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Abstract 

 

Sport-related concussion has received increasing concern and research in the last 20 

years. Despite much research being done in the acute phase, chronic disturbances as a result of 

multiple concussions have received notably less attention. Moreover, these long-term difficulties 

as a result of multiple concussions have the capacity to influence the future of the athletes 

sporting career as well as their day-to-day functioning. Of particular interest is the impact of 

multiple concussions on balance. While studies of quiet stance balance are informative, they do 

not challenge the postural control system as contact sport game-play does. Therefore, the 

purpose of this study was to evaluate the influence of multiple previous concussions on the 

ability to manage external perturbations (analogous to pushes and tackles) under varying 

attentional demands. A group of contact-sport athletes who have never had a concussion (n=16) 

and a group of contact sport athletes who have been exposed to two or more concussions (n=16) 

were recruited. Participants completed a button press task, an arm reaching task with unexpected 

external perturbations, and both tasks simultaneously. A 2×2 mixed model ANOVA was used to 

assess for the main effects of task (single vs. dual) and concussion history (zero vs. two or more). 

Dependent variables included aspects of centre of pressure (COP; displacement and velocity), 

hand kinematics (displacement and velocity), and reaction time. Under dual-task conditions 

performance decreased on a number of variables including COP, hand kinematics, and reaction 

time. Moreover, the group with multiple previous concussions performed significantly worse, 

particularly in COP metrics compared to the group who have no concussion history. These 

findings indicate a history of concussion alters COP metrics (postural control). Furthermore, 

these findings highlight the potential use of this novel task (combining external perturbations and 

a secondary attention task) in concussion assessment and return-to-play decision making. Taken 

together, the current findings add crucial information to the impact of concussion on postural 

control. Given this information, interventions need to be designed and implemented to mitigate 

the chronic disturbances to balance (that could influence the future sporting career and day-to-

day life) which may result from exposure to multiple concussions.   
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 Introduction 

1.1 Concussion Considerations  

Sport-related concussion is a prominent public health issue with an estimated 1.6 – 3.4 

million head injuries occurring annually in the United States.1 Considering the difference in 

population, this estimate corresponds to approximately 176 000 – 418 000 injuries in Canada. 

While many epidemiological studies of concussion incidence exist in the United States (both in 

collegiate and high school athletes), significantly less literature has been published on Canadian 

populations. Recently, concussion incidence rates of up to 20% in some Canadian varsity sports 

have been reported with an average rate across all collegiate sports of 6.7%.2 

Concussion is a type of mild traumatic brain injury (mTBI) induced by biomechanical 

forces resulting in complex pathophysiological alterations within the brain.3 Some common 

features of concussion include rapid onset of impaired neurological functioning resolving 

spontaneously, functional (rather than structural) disturbances, and an assortment of clinical 

symptoms (Reviewed in: McCrory, et. al.3). These associated symptoms generally include 

somatic (e.g., headache, balance difficulties, dizziness), cognitive (e.g., difficulty concentrating, 

feeling in a fog), and emotional (e.g., more emotional, depression, anxiety) disturbances. 

Concussion symptoms vary across individuals resulting in injuries with markedly different 

clinical presentations for impacts of similar profiles.3–6 Moreover, symptoms as a result of a 

concussive event are not correlated to the apparent severity of the precipitating impact.7 

Therefore, although the mechanism of injury for two concussions may appear similar, the injured 

individuals will likely present very differently clinically. 

Since symptomatology of this injury is extremely varied, an accurate diagnosis of 

concussion may prove difficult. Currently, concussions are diagnosed based on presence of self-

report symptoms, and mechanism of injury as there is no definitive, objective test available.3 
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This method of diagnosis poses two major problems. First, using self-reported symptoms relies 

on the assumption that individuals who have recently suffered a brain injury have the capacity to 

provide accurate information to clinicians. Additionally, this approach relies heavily on the 

concussed individual to be honest about the symptoms (severity of said symptoms) when they 

are reported. In a study by Kerr and colleagues8, 214 former collegiate athletes (age 35.3 ± 7.5) 

retrospectively self-identified sports-related concussions, and reported the number of times these 

concussions were not disclosed to the appropriate staff.  It was found as many as 68.3% of 

football players did not report their concussion to medical personnel. While 70% is an alarming 

statistic, of equal concern are the many individuals who purposefully under-reported either i) the 

number or severity of symptoms either due to desire/pressure to return to sport; or ii) the changes 

to cognitive functioning as a result of the head injury. Secondly, diagnosing in this manner 

(based on symptoms and mechanisms) relies on the ability of the clinician to recognize an array 

of non-specific symptoms (e.g., headache, nausea, drowsiness) which present following 

concussion. To further complicate this issue, it is likely the diagnosing clinicians did not witness 

the concussive event and instead must rely on second-hand information regarding the potential 

mechanism of injury. Donaworth and colleagues9, surveyed medical students regarding their own 

knowledge and understanding of concussions. This study revealed deficits in knowledge, 

appropriate management, and exposure to concussion across all four years of clinical training 

during medical school. Unsurprisingly, the limited knowledge regarding concussion during their 

formal training period can impact the accuracy of clinical diagnoses. Taken together, the 

combined difficulties from both the patient and clinician perspectives in diagnosis likely results 

in concussion incidence rates being significantly larger than estimated.1  
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In an effort to provide a consistent message internationally regarding detection and 

return-to-play (RTP) management, the International Conference of Concussion in Sport 

produced the Sport Concussion Assessment Tool (SCAT). The SCAT3 is the most widely used 

assessment tool in the literature and was released in 2013. Its main components include: a 

symptom evaluation, Standardized Assessment of Concussion (SAC), and a balance assessment 

(modified Balance Error Scoring System; mBESS). The symptom evaluation consists of 22 

symptoms which are rated on a 7-point Likert scale (none (0) – severe (6)) and provide total 

symptom number (up to 22 points) and total symptom severity (up to 132 points). The SAC 

includes measures of orientation, immediate memory, concentration, and delayed recall, 

providing a total score out of a maximum 30 points. The final main component of the SCAT is 

mBESS. This balance assessment uses three different foot positions to challenge balance while 

the eyes are closed. Number of errors are recorded (with a maximum of 10 errors for each 

position) with a perfect score being zero.  

While the SCAT3 has been widely adopted it remains an imperfect measure of 

concussion. Specifically, issues regarding validity, applicability, reliability, and subjectivity have 

been raised and explored. Literature on the ability of the SCAT to detect concussion is mixed 

(Reviewed in: Yengo-Kahn10).  Immediately following concussion, the SCAT components 

appear able to discriminate a clinical alteration in functioning associated with the concussion.10 

Although detection using the SCAT, particularly detection more than one day after the injury, 

may be limited.10 Furthermore, it should be noted the vast majority of these studies exploring 

validity and reliability of the SCAT used male collegiate football players.10 Therefore, if used on 

a different population or a mixed population the SCAT may not be sensitive enough to detect 

changes between groups.10 One final drawback to be aware of when using the SCAT is 
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“sandbagging”. This occurs when athletes perform at a sub-optimal level on purpose during their 

pre-injury baseline testing session. Should a concussion occur, their injured performance is less 

likely to appear different from their pre-injury baseline. This effect has been noted with 

neuropsychological testing (Reviewed in: Alsalaheen, et. al.11) but has yet to be explored with 

the SCAT. Alternatively, athletes could sandbag/underreport symptoms when concussed. As the 

SCAT is a subjective measure, the trainer or physician administering the SCAT can alone 

speculate whether or not athletes are being truthful based on previous encounters with the 

athlete. Therefore, although the SCAT is useful in providing an assessment of subject clinical 

symptoms, it is limited as it does not provide a definitive objective measure of concussion. With 

a large amount of evidence showing the concern over the SCAT being sensitive enough to 

quantify when a concussion has occurred10, caution must be taken when using and interpreting 

this tool.  

