but 

also sufficiently sensitive and responsive to change to detect impaired sensorimotor control 

impairments over time following sport-related concussion. 

 

Accurately identifying individuals at increased risk of persistent issues following sport-

related concussion may enable early, targeted interventions to minimise the risk of prolonged 

recovery.(105) Predicting prolonged recovery following sport-related concussion is 

challenging, complicated by the complex interaction of multifarious pre-injury, injury-

related, and post-injury risk factors that can be context-specific.(21,125) Most concussion 

research applies a reductionist approach to identify prognostic factors following sport-related 

concussion which is not representative of how prognostic factors of prolonged recovery 

manifest after injury.(34) Following sport-related concussion, a myriad of concussion-related 

physical, cognitive, psychological, and emotional impairments may interact with pre-existing 

vulnerabilities, such as learning disability or family psychiatric history, to precipitate 

persistent disability (i.e., impaired HRQoL) and functional limitations (i.e., absence from 

sport).(21,47,48) Persistent issues that characterise prolonged recovery following sport-

related concussion may then be perpetuated by general life stressors, and lifestyle and 

motivating factors.(20,21,48) Future research should investigate prolonged recovery 

following sport-related concussion using non-linear and time-series methods that can account 

for unique interactions between variables over time.(125) More sophisticated statistical 

modelling techniques that can embrace complex systems principles such as non-linearity, 
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equifinality, and situational factors are necessary to appropriately identify individuals at 

increased risk of prolonged recovery following sport-related concussion.  

 

10.4 CONCLUSIONS 

The time-course of clinical recovery amongst amateur athletes following sport-related 

concussion is unclear and complex in the context of patient-, clinician-, and laboratory-based 

outcomes. We recruited and evaluated a mixed-sport sample of male and female, adult 

athletes who presented to the emergency department within-one week following sport-related 

concussion. Concussed and matched, control participants were assessed using patient-, 

clinician-, and laboratory-based outcomes within one-week following sport-related 

concussion, upon medical clearance to RTA, two weeks after RTA, and six months and one-

year following sport-related concussion.  

 

Athletes in the concussion group received clearance to RTA, on average, 13 days following 

sport-related concussion, and returned to pre-injury level sport, on average, 30 days after 

injury. Upon medical clearance to RTA, the concussion group had significantly greater 

perceptions of the effects of neck pain, generalised anxiety, and dizziness handicap on 

HRQoL compared with the control group. Two weeks after RTA, only the perception of 

dizziness handicap on HRQoL was significantly greater in the concussion group than in the 

control group. At the same assessment time-point, a notable minority (~25%) of concussed 

participants exhibited clinically impaired headache- and dizziness-specific HRQoL scores, 

which were significantly greater than the proportion of control participants who exhibited 

clinically impaired HRQoL scores. At the six-month and one-year study assessments, there 

was strong-to-very strong evidence that no meaningful differences existed between the 

concussion and the control groups on headache-, fatigue-, neck pain-, anxiety-, and dizziness-

specific HRQoL. Despite the resolution of differences over time between the concussion and 

control groups on clinical symptoms and condition-specific HRQoL PROMs, only half of 

athletes in the concussion group were still participating at their pre-injury level of sporting 

activity one year following sport-related concussion compared with three-quarters of athletes 

in the control group. 

 

At the initial study assessment, the VOMS exhibited a 96% test sensitivity and 46% test 

specificity. When accounting for the prevalence of truly concussed athletes in the study 

sample, the VOMS produced positive and negative predictive probability values of 64% and 
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92%, respectively. These diagnostic accuracy findings suggest that the VOMS may be most 

useful as a clinical screening tool to rule out, rather than confirm, the presence of sport-

related concussion. However, future research should examine whether or not the VOMS 

contributes additional diagnostic value to traditional, multi-faceted assessment strategies that 

are used to acutely diagnose sport-related concussion. 

 

The concussion group exhibited a significantly greater symptom provocation change score on 

all test items of the VOMS compared with the control group only at the first study 

assessment. No statistically or clinically significant differences on any test items of the 

VOMS were observed between the concussion and control group at subsequent study 

assessments up to one-year following sport-related concussion. The proportion of participants 

in the concussion group who exceeded the clinical cut-off threshold of the VOMS at six 

months (70%) and one-year (68%) was similar to the control group (57% and 55%, 

respectively). These findings suggest that the VOMS is insufficiently sensitive to 

discriminate concussed and non-concussed participants based on vestibular and oculomotor 

impairments throughout sub-acute and chronic phases of recovery following sport-related 

concussion. 

  

In the examination of sensorimotor impairments using clinician-based, sport-specific, 

functional movement outcomes, the concussion group employed a greater number of 

corrective strategies than control participants during the MHT upon clearance to RTA but not 

two weeks after RTA. The concussion group and the control group exhibited similar SEBT 

anterior reach distance and fractal dimension values within one-week following sport-related 

concussion through two weeks after RTA following sport-related concussion. These findings 

indicate that sensorimotor impairments may still be present in dynamic, complex 

environments when athletes return to sporting activity. The MHT may offer a clinically 

useful tool for practitioners to examine the recovery of subtle sensorimotor impairments and 

RTA readiness from a neuromuscular control perspective. 

 

An IPD meta-analysis was performed to identify gaps in the literature on the use of dual-task 

methodologies following sport-related concussion and to subsequently inform the dual-task 

protocol and laboratory-based outcomes reported in the original research of chapter nine. 

When performing steady-state walking whilst concurrently performing internal cognitive 

processing tasks, the concussion group demonstrated slower dual-task walking speed and 
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greater mediolateral centre-of-mass displacement compared with the control group up to two 

months following sport-related concussion. Under dual-task conditions involving a static 

balance task and the concurrent performance of cognitive tasks, a small body of evidence 

indicated that the concussion group swayed over a greater stance area than the control group 

in dual-task compared with single-task quiet stance up to one-month following sport-related 

concussion. 

 

When comparing concussed and control athletes on laboratory-based dual-task outcomes, no 

between-group static balance or cognitive differences were observed following sport-related 

concussion. Surprisingly, the concussion group reported persistent patient-based outcomes of 

general and balance symptom severity upon clearance to RTA following sport-related 

concussion despite null findings on clinician- and laboratory-based outcomes. Tandem stance 

may be too novel for test participants, who may have experienced substantial practice and 

learning effects due to the small number of practice tests administered. 

 

Using patient-, clinician-, and laboratory-based outcome measures, most concussed athletes 

exhibited scores that were similar to non-concussed, control athletes by the time they 

received clearance to RTA, or shortly after they returned to sporting activity, following sport-

related concussion. A notable minority of athletes in the concussion group exhibited long-

term impairments on patient- and clinician-based outcomes, such as condition-specific 

HRQoL and vestibular and oculomotor impairments. However, long-term impairments 

reported by this minority of athletes may not be specifically attributable to sport-related 

concussion as non-concussed athletes in the control group experienced such impairments in 

equal proportions. The complex effects of pre-existing health conditions, general life 

stressors, and adverse lifestyle habits on non-specific impairments complicates the 

identification of long-term impairments that are either partly or directly attributable to sport-

related concussion. Future multi-centre collaborations should continue to perform descriptive 

and prognostic research to identify and predict athletes at elevated risk of prolonged recovery 

following sport-related concussion. 
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