 While an objective diagnostic marker of concussion has yet to be developed, fortunately 

for most concussed individuals, the associated symptoms of concussion are usually short-lived, 

persisting 7-10 days in 80 – 90% of cases.3 Acutely following concussion, a symptom-limited 

graded RTP protocol is introduced.6 Although in the vast majority of cases athletes make a full 

recovery3, concern has been growing about the cumulative effects of multiple concussions.12 In a 

large National Collegiate Athletic Association (NCAA) study, it was found that when concussed, 

those athletes with a history of multiple concussions displayed a longer time to symptom 

recovery and with each incident concussion, risk of future concussion increased (one previous 

concussion = 1.4× risk; two previous concussion = 2.5× risk; 3 previous concussions = 3.0× 

risk).13 Moreover, significantly larger symptom burden has been noted following recurrent 

concussions when compared to the first concussive event.14 However, these aforementioned 
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effects are noted during the acutely concussed phase of an injured athlete with previous 

concussion history. The potential chronic disturbances as a result of compounding concussions 

are less clear.12 As with the majority of the concussion literature, controversy remains regarding 

the extent of functional changes present following multiple concussions. Results from multiple 

studies using various measurements such as the SCAT, neurocognitive tests, and fMRI have 

produced conflicting evidence (Reviewed in Yengo et. al.10 and Elbin et. al.15). Furthermore, one 

of the most worrisome potential long-term consequence of multiple concussions is chronic 

traumatic encephalopathy (CTE). Although a definite cause and effect relationship has not been 

established12, this disease typically presents decades following exposure to multiple head 

injuries.16 CTE involves a variety of severe symptoms including mood, behaviour, cognitive and 

motor issues.17  Currently, CTE can only be diagnosed post-mortem.17 These chronic effects 

need to be better understood in vivo, so athletes are aware of the potential risks of playing contact 

sports, and are able to make informed decisions regarding how it may influence their life years 

later. Once we have a better understanding of these long-term deficits associated with 

concussions, recovery programs can be established to help cope or reverse them.12 

 Concussion awareness has exponentially increased globally over the past few decades 

through increased media attention as well as policy changes at both the national and international 

sporting league levels. In general, concussions have been demonstrated to induce a wide variety 

of non-specific symptoms which typically resolve spontaneously within the first 1-2 weeks 

following the injury. The SCAT was developed to aid in concussion identification,3,6 however, as 

stated previously, it may not be overly effective when used more than a day after injury. There is 

much still to be learned about this complex injury, specifically more work needs to be done to 

address the possible long-term outcomes of concussion.12 These effects have the potential to 
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influence not only the remainder of the athlete’s sporting career, but also the day-to-day 

functioning of life following the conclusion of sport participation. Moreover, should long-term 

deficits as a result of concussion persist, potential rehabilitation options need to be identified and 

researched. 13 

1.2 Postural Stability  

Postural control is vital to daily functioning and sport performance as it allow us to 

complete tasks and move through our environment without falling over. Specifically, postural 

control encompasses stability and orientation of the body’s position in space. Two main systems 

are necessary for the control of posture, neural and musculoskeletal systems.18 The neural system 

plans movements and integrates sensory feedback to then update the movement plan. 18 The 

musculoskeletal system is responsible for producing the movement set out by the neural 

system.18  One large component of postural control is the maintenance of balance or postural 

stability. Balance requires the centre of mass (COM) be controlled in relation to the base of 

support (BOS).18 The COM is the point location of the total body mass or the weighted average 

of the COM of each body segment, while the BOS is the area in which the body is in contact 

with the support surface (Figure 1.1).  Other variables of interest in postural stability include the 

centre of gravity (COG) and the centre of pressure (COP). The COG is the vertical projection of 

the COM onto the support surface.19 Finally, COP is a controlling variable of the COM. The 

COP is the average point of the total force applied to the support surface or the vertical ground 

reaction force vector.18,19 The COP continually moves outside of the COM such that the COM is 

pushed inward and maintained within the BOS. Therefore, although the COP and COM are 

independent components, the two variables are highly correlated with COP being larger in 

magnitude. As such, the movement of the COP can be used as a surrogate for COM movements.  
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Figure 1.1. Representation of the base of support (BOS), centre of pressure (COP), centre of 

mass (COM), and centre of gravity (COG) 

 

A common method of assessing postural stability is the collection of COP via underfoot 

force plates. Force plates measure the ground reaction forces and moments that occur as a person 

stands or walks across them. From this data, the position of the COP over time can be derived 

providing displacement and velocity in anterior-posterior (AP) and medial-lateral (ML) 

directions. Increases in COP movement have been noted when the eyes are closed compared to 

open and in more challenging postures (i.e. one footed stance compared to two footed).19 

Therefore, an increase in COP displacement or velocity is typically interpreted as the subject 

having increased difficulty controlling balance or a decreased postural control ability. Postural 

data obtained from force plates remains one of the best methods of assessing balance control.19 
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Postural stability depends on information provided by the senses. Specifically, balance is 

highly dependent on vision, somatosensation (proprioception, cutaneous and joint receptors), and 

the vestibular system.18 Vision provides information regarding the movement of the head with 

respect to external objects.18 Two pieces of information are gained from somatosensation. The 

first is from cutaneous receptors in the skin which generate signals proportional to the pressure at 

the point of contact with the skin and skin stretch around the joints.18 The second aspect of 

somatosensation is proprioception. Proprioception uses signals generated in muscle and joint 

receptors (e.g. muscle spindles, golgi tendon organs) to provide information about where the 

different body segments are located in space, and where the segments are in relation to one 

another and the rest of the body.18 Finally, the vestibular system provides information regarding 

linear and rotational acceleration of the head with respect to gravity.18 Because of the 

redundancy in sensory information available, balance can be maintained despite a lack of, or 

incorrect information from one system.18 In fact, the sensory weighting model20 describes this 

phenomenon of increasing the gain or importance of certain sensory information when another is 

known to be unreliable or unavailable. Therefore, instead of each of the three sensory systems 

being equally valued in terms of importance across all situations, the relative weight of 

dependence on each system is flexible. If, for example, vision was removed, somatosensation 

and vestibular information would carry more weight when providing feedback to maintain 

postural stability.20  

 Indeed, postural control is vastly more complex than it may look while observing an 

individual during static balance situations. When standing quietly (or statically) the body 

continuously sways small amounts, primarily in the AP direction. Therefore, although commonly 

referred to as static, quiet stance is in fact dynamic in nature. Not only are many processes and 
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systems at work to maintain quiet postural stability, but numerous changes occur in the postural 

control system to static stance before a voluntary movement is undertaken. These small 

preparatory changes prior to the actual postural control task are called anticipatory postural 

adjustments (APAs). Specifically, APAs can be defined as adjustments to posture whose onsets 

occur prior (~50-100 ms) to the onset of a voluntary postural task.21,22 These adjustments occur 

to prevent the disturbances to balance that would otherwise arise as a result of the movement 

taking place and are known to be specific to the task (type and complexity) being undertaken.18,21 

One such case would be during an arm movement. Prior to the start of the arm movement, 

muscles in the legs and trunk are activated, in a distal to proximal fashion.23  This muscle activity 

counteracts the dynamic forces required to move the arm to the new position and ensures 

stability in the new posture.  

 An arm movement or any other potentially destabilizing movement produced voluntarily 

is considered an internal perturbation. In contrast, a perturbation can also be applied externally 

without the knowledge of the individual necessitating a reactive response.19 External 

perturbations may challenge balance in a variety of different ways. First, the perturbation may 

cause the COM to be relocated outside of the BOS. This would be analogous to a push or in the 

sporting context a tackle from an opposing player. Alternatively, the BOS may be moved out 

from under the COM. This scenario would be equivalent to slipping on ice in the winter. Finally, 

perturbations may be sensory in nature thereby creating the illusion of a loss of balance when no 

such situation exists or inaccurate sensory information may be used (misjudging the location of a 

curb) resulting in a loss of balance.  

When coping with postural perturbations which result in a change in the movement of the 

COM, an individual will generally adopt one of two potential strategies: fixed support or change 
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in support. Fixed support strategies include movement about the ankle, or hip, or a combination 

of the two, while the change in support strategy involves a step or reach. The fixed support ankle 

strategy is typically employed when the perturbation to balance is small and the supporting 

surface is firm.18 This strategy re-establishes postural stability by torques created primarily at the 

ankle. Depending on the direction of the perturbation, lower leg muscles will produce plantar- or 

dorsiflexion torques ~90–100ms after the perturbation to slow and reverse the movement of the 

COM.18 This muscle activity is followed by muscle activation in the upper leg and trunk to 

maintain an upright, extended posture.18 The second fixed support strategy is the hip strategy. 

This involves large quick hip flexions or extensions (depending on the direction of the 

perturbation) in which the core muscles are once again activated first, ~90–100ms after the 

perturbation followed by the upper leg muscles.18 The hip strategy is typically used when the 

perturbation is larger in magnitude or velocity, or when the support surface is small or compliant.  

In contrast, the change in support strategy involves an adjustment to the BOS by way of a step or 

reach to capture and maintain the COM within the BOS. Originally, it was thought changes in 

support strategies were used exclusively when the COM was shifted outside of the BOS.18 This 

idea has been refuted however, as stepping strategies have been noted for small perturbations in 

which the COM remained within the BOS (after performing experiments in which the 

participants were not given explicit constraining instructions regarding avoiding stepping).18,24 

Since postural control situations are rarely as simple as a small perturbation which pushes our 

COM perfectly forwards or backwards, these movement strategies are generally considered to 

occur along a continuum and therefore overlap in real world situations. 

To understand and quantify postural control following perturbations we must be able to 

produce perturbations in a controlled laboratory setting such that responses can be collected and 
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analysed scientifically. For the purposes of this thesis, one method of perturbing postural 

stability is via an arm perturbation. The participant is asked to grasp a movable handle or 

manipulandum which then exerts a destabilizing force while the participant performs a focal 

movement. Whereas it is common to assess the muscular response of such a perturbation using 

electromyography (EMG), to date only one study has attempted to characterize the movements 

of the COP and therefore postural control following an arm perturbation.25 Lowrey, Nashed, and 

Scott, created a reaching task using a flexible robot platform with graspable manipulanda 

(KINARM end-point robotic device, BKIN Technologies, Kingston, Ontario) which subjects 

used to perform focal arm movements as quickly and accurately as possible to a target.25 On 20% 

of trials, an unexpected external perturbing force was generated by the robot, altering the 

trajectory of the arm, thereby creating a COP shift. The authors observed deviations in COP in 

the opposite direction of the arm movement prior to the focal movement indicative of an APA. 

During perturbation trials, despite an immediate change in the arm, COP alterations did not occur 

for ~100ms after the disturbance.25 Moreover, muscle activity in the lower limbs was observed 

~70ms after the disturbance (i.e. before COP deviations).25 Taken together these findings suggest 

that feedback from the perturbed arm is responsible for the postural responses occurring in the 

lower limbs and that this response is actively generated. 

 Although postural control is complex in nature, humans are generally able to maintain 

balance with little to no conscious thought. However, postural stability is greatly challenged 

when the task or situation becomes more complex, as when coping with perturbations. If 

perturbations cannot be managed successfully, individuals will experience a loss of balance and 

fall, increasing the likelihood of injury. Investigation into postural stability following external 

perturbations to balance induced during upper limb movements has only just begun. Developing 
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a greater understanding of how the COM and COP move (in terms of displacement and velocity) 

following perturbations to balance will allow characterization of responses. This in turn will 

allow training and strategies to be developed to more effectively cope with perturbations and 

reduce falls and their associated injuries.  

1.2.1 Postural Control Following Concussion 

 As briefly mentioned earlier, balance deficits are a very common symptom associated 

with concussion with ~77% of concussed athletes reporting this issue.13 The previous literature 

has suggested these postural stability deficits are short lived; only persisting 3-5 days following 

the concussive event.26,27 As such, many studies have been done following concussion in an 

attempt to characterize these disturbances.13,26–75 Although metrics of postural stability obtained 

via force plates are highly valuable in understanding postural control,it is not always feasible for 

investigators to collect and analyze data on a force plate following a concussion. As such, two of 

the most common methods of assessing postural stability following concussion are the 

BESS26,50,63,64 and the sensory organization test (SOT).26,27,50,52,65,75 

The BESS was created as a cost effective and easy to administer tool for clinical 

concussion assessment.76 In total, it consists of six conditions, three performed on firm ground 

which are then repeated on a compliant surface (foam). The three conditions are hip-width two 

footed standing, one footed standing (non-dominant leg), and tandem Romberg stance (dominant 

foot directly behind non-dominant). Each condition is held with the eyes-closed and the hands 

placed on the hips (Figure 1.2). The BESS is scored based on the total number of errors. 

Therefore, a higher score indicates worse balance. Potential errors that participants may make 

during the BESS are described in Table 1.1. Each error made during the 20 second condition is 

added to give a total score. The maximum score for any given posture is 10 and should multiple 
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errors occur at once, only one error point is added (i.e. hands come off hips while taking a step).  

A shorter iteration of the BESS exists and is termed the modified Balance Error Scoring System 

(mBESS). The mBESS which is a component of the SCAT3, only includes the three conditions 

on firm ground (Figure 1.2a-c). The mBESS follows the same scoring as the full BESS (Table 

1.1). Riemann and Guskiewicz50, Guskiewicz, Ross, and Marshall,26 McCrea et. al. (2003),63 and 

McCrea et. al. (2013)64 all used the BESS as one method of testing acutely concussed athletes. 

All studies recruited collegiate athletes with McCrea et. al. (2013)64 using a mixed sample of 

college and high school athletes. Across studies, either a control group of matched athletes50 or a 

combination of matched athletes and prospective baseline scores26,63,64 were used for 

comparison. Despite differences in study design, all groups reported increased BESS scores 

immediately following the injury (within a few hours) or one-day post-concussion with scores 

normalizing by the subsequent assessment (max three days post-injury).26,50,63,64   
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Figure 1.2. Balance error scoring system conditions. (A-C = firm support surface; D-F = 

compliant support surface; A&D = hip width two footed stance; B&E single leg 

stance; C&F tandem Romberg stance. 

 

Table 1.1. Balance error scoring system possible errors. 

Possible BESS Errors 

Hand lifted off hips 

Eyes Open 

Taking a step, stumbling, falling 

Hip abduction of >30 degrees 

Forefoot or heel lift 

Staying out of testing position for more than 5 seconds 

 

Possible BESS Errors 

Hand lifting off hips 

Eyes open 

Taking a step, stumbling, falling 

Hip abduction of >30 degrees 

Forefoot or heel lift 

Staying out of testing position for more than 5 seconds 

Possible BESS Errors 

Hand lifting off hips 

Eyes open 

Taking a step, stumbling, falling 

Hip abduction of >30 degrees 

Forefoot or heel lift 

Staying out of testing position for more than 5 seconds 
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While the BESS (or mBESS) has proven useful at detecting balance problems 

immediately following concussion there are a number of limitations associated with this 

measure. The BESS has been criticized for its reliability, learning effects, subjectivity, and 

susceptibility to sandbagging.76–78 Finnoff and colleagues77 assessed the intra-rater and interrater 

reliability of the BESS and determined an overall intra-class correlation coefficient across all 

conditions were just 0.74 and 0.57, respectively. The particularly low inter-rater reliability (0.57 

ICC) results underline the subjectivity of this measure. The BESS requires raters to make 

decisions about small changes in posture which can be easily missed. For example, one of the 

potential errors is hip abduction of more than 30 degrees (Table 1.1). Determining exactly a 

movement of more than 30 degrees while simultaneously watching for all other possible errors 

can be difficult to the untrained rater. Moreover, Hunt et. al.76 determined the intra-class 

reliability of the BESS to be 0.60. These reliability values are below conventionally accepted 

levels of clinical assessments.79 Not only is the reliability of this tool low the BESS is also 

susceptible to learning effects.78 A study by Mulligan, Boland, and McIlhenny78 used three 

different group of participants, all of which performed the BESS at baseline then followed 

different timelines of repeat assessments over the course of 28 days. While comparable at 

baseline, the groups who completed the BESS again at 1-week and 2-weeks post-baseline 

demonstrated a decreased score (increase in performance) indicating a learning effect. Some 

groups also showed this effect to persist 28 days following the initial BESS assessment. The last 

factor to be aware of with the BESS for the assessment and management of concussions is 

sandbagging. Essentially sandbagging occurs when athletes intentionally underperform on 

baseline measures such that should a concussion occur, their acutely concussed BESS error score 

appears comparable to the pre-injury baseline. Although (to the authors’ knowledge) no literature 
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has been published on sandbagging during the BESS, this type of behaviour has been observed 

on neuropsychological measures.11 Collectively, given the low reliability, learning effects, 

subjectivity, and susceptibility to sandbagging this measure may not be the most suitable for 

clinical concussion assessment.  

 The second commonly used balance assessment in concussed populations is the Sensory 

Organization Test (SOT). The SOT is designed to assess postural stability while systematically 

disrupting the sensory systems responsible for maintaining balance. This test requires 

participants to stand on a force platform with a visual surround under six different conditions. 

The conditions involved are two different support conditions; fixed and sway-referenced support, 

as well as three visual conditions; eyes-open, eyes-closed, and sway-referenced vision. In the 

fixed condition, the support surface is static. Alternatively, in the sway-referenced support 

condition the platform tilts directly in proportion to the COG, maintaining ankle joint position 

and thereby removing somatosensory information usually obtained from the ankle joint. The 

sway referenced visual condition is similar to the sway referenced support condition as the visual 

surround moves as the participant sways. Therefore, although sway may be generated in this 

condition, no signals associated with this occur within the visual system. Overall, the conditions 

include, 1) fixed support, eyes-open; 2) fixed support, eyes-closed; 3) fixed support, sway 

referenced vision; 4) sway referenced support, eyes-open; 5) sway referenced support, eyes-

closed; 6) sway referenced support, sway referenced vision. The SOT provides an overall 

equilibrium score and sensory ratio scores in which a high score indicates better postural 

stability.  

 A number of studies have investigated postural stability acutely following concussion 

using the SOT.26,27,50,52,65,75 The majority of these studies found significantly decreased postural 
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control (decreased composite equilibrium score) on the first day after the concussion when 

compared to control groups.26,27,50,75 As well, most studies found a significant difference between 

acutely concussed individuals scores at one-day and the same acutely concussed athletes at three-

days post-concussion (scores increased from day one to day three) showing improvement.27,50 

While the majority of studies observed no difference in postural stability persisting longer than 

one-day post-concussion26,27,50,52, Peterson and coworkers75 reported significant decreases in the 

composite balance score 10-days post-concussion as well as a decreased vestibular ratio up to 2-

days post-concussion. Similarly, Guskiewicz and colleagues27 observed a decreased visual ratio, 

one-day following concussion compared to matched controls. Most of these studies tested 

subjects at 1, 3, 5, and 10 days post-concussion. Therefore, with this number of repeat tests in a 

short period of time, learning effects need to be considered. In a study by Wrisley and 

colleagues80 it was discovered that significant increases in SOT composite scores take place 

across multiple follow-up tests in healthy controls, a finding consistent with of learning effects. 

This is troublesome as the improvements noted in SOT scores in the days following concussion 

are likely influenced by learning and may not be entirely attributable to recovery. Moreover, in 

the study by Wrisley et. al.80 test-retest reliability of the composite score yielded only a fair to 

moderate ICC of 0.67. As such, the SOT is not without limitations and should be interpreted with 

caution.  

 As mentioned previously, force plates obtain COP data which are highly correlated to 

COM. These metrics of postural stability provide precise information regarding the magnitude 

and velocity of body sway occurring in the AP and ML directions on a millisecond to 

millisecond basis. Although assessing balance in this way is incredibly informative, relatively 

few studies have assessed postural stability following concussion using these force plate 
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outcomes. Slobounov and colleagues67 measured COP area and velocity at baseline and 30-days 

post-concussion under eyes-open (EO) and eyes-closed (EC) conditions. These authors found no 

significant differences in COP area or velocity in either direction (AP or ML) at 30-days post-

concussion compared to baseline performance. However, these findings are contrasted by 

Powers, Kalmar, and Cinelli56 who assessed acutely concussed individuals and matched controls 

(average 5-days post-concussion, and at RTP) using COP root-mean-square (RMS) displacement 

and velocity during EO and EC quiet standing. These authors observed greater COP RMS 

displacement and velocity in the AP direction acutely following concussion compared to control 

athletes. More importantly, Powers, Kalmar, and Cinelli56 found an increased ML and AP RMS 

velocity at RTP (average 26 days post-concussion). These results seem to align with the general 

belief that balance control is impaired following a concussion. The literature demonstrates 

control of balance worsens with larger and faster movements of the COM and by extension the 

COP metrics.56  However, in another study, Hides et. al.66 used the Stability Evaluation Test to 

assess postural stability. Although COP metrics were not directly used to compare balance 

performance, the Stability Evaluation Test uses a force plate to collect COP and as a result a 

sway velocity metric is obtained that is specific to this tool.66  Hides and colleagues66 observed 

decreased sway velocity (average decrease of 0.3 degrees/sec in the composite score) of 

concussed participants acutely following the injury (5-days post-concussion) when compared to 

baseline, indicating concussed athletes assessed under this metric displayed different balance 

control. This finding opposes Powers, Kalmar, and Cinelli56 and contrasts expected findings 

when postural stability is likely compromised.  

All the aforementioned studies26,27,50,52,56,63–67,75 used different methodological approaches 

through a variety of instruments and balance metrics. Furthermore, differences exist in the study 
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design with comparison groups (matched controls or prospective individual baselines), the wide 

ranges of evaluation time since the concussion (5-days, 30-days post-injury) and dependent 

variables (COP displacement, velocity, COP RMS displacement and velocity, COP area, 

Stability Evaluation Test sway velocity, etc.). Therefore, making a comparison of results 

between the previous literature is difficult. One study did not observe balance disruptions 30-

days post-concussion67, while another found postural stability disturbances at RTP (~26 post-

injury).56 Moreover, two groups have demonstrated balance differences acutely following 

concussion56,66, but the results for COP velocity or sway velocity within each study noted 

deviations following concussion in the opposite directions (e.g. an increase56 versus a decrease66 

in velocity).  

 As illustrated, quiet stance balance control is a prominent area of concussion research. 

However, how the aforementioned postural responses are affected by external perturbations with 

respect to concussion is poorly understood. This is important because in the context of contact-

sports, athletes must regularly manage external perturbations in the form of contact with other 

players, equipment, and/or playing surface features. All this is performed while they try to 

maintain their balance and move through the field of play. Therefore, studying the postural 

responses to external perturbations in concussed individuals may provide a more robust sport-

specific context under which to assess athletes. If difficulties persist in the ability of previously 

concussed athletes to cope with perturbations, it may help explain why these individuals are at an 

elevated risk of further injury of following concussion.81–85 Should an athlete have greater 

postural instability then when perturbed there is a higher likelihood of loss of balance. This 

unexplored aspect of postural control has great potential to better understand balance following 

concussion with the use of a task very applicable to the contact sport environment. 
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As mentioned earlier, the long-term effects of concussion on postural control are of 

particular interest, however only one group has attempted to characterize these potential chronic 

effects in standing balance using precise force plate metrics. Degani and colleagues54 assessed a 

group of participants who previously suffered an mTBI on average 19 months previously 

compared to a control group. Participants performed quiet stance trials on a force plate under EO 

and EC conditions. The authors assessed a number of dependent variables including area of COP 

path, COP amplitude, and COP velocity. Individuals with a previous history of mTBI exhibited 

larger sway area (average increase of 56%), larger amplitude of displacement in the ML 

direction (average increase 32%), and slower sway velocities in both the AP and ML directions 

(average decrease of 56% and 42%, respectively). While this group represents a more diverse 

population (i.e. some blast induced injuries) than strictly contact-sport athletes, the results are 

nonetheless significant and help clarify potential disruptions which could also be affecting 

concussed athletes. Aside from sway velocity, all other balance metrics were increased compared 

to controls (displacement and sway area). This follows the typical expectation of larger COP 

movements indicative of decreased postural stability following brain injury. However, similar to 

Hides et. al.,66 Degani and colleagues54 observed slower sway velocities in the previously injured 

group. The authors hypothesized these slowed COP movements do not necessarily indicate better 

balance control, but rather a conservative strategy to cope with (and limit the impact of) postural 

stability deficits. With reduced sway velocity those with previous concussions would be afforded 

greater time to make postural adjustments and therefore reduce the risk of loss of balance.  

Although, depending on the speed at which environmental or other demands are presented which 

disturb balance, this conservative adaptive strategy will likely fail.  
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Overall, the literature regarding postural stability is contradictory and has many 

limitations. Much of the published data were collected with tools fraught with methodological 

issues.26,27,50,52,63–65,75 For example, although the BESS and SOT assessment tools have been 

shown to be capable of differentiating group differences in acutely concussed athletes 

immediately following injury (hours to 1 day) they are likely unreliable for later time points after 

the injury. In fact, given the current literature, we cannot be certain if balance deficits resolve 

within or persist longer than 3-5 days post-injury.26,27 Additionally, the data from studies 

employing force plates to collect COP movements have also reported conflicting results.56,66,67 

As such, research using more consistent and appropriate measures of postural stability as they 

related to the sport context (such as measures of postural stability during external perturbations) 

are warranted. Further research is also needed to accurately track the recovery time course for 

balance deficits over longer durations following acute concussion as well as in athletes who have 

experienced chronic repeat concussions.  

1.3 Attention 

 Attention is a complex system necessary for successful human performance.86 While 

difficult to strictly define, attention is bound by three main components; alertness; selectivity; 

and processing capacity. Alertness is the capacity to produce and sustain optimal sensitivity to a 

given stimulus.86 Selectivity is the ability to attend to certain sources or types of information 

while ignoring extraneous information.86 Finally, processing capacity refers to the limited nature 

of attention, such that when multiple items require the same resources interference and a 

decrease in performance will occur.86 

 Attention consists of three central functions: the orienting, alerting, and executive 

networks. Alerting essentially facilitates performance during tasks due to vigilance. When a 
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warning cue (with no orienting information) is provided prior to the target event, the resting state 

is replaced with a new prepared state. This prepared state is now primed for detecting and 

responding to the expected target event.87 The orienting function allows one to covertly move 

attention to a specific spatial location or prioritizes a certain type of information thereby 

facilitating responding. Spatial orienting requires the disengagement of attention from the 

currently attended location, movement of attention, and then reengagement in the new location.88 

Finally, the executive network monitors and resolves conflict.87 This network also enables 

flexibility when switching between different task demands, as well as selecting the appropriate 

information and ignoring irrelevant stimuli during a given task.88 

1.3.1 Attention Following Concussion 

Following concussion, a number of cognitive symptoms may be present. These could 

include: confusion; difficulty concentrating or remembering; feeling slowed down or feeling in 

fog; all of which may be indicative of attention difficulties. The SCAT33 indirectly or globally 

assesses attention using concentration tasks embedded in the SAC. However, the intricate 

networks of alerting, orienting and executive components are not captured in this assessment. To 

tease apart the networks influenced by concussion, the Attentional Network Test (ANT) has 

previously been employed.88 The ANT is a computer based test in which the subjects are asked 

to respond to a target symbol (← or →) by pressing the corresponding key. By using a variety of 

pre-cue and target conditions combinations this task is able to separately assess alerting, 

orienting and executive components of attention. In all conditions, the trial begins a when central 

fixation cross appears (+). On some trials, a pre-cue (in this case an asterisk; *) appears for a 

short time.  Following the pre-cue, the target may appear in one of two locations, above or below 

the central fixation cross (Figure 1.3a). The participants respond as quickly and accurately as 
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possible by pressing the corresponding key. There are four possible pre-cue conditions; no pre-

cue, centre, spatial, and double (Figure 1.3b). Additionally, there are three target types (two of 

which are flanker conditions); neutral, congruent (flanker), and incongruent (flanker) (Figure 

1.3c). Each networks functioning can be measured by comparing reaction time (RT) across 

certain trial types. To determine the alerting effect the median RT of trials involving the double 

pre-cue is subtracted from trials with no pre-cue. The orienting effect is determined by 

subtracting median RT of spatial pre-cue trials from centre pre-cue trials. Finally, the executive 

component of attention is determined by subtracting the median RT of the congruent target trials 

from incongruent target trials.  
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Figure 1.3. Attentional Network Test. Typical trial progression (pre-cue – spatial; target – 

neutral; location – below central fixation point). A) Typical trial progression; central 

fixation cross is present for a variable period (400-1600ms) after which the pre-cue 

may appear (100ms duration), central fixation cross is present for another 400ms 

followed by the addition of the target. B) Possible pre-cue presentations. C) Possible 

target types.  
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Using the ANT, van Donkelaar and colleagues88 assessed attention in a group of acutely 

concussed individuals (within two days of injury) compared to a control group. When all trial 

types were collapsed, those who had recently suffered a concussion exhibited increased median 

RTs. When strictly assessing the alerting effect (Figure 1.3b), it was noted that both groups 

benefited from a pre-cue thereby shortening RT. However, no group differences were present, 

thus it was concluded that the alerting effect was not altered due to concussion.88 In contrast, 

when the orienting network was assessed, the authors found that those suffering from concussion 

experienced disproportionately increased RT when no spatial cue was given. In other words, the 

concussed individuals took significantly longer to disengage, move, and reengage attention when 

spatial cues were not present as compared to the control group.88 Finally, for the executive 

component of attention it was found that congruent targets led to comparable RT in both groups.  

However, when examining only the accurate responses, RT increased for congruent trials in the 

group of concussed individuals, indicating there may be a subtle effect of concussion on the 

executive component of attention.88 

The same group used the ANT to follow concussed individuals through the month 

following injury.89 Participants were serially assessed at 2, 7, 14, and 28-days post-concussion 

and compared to a control group assessed at the same time points. Similar to van Donkelaar et. 

al.88, this follow-up study by Halterman and colleagues89 demonstrated an increased RT in the 

concussed group (compared to the control group) when all trials were collapsed. Furthermore, 

across the month of testing both groups, concussed and controls, improved their RT, indicating a 

learning effect. However, significant differences remained between groups throughout the course 

of the month. Moreover, mimicking earlier findings88, no difference in alerting was found 

between groups.89 Orienting displayed a similar initial group difference as previously reported 
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although the difference between groups resolved over the course of the month.89 Unlike the 

previous study by van Donkelaar and coworkers88, Halterman et. al.89 also observed differences 

in the executive component of attention, which authors termed a conflict effect (incongruent 

arrows cause conflict). Concussed athletes exhibited a larger conflict effect (increased difference 

in median RT between congruent and incongruent trials) compared to controls.89 When all trials 

were collapsed, the conflict effect difference was consistent with the previous findings when all 

trials were collapsed, as between group differences persisted across the duration of testing. 

However, it should be noted, both groups still experienced a decrease in RT over the course of 

the month which once again indicates the likelihood of associated learning effects.89 Lastly, 

when assessing accurate trials across all conditions it was found concussed participants displayed 

an increased RT relative to inaccurate responses when compared to controls. This increase 

response time for concussed subjects was apparent across all time points and occurred despite the 

two groups performing equally as accurate.89     

Aside from the ANT, other measures of attention following concussion have also been 

investigated by this group. The RSVP task was explored by McIntire and colleagues90 whereas 

Drew and colleagues91 employed the Gap Saccade task. The RSVP task probes the temporal 

distribution of attention while the Gap Saccade task investigates the processes involved in 

orienting attention, with specific focus on the disengagement component. After comparing 

acutely concussed individuals and controls using the RSVP task, no between group differences 

were observed.90 Therefore, the researchers concluded an acute concussion has little-to-no effect 

on the temporal distribution of attention.90 Conversely, when the Gap Saccade task was 

employed, differences between concussed and control groups were evident.91 Acutely following 

concussion, saccade RT was increased compared to control groups, especially under conditions 
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in which the disengagement process was contributing. However, this difference normalized over 

the following week.91 Drew and coworkers91 concluded their findings indicated deficits were 

present in the acutely concussed subjects within the disengagement process of orienting attention 

that were able to recover within one week.  

Overall the attention system appears to be implicated following concussion. While some 

networks may be unaffected, others recover rapidly, and others still display deficits which can 

persist up to a month following injury. Specifically, the ability to maintain attention over time 

does not appear to be influenced by concussion.90 Similarly, concussion may have a limited 

effect on the alerting network of attention.88,89 In contrast, the orienting network seems to be 

impaired acutely after injury but resolves in the weeks following.88,89 This impairment is likely 

due to deficits in the disengagement processes of orienting attention.91 Finally, the executive 

network of attention appears to experience subtle disturbances following concussion88 and 

deficits in dealing with conflict persist up to one month following concussion.89 The attentional 

deficits in orienting and conflict which persist past the typical RTP timeline may have a negative 

influence on athletes’ ability to perform to their pre-injury capabilities. Specifically, these 

affected networks may cause problems when observing other players “fake” a pass (conflict) or 

when the game moves rapidly to an unexpected location (orienting). Therefore, the resolution of 

attentional difficulties following concussion is a very important aspect of impairment and 

recovery to monitor within this population.    

1.4 Dual Task Paradigms - Postural Stability and Attention 

 Dual task paradigms are used to assess the effect of a secondary task on a primary task of 

interest. By performing tasks first individually, then concurrently, the overlap of information-

processing resources and therefore the associated “cost” of performing both tasks can be 
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assessed. There are three assumptions associated with dual task paradigms: 1) the capacity of 

central information processing is limited; 2) any given task requires a specific portion of the 

information processing capacity so that it can be successfully performed; and 3) when multiple 

tasks are being performed simultaneously and whose needs together are greater than the total 

information processing capacity, performance of one or both tasks will decline.92 

The dual task paradigm of interest to this thesis is the primary task of balance, with a 

secondary attention or cognitive task. Historically, postural control has been deemed an 

automatic process, in that it does not require attentional resources.92 However, more recent 

research has shown postural control requires cognitive processes, and therefore may compete for 

the limited attentional resources available.92 Nonetheless, as we go through daily life performing 

complex cognitive tasks or tasks requiring significant attention, we almost never lose our 

balance. Previous research has suggested this effect is explained by the “posture first 

principle”.93 The posture first principle states under dual task situations, posture will be 

prioritized first, potentially resulting in deterioration of performance on a secondary task.93  This 

principle was well demonstrated by Siu and Woollacott94 who asked subjects to perform a dual 

task under varying task priorities. Participants performed a visual spatial memory task while 

standing with feet together on a force plate under three different conditions where they focused 

on: 1) both tasks equally, 2) primarily the postural task, and 3) primarily the visual spatial 

memory task. When prioritizing the visual spatial task the response time decreased therefore 

indicating a better performance. However, after assessing COP path excursion and average 

velocity, no difference in postural control was found when participants placed priority on 

postural control compared to attending to both tasks equally. Therefore, the authors concluded, 

postural control did not appear to be affected by the allocation of attention resources to the 
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secondary visual spatial task. This was attributed to sufficient resources being automatically 

allocated to posture as balance was maintained despite participants altering their focal priority.94 

 Many studies have been undertaken examining the interaction of static balance and a 

secondary cognitive/attentional task. The majority of these studies used the SOT or a modified 

version of the SOT.30,53,61,62,95 In nearly all studies, an improvement in postural control was noted 

under dual-task conditions.30,53,61,62 The only exception was observed in a study by Shumway-

Cook and Woollacott95 who observed no change to postural control when a secondary task was 

employed. Similar findings were noted when the BESS was undertaken during a dual task 

scenario, as the addition of the dual task did not alter BESS scores.53 Another study assessed 

postural stability during a secondary task using the force plate metric of body sway.93 Again, an 

improvement in postural stability (less sway) was observed during the secondary task.93 On the 

other hand, studies which assessed the effect of postural control on the secondary task (in 

addition to the effect of the secondary task on posture) found performance on the secondary task 

performance decreased.30,62 It should be noted only the experiments which used the SOT resulted 

in an increase in balance performance under dual-task scenarios. Other studies using force plate 

metrics93 or the BESS53 demonstrated little-to-no influence of a secondary task on postural 

control. There are a few possible explanations why employing the SOT may have resulted in 

such findings. First, as previously discussed the SOT is subject to learning effects. Therefore, the 

observed increase in postural control may simply be due to multiple administrations of the SOT. 

A second explanation of these results is under dual task conditions participants are primarily 

focusing their attention on the cognitive task and placing less resources towards the sensory 

stimuli. However, the purpose of the SOT is to systematically disrupt balance by altering sensory 

information. Therefore, these participants are focusing less on the incorrect sensory feedback 
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than when performing the dual task, which in turn increased performance. A final explanation is 

when attention is shifted externally (away from the body, therefore shifted towards the cognitive 

task) performance may increase due to the constrained-action hypothesis.53 The constrained-

action hypothesis explains that internal focus (e.g. actively focusing on balance) disrupts 

automatic processes, thereby decreasing performance. However, this may not be the case since 

postural control has been found not to be as automatic as previously believed.92 

1.4.1 Dual Task Paradigms and Concussion 

 As concussions effects are so diverse and relatively poorly understood, it is possible this 

injury may have compounding effects when attempting to perform tasks which involve 

competing for the same resources simultaneously (e.g. balance and attention).  If this is the case, 

employing dual-task procedures may enhance diagnostic and RTP decisions. Indeed, there have 

been many concussion studies over the last 15 years which have focused on dual task procedures 

in this context. However, the vast majority of work in this field has been completed using a gait 

task concurrently with an attentional secondary task.29,31–33,35,42–48,55,69–74,96 Interestingly, only 

two studies to date have assessed concussed individuals during a dual task paradigm with quiet 

stance.36,97  

Dorman and coworkers97 compared a group of athletes with persistent concussion 

symptoms (assessed acutely and three additional follow-ups in which the timing of assessments 

varied between participants) to controls (two assessments, separated by one week). Participants 

stood on a force plate under four different conditions: eyes-open with no cognitive task, eyes-

closed with no cognitive task, eyes-open and cognitive task, eyes-closed and cognitive task. 

From this experiment COP ellipse area and velocity were obtained. Although the difference 

between each condition (single vs dual) within groups was not assessed (thereby eliminating an 
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assessment of dual-task cost), between group and time differences were addressed. They 

observed increased COP ellipse area and velocity acutely following concussion which decreased 

across the subsequent visits. Control and concussed athletes were compared on their first two 

assessments. Significant differences were found between groups at the initial visit for all 

conditions, but only in the two eyes-closed conditions for the second visit. This study 

demonstrates concussed individuals perform poorer on a dual task paradigm than controls. 

However, it should be noted this specific group of concussed athletes exhibited concussion 

symptoms for a prolonged period and may not be representative of those acutely concussed 

athletes who follow the typical recovery time line. Nonetheless Dorman et al.97 provide evidence 

to support the use of dual-task paradigms involving postural control and attention clinically.  

The only other study using quiet stance dual task measures in injured populations was 

completed by Kleffelgaard and colleagues.36 This study assessed people who experienced an 

mTBI at one and four years after the injury. Subjects completed a variety of assessments 

including self-report measures (Rivermead Post-concussion Symptom Questionnaire, Patient-

Specific Functional Scale) and a dual task scenario where they performed an arithmetic task 

while standing on a force plate. There were no comparisons made to pre-injury or acute 

performance, nor was there a comparison with a control group. Instead, correlations were 

performed between the many outcome measures. The results on the dual-task test balance task 

were significantly correlated with self-report balance problems.36 However, it should be noted 

that these participants were significantly older (40 years old) than the typical elite or collegiate 

sport group (generally 23 and under). Moreover, this population had more diverse mechanisms 

of injury than strictly sport concussions as the participants were recruited from a neurosurgical 

department at the University’s hospital. As previously mentioned, within the confines of this 
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study there were no comparisons were made to determine how differently these individuals 

performed relative to healthy controls or pre-injury. Therefore, it is difficult to draw firm 

conclusions from this study.  

While the quiet stance dual task literature in the concussion field is currently lacking, 

dual task gait studies are incredibly abundant.29,31–33,35,42–48,55,69–74,96 In general, these studies have 

shown under dual task conditions, concussed individuals adopt a more conservative gait strategy 

(slower gait velocity/cadence or shortened strides).29,35,42,69,72 Additionally, COP movements 

have been found to have both greater displacement and velocity during dual task paradigms 

acutely following concussion.31,46 Many of these studies have also noted dual, but not single 

tasks show significant differences between concussed and control subjects. This may indicate 

dual task paradigms are more sensitive to subtle alterations in balance control mechanisms 

following a concussion and could be used as further tools during clinical diagnosis, recovery and 

RTP decisions. Finally, certain dual-task studies have observed deficits persist longer than the 

typical recovery timeline of 7-10 days.31,55,72 Of greatest concern, as many of these studies have 

noted, dual task balance deficits were present in athletes after they had been cleared to return to 

sport, possible leaving these players at risk for future injuries. 

 While gait dual tasks represent a more complex challenge than quiet stance, an alterative 

way to challenge balance would be to apply an external force to perturb a subject under dual task 

scenarios. This experimental design would likely provide the most sport specific context under 

which to test concussed athletes. In sport, athletes must not only maintain their balance while 

being pushed and jostled, but also concurrently perform attentional and cognitive tasks with 

respect to the game play. Since the previous literature has suggested balance was marginally 

influenced or improved under dual task static stance scenarios but worsened under dual task gait 
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situations, assessing postural control during exposure to perturbations with a secondary task will 

likely provide additional clarity regarding how concussions alter this system. If compounding 

deficits exist when managing perturbations during a secondary task, athletes are more likely to 

experience a decrease in athletic performance and potentially expose themselves to further 

injury.      

1.5 Knowledge Gap  

 Although both quiet stance and gait have been studied following concussion13,26–74, the 

ability to cope with external perturbations has yet to be assessed. This aspect of postural stability 

is incredibly important to contact sport athletes who need to manage these types of disturbances 

to balance in game play. Particularly, an assessment which includes balance control and 

perturbation management may prove very beneficial in clinical diagnoses and RTP decisions. 

Furthermore, to date there has been significant postural control research performed in the acute 

stage (still symptomatic) of concussion. However, the potentially chronic and detrimental 

compounding disturbances to balance following a history of multiple concussions has received 

far less attention.36,54 These long-term problems have the capacity to influence daily living in the 

years to decades following the initial injuries. Moreover, while the acute deficits more often than 

not appear to resolve spontaneously in a relatively short period of time, with little medical care, 

the long-term problems are just beginning to be understood. These long-term problems have the 

potential to cause enormous strain on our health care system. Specifically, if postural control is 

implicated chronically in individuals who have suffered from multiple concussions, a higher 

likelihood of falling and therefore injury may result. This is only compounded by negative 

influence of aging on the balance control system.   
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1.6 Purpose  

 The purpose of this thesis is to explore how a previous history of concussion impacts dual 

task paradigm performance using external perturbations while maintaining a quiet stance. 

1.7 Hypotheses  

 As per the previous literature, three hypotheses were made. First, a dual task effect is 

expected, such that regardless of concussion history, individuals will have decreased ability to 

maintain postural stability (COP variables) and/or other aspects of the dual task (RT, hand 

kinematics) compared to the single task due to competition for resources. Secondly, it was 

hypothesized that those athletes with a previous concussion history will perform worse on the 

task (COP variables, and RT) than those with no concussion history due to chronic disturbances 

as a result of multiple concussions. Finally, it was hypothesized that the combination of dual task 

effects and the effects of previous concussion history will result in those with concussion history 

to perform significantly poorer on the dual task (again, COP metrics and RT) compared to 

athletes with no concussion history.  
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 Methods 

2.1 Participants 

Participants (n=44) were recruited from local junior and collegiate contact sports teams –  

Okanagan Sun Junior Football (n=23), West Kelowna Warriors Junior Hockey (n=15), and UBC 

Okanagan Heat Rugby (n=6). All data collection took place at the beginning of the competitive 

athletic season for each respective sport. Participants were stratified into two groups based on 

previous history of concussion; 1) no previous concussion history, 2) two or more previous 

concussions. Concussion history was self-reported and included both diagnosed and undiagnosed 

concussions. Participants were excluded from the study if they had any of the following: 

concussion within the 6 months prior to testing, dominant hand/arm injuries, 

neurological/musculoskeletal disorders and/or drug use that may affect balance and 1 previous 

concussion (n=12). These exclusion criteria resulted in 12 subjects being removed, with the 

exclusion criterion of experiencing a single previous concussion as the only factor being met; 

thus, the results presented in this thesis are based on 32 contact sport athletes (football, n=16; 

hockey, n=11; rugby, n=5; right handed, n=30). Both the no concussion history (n=16) and 2 or 

more previous concussions (n=16) had equal representation. Ethical approval was obtained from 

the Clinical Research Ethics Board (H14-02996) at the University of British Columbia – 

Okanagan campus prior to study implementation. Informed consent was obtained from all 

subjects prior to participation, or in cases of subjects under 18 years of age, parental or guardian 

consent as well as subject assent was obtained prior to participation. Participant demographics by 

group can be found in Table 2.1.  
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Table 2.1. Participant demographics by concussion history group. Groups were not significantly 

different in age or body mass index (BMI). Demographics expressed in average ± 

standard deviation (range). 

 No previous concussion Two or more previous 

Concussions 

 

p value 

Age (years) 19.3 ± 1.6 (17-23) 19.5 ± 1.8 (17-24) 0.68 

BMI (kg/m2) 28.3 ± 4.7 (23.0-39.0) 27.7 ± 3.5 (23.8-36.8) 0.69 

Number of previous concussions N/A 3.5 ± 2.3 (2-11) <0.001 

Time since last concussion (months) N/A 26.1 ±16.6 (6-60) <0.001 

kg: kilograms, m: metres  

 

2.2 Instruments 

 The primary instruments used to collect the relevant data include the KINARM end-point 

robot system (BKIN Technologies, Kingston, ON), True Impulse force plate (NDI, Waterloo, 

ON), and custom-built reaction time button. Custom written coding programs were designed and 

implemented with these instruments to address the thesis aims. 

2.2.1 KINARM End-Point Robot System 

 The KINARM End Point Robot System (KINARM) includes two stiff graspable 

manipulanda for the upper arms and allows the creation of numerous complex scenarios. A 2D 

augmented reality allows manipulation of the visual display. The visual display and robot arms 

are coupled and height adjustable (Figure 2.1a,b). The KINARM system includes custom 

software (Dexterit-E) and the capacity to design tailor-made protocols and tasks.  All data 

collected through the KINARM software are sampled at 1000Hz, synchronized and stored 

offline. The KINARM allows the flexibility to add other modalities (force plate, EMG, etc.) such 

that all data are collected and time-locked simultaneously. For the purposes of this experiment, a 

custom-made reaching and button press task was designed within the Simulink environment, 

then built in Matlab and converted into a KINARM task.  
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Figure 2.1. KINARM set up. A) KINARM end-point robot configuration. B) Participant standing on force plate looking into the 

augmented reality view of KINARM. Blue stars – manipulanda, left manipulandum folded away; red stars – platform 

below manipulanda; green stars – augmented reality screen; yellow star – force plate. 

A        B 
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2.2.2 True Impulse Force Plate 

 The True Impulse force plate (force plate) collects COP data at 1000Hz and data 

collection is time-locked to the KINARM. The force plate is positioned such that a person can 

stand on the platform while being able to comfortably view the visual display of the KINARM 

(Figure 2.1b, Figure 2.2). The force plate collects ground reaction forces and moments about the 

movements that occur as the participant stands on the platform. Measurements of COP are 

determined in both AP and ML directions.   

 

Figure 2.2. Participant standing on force plate.  

 

2.2.3 Custom-built Reaction Time Button 

 The custom-built reaction time button was designed and integrated into the KINARM 

system such that data from the button press was synchronized with all other measures (Figure 

2.3).  
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Figure 2.3. Custom-made button to measure reaction time. 

 

2.3 Task  

 Participants first completed the SCAT33 (Appendix A) including the symptom 

evaluation, SAC, and mBESS. Following the SCAT3, three individual tasks were designed to 

assess postural control and attention, they were initially performed independently to establish 

task baselines and then concurrently to investigate dual-task attentional costs. All tasks were 

completed in the same order: 1) single task – button press, 2) the single task – reach with 

perturbation, and 3) dual task – button press during perturbed reaching.  

2.3.1 Single Task – Button Press  

 Participants were asked to remove their shoes and stand with feet hip width apart on the 

force platform holding the corresponding KINARM manipulandum in their dominant hand and 

the button in their non-dominant hand. The hand holding the button rested on a platform below 

the manipulanda (Figure 2.1b). The KINARM was adjusted for participant height. Participants 

were instructed to stand up-right (ensuring their head was not resting on the KINARM), and 
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maintain equal weight in both feet. Participants were instructed to respond as quickly as possible 

to an auditory tone (buzzer) by pressing the button. Twenty trials were undertaken to establish 

RT under single task conditions. Each trial began with a variable fore-period of 1000-2000ms 

after which the tone (150ms in duration) was presented. If necessary, participants were asked to 

keep the dominant hand holding the manipulandum still during trials and focus their attention on 

the button-press task. Trials were manually advanced by the experimenter enabling bad trials 

(e.g. participant did not respond) to be identified and repeated. After the experimenter advanced 

to the next trial the random fore-period would begin, this process was repeated until 20 

successful trials were completed. During the single task button press, the KINARM visual 

surround was blank (black) except for a white circle (radius of 0.75cm) representing the virtual 

reality position of their dominant hand holding the manipulandum beneath the screen.  

2.3.2 Single Task – Reach with Perturbation 

 Participants continued to hold the button in their non-dominant hand and the manipulanda 

in their dominant hand. The non-dominant hand was allowed to rest on the platform below the 

manipulanda. Participants were told this task did not include button presses but to hold the button 

in the same posture as before. Participants were reminded to stand up-right (with head not resting 

on the KINARM), and maintain equal weight distribution between both feet. Each trial began 

with the appearance of the HOME circle. In the augmented reality visual display the HOME was 

a white circle with a radius of 1.25cm, positioned along the vertical midline of the visual display. 

In the global coordinate system the HOME position was located at X: -0.13, (0 – midline; 

positive values – right; negative values – left) and Y: 11.85 (0 – bottom of the screen closest to 

participant). When the custom program was created, the visual display was in reference to the  

right manipulandum, therefore in the “handle” coordinate system the position of HOME was (-
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22,-5). The hand of the participant was represented by a small white circle (radius of 0.75cm). 

The participant was instructed to move their hand into HOME and wait for the “go” signal. Once 

the participant moved their hand into HOME, the beginning on the trial was triggered. A 

randomized fore-period of 0-1500ms occurred, followed by the appearance of the red TARGET 

circle. The appearance of the TARGET was the “go” signal. The TARGET had a radius of 

1.25cm, and was positioned at (-0.13,36.85) in the global coordinate system. The position of the 

TARGET relative to HOME was 25cm distal. In the ‘handle’ coordinate system the TARGET 

was positioned at (-22,20). The participant was instructed to move as quickly and accurately as 

possible to the TARGET after the “go” signal by extending the dominant arm away from the 

body. Upon reaching the TARGET, a colour change of the TARGET from red to green occurred, 

indicating to the participant they had successfully reached the TARGET (Figure 2.4a). 

Participants were instructed to stop their arm motion such that their hand landed within the 

TARGET. The experimenter would then determine if the trial was successful or not  and 

manually advance to the next trial. In order for subjects to be familiar with the task and motion, 5 

unperturbed practice trials were performed. 
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Figure 2.4. A) Unperturbed trial – participant moves hand (small white dot) into HOME (white 

circle), randomized fore-period occurs after which red TARGET appears, participant 

moves hand (as quickly and accurately as possible) into TARGET and a colour 

change from red to green occurs. B) Perturbed trials i) right perturbation; ii) left 

perturbation – Same as A) but participant receives unexpected perturbation when 

target appears.  
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Upon completion of the practice trials the subjects performed a block 60 trials which 

were used for establishing the metrics for the reach task with and without perturbations. Of the 

60 trials 40 were in the unperturbed condition, and 20 were in the perturbed condition (10 right 

perturbations, 10 left perturbations). Trials were presented in a randomized order. On 

perturbation trials, a mediolaterally perturbing force (30 N) was applied after the “go” signal 

(Figure 2.4b). Prior to the start of this block of trials the participant was warned they may 

experience a push from the manipulandum, however their goal of reaching the TARGET as 

quickly and accurately as possible remained the same. The perturbation consisted of a 25ms 

ramp up, with the external 30 N force being applied a duration of 40ms, and a 25ms ramp down. 

The randomization and ratio of perturbed/unperturbed trials was such that participant would not 

be able to anticipate when the perturbations would occur. Unsuccessful trials were again 

randomized and presented at the end of the block. Trials were deemed unsuccessful if the 

participant did not leave HOME before the perturbation, if the participant made a large right or 

left deflection on an unperturbed trial, or missed the TARGET on an unperturbed trial.   

2.3.3 Dual Task  

 The dual task consisted of the participant completing both the button press reaction time 

task and the reaching with perturbation tasks concurrently. The task followed the same outline as 

described in the single task (Figure 2.4, e.g. 60 trials, 20 of which were perturbed) with the 

addition of the buzzer being presented on 50% of trials. Therefore, participants were informed 

they were to respond as quickly as accurately as possible to the reach stimulus (red TARGET 

appearance, “go” signal) as well as the button press stimulus (buzzer). In the dual task condition 

the buzzer occurred at the same time as the perturbation (i.e. 25ms after the “go” signal). No 
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practice trials of the dual task were completed as the subjects were adequately familiar with both 

individual tasks from the single parameter trials. 

In total, 60 dual task trials were completed. Of the 60 trials, 30 required the participant to 

perform both tasks. Within the 30 dual task trials (reach and button press), 20 reaches were in the 

unperturbed condition while 10 were perturbed (5 rightward, 5 leftward). The other 30 trials did 

not necessitate a button press as no auditory tone was presented, however the proportion of trial 

types was identical (20 unperturbed, 5 right perturbations, 5 left perturbations). All 60 trials were 

randomized. As with the single task reach, trials were manually advanced after an experimenter 

determined whether a good or bad trial had occurred. Trials that were deemed bad were repeated 

in a random order at the end of the block of 60 trials.  

2.4 Data Analysis   

 Data were collected and stored offline for later analysis. Matlab software was used for all 

data extraction and analyses. BKIN technologies provides Matlab codes to open, extract, and 

view KINARM (Dexterit-E) data files. Upon extraction, a custom-written Matlab code was 

created to transform the raw data signals. Analysed data were visually inspected and outliers 

were removed. Two participants were left hand dominant, and therefore completed the task 

holding the KINARM manipulandum in their left hand. Hand kinematic data from left-handed 

participants were inverted (right/left). Thus, although all participants experienced a perturbation 

outward from the midline of the body (opposite direction for the left-handed participants), for 

simplicity when discussing the results all movements will be described with respect to right-

handed subjects. Therefore, throughout the results and discussion sections of this thesis a 

perturbation to the right is consistent with a lateral/outward deflection, and a perturbation to the 

left is consistent with a medial/inward deflection. Individual participant data were averaged 



45 
 

within each condition (e.g.  unperturbed single-task reaching, perturbed dual-task reaching…) 

and dependent variable (e.g. COP AP maximum velocity). Following this, group averages were 

determined for each condition and dependent variable.  Data throughout the thesis will be 

presented as mean ± SD.           

2.5 Dependent Variables  

 Depending on condition (e.g. no perturbation, right/left perturbation, button press, etc.) 

different dependent variables were assessed. Table 2.2 provides a summary of which dependent 

variables were investigated based on trial type.  

Table 2.2. Chart of which dependent variables were assessed based on condition. ● indicates this 

variable was analysed for this condition.  

RT: reaction time, AP: anterior/posterior, ML: medial/lateral 

2.5.1 SCAT3  

 The outcomes of interest from the SCAT3 include number of symptoms (e.g. headache, 

dizziness, etc., with a maximum 22 symptoms), symptom severity (each symptom scored on 0-6 

scale for a maximum possible score of 132), SAC score (measures of memory, concentration, 

etc., out of a possible maximum 30 points), and mBESS (total errors during three balance 
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postures, maximum score of 30). Overall, lower scores indicating better performance for 

symptoms, symptom severity, and mBESS, while a higher score on the SAC indicates better 

performance.3 

2.5.2 Centre of Pressure  

 In perturbed conditions (single task reach with perturbation and dual task), maximum 

displacement and velocity of the centre of pressure in both the AP and ML directions was 

assessed. Moreover, the time to reach maximum displacement and velocity was assessed for AP 

and ML components of the COP movement (Table 2.2). However, in unperturbed trials COP was 

only assessed in the AP direction. This was an a priori decision as, due to study design there 

were no large deviation in the ML direction expected to occur within the unperturbed trials. 

Therefore, analyses were restricted to displacement, velocity, and timing of displacement and 

velocity in the AP direction (Table 2.2). Larger maximum displacements and velocities were 

considered a decrease in postural control.19 As well, longer time to reach maximum displacement 

and velocity were viewed as decreased postural control.  

2.5.3 Hand Kinematics 

 Similar to COP, maximum position and velocity of the hand motion were assessed. In 

both perturbed and unperturbed conditions, an a priori decision was made to not analyze the 

maximal AP position as this position would be the location of the TARGET and consistent 

across all subjects by the definition of a successful trial. Therefore, in unperturbed conditions, 

only maximum velocity and time to maximum velocity were assessed in the AP direction. As 

previously described regarding the COP analysis, ML position and velocity were not considered 

in the unperturbed trials as no large deviations in hand trajectory were expected. In the perturbed 

trials maximum velocity and time to maximum velocity in the AP direction were analysed as 
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well as maximum position, velocity, and time of maximum position and velocity in the ML 

direction (Table 2.2). Larger maximum displacements and velocities, as well as time to 

maximum displacement and velocity, were viewed as a decrease in performance on this task. 

2.5.4 Reaction Time  

 The dependent variable of interest during the single task button press was RT. The button 

press RT was also assessed in the dual task. Button press RT was defined as the duration of time 

between the start of the auditory tone to the onset of the button press. Furthermore, RT of the 

hand movement was analysed during all reaching conditions (single and dual tasks). Hand reach 

RT was defined as the time between “go” signal and when the hand position moved outside of 

HOME. Longer RTs were seen as a decrease in performance.  

2.6 Statistical Analysis 

 All statistical analyses were performed in SPSS version 24. To address the hypotheses a 

2×2 mixed model ANOVA was employed. The first factor of the ANOVA was the within-

subjects factor of task (2 levels; single and dual). The main effect of task was used to answer the 

first hypothesis. The second factor of the ANOVA was the between-subjects factor of concussion 

history (2 levels; no previous concussion history and two or more previous concussions (Hx
0 and 

Hx
2+)). The main effect of history of concussion was used to answer the second hypothesis. The 

last hypothesis was assessed by evaluating the interaction effects of the two factors from the 

ANOVA. Statistical significance was set a priori for all statistical tests at <0.05 a priori.  

 Differences between concussion history groups on the SCAT3 variables were tested 

using an independent samples T-test. Lastly, an bivariate correlation between SCAT3 measures 

and all other dependent variables (single and dual task and dual task cost) was undertaken in an 

exploratory nature. This was performed to determine if any alterations of the clinically relevant 
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data were associated with aspects of the current study.  As SCAT3 variables were not normally 

distributed, a non-parametric (Spearman’s) correlation was used. The dual task cost was 

calculated for all COP, hand kinematic and RT variables using equation 1:  

Equation 1:    dual task cost =  
(𝑑𝑢𝑎𝑙 𝑡𝑎𝑠𝑘−𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘)

𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑎𝑠𝑘
 𝑥 100 
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 Results 

3.1 Centre of Pressure  

3.1.1 Main Effects – Task  

 Each dependent variable was assessed for significant differences across both history level 

groups and between single and dual tasks. Within the 2×2 mixed model ANOVA the main effect 

of task was used to determine differences between each dependent variable when collapsed 

across concussion history groups, thereby determining a dual task effect. All COP dependent 

variables are displayed in Table 2.2. Figure 3.1 shows the average COP displacement (a) and 

velocity (b) in the AP direction for a representative participant under single (black) and dual 

(grey) task conditions during unperturbed reaches. It is apparent that the time to reach peak 

displacement and velocity were delayed in the dual task condition. This was confirmed for the 

group by a significant main effect of task for both time to peak displacement (p=0.001) (Figure 

3.2a) and time to peak velocity (p=0.001) (Figure 3.2b, Table 3.1) during unperturbed trials. 

During left perturbations there was a 5.0% increase in time to maximum displacement in the ML 

direction during dual task conditions (p=0.016) (Table 3.1). In contrast, maximum ML 

displacement was decreased in the dual task condition during both right (-13.2%) and left 

perturbations (-10.5%) (p=0.03, p=0.01, respectively) (Table 3.1). Moreover, maximum velocity 

was also decreased -24.3% in the dual task condition during left perturbations (p=0.002) (Table 

3.1). 
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Figure 3.1. Representative participant data of the anterior/posterior (AP) displacement (A) and 

velocity (B) of centre of pressure (COP) during no perturbation trials over time. In 

the dual task condition a significant increase in the time to reach maximum 

displacement and velocity was observed.  
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Figure 3.2. Mean (and SEM) time of maximum centre of pressure (COP) anterior/posterior (AP) 

displacement (A) and velocity (B) under no perturbation conditions. A significant 

effect of task was found for both variables, with dual task conditions resulting in 

longer times to maximum displacement and velocity.  
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Table 3.1 2×2 mixed model ANOVA, main effect of task p value for all centre of pressure 

(COP) variables. Significance denoted by *. Group averages for single and dual tasks 

to show direction of significance.  

 

cm: centimeters, ms: milliseconds; AP: anterior/posterior, ML: medial/lateral 

  

 

Dependent 

Variable 

Single Task 

Average 

Dual Task 

Average p value 

No 

Perturbation      

 AP    

 Max displacement (cm) 1.08 ± 0.45 1.15 ± 0.54 0.431 

 Time to max displacement (ms) 655.70 ± 77.57 704.32 ± 88.03 *0.001 

 Max velocity (cm/ms) 7.62 ± 3.10 7.57 ± 3.22 0.480 

 Time to max velocity (ms) 522.37 ± 63.64 564.87 ± 77.48 *0.001 

Right 

Perturbation     

 AP    

 Max displacement (cm) 1.31 ± 0.55 1.40 ± 0.69 0.435 

 Time to max displacement (ms) 737.26 ± 93.31 748.44 ± 137.87 0.554 

 Max velocity (cm/ms) 9.25 ± 3.55 8.43 ± 3.72 0.073 

 Time to max velocity (ms) 546.42 ± 66.85 537.56 ± 57.02 0.907 

 ML    

 Max displacement (cm) 1.74 ± 0.79 1.51 ± 0.67 *0.030 

 Time to max displacement (ms) 715.43 ± 104.16 711.61 ± 65.04 0.517 

 Max velocity (cm/ms) 17.05 ± 6.91 15.19 ± 8.27 0.082 

 Time to max velocity (ms) 615.98 ± 66.56 607.98 ± 70.62 0.897 

Left 

Perturbation     

 AP    

 Max displacement (cm) 1.01 ±0.48 1.07 ± 0.68 0.433 

 Time to max displacement (ms) 646.67 ± 103.40 658.59 ± 132.34 0.449 

 Max velocity (cm/ms) 8.31 ± 3.04 7.89 ± 4.33 0.366 

 Time to max velocity (ms) 608.49 ±107.80 590.68 ± 143.31 0.338 

 ML    

 Max displacement (cm) 2.39 ± 0.90 2.14 ± 0.86 *0.01 

 Time to max displacement (ms) 662.47 ± 46.85 696.17 ± 46.35 *0.016 

 Max velocity (cm/ms) 22.91 ± 10.37 17.35 ± 6.75 *0.002 

 Time to max velocity (ms) 594.80 ± 54.52 598.17 ± 58.03 0.680 
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3.1.2 Main Effects – Concussion History 

Significant differences between groups (collapsed across both task levels) were assessed 

by the main effect of concussion history in the 2×2 mixed model ANOVA. Figure 3.3 displays 

the average COP displacement (a) and velocity (b) in the AP direction for two representative 

participants (no previous concussion history – black, two or more previous concussions – grey) 

during trials with no perturbation. These figures show evidence of greater displacements and 

velocities of the COP in the group with a history of multiple concussions. This observation was 

supported by a significant main effect of group for both maximum COP AP displacement 

(p=0.019, Figure 3.4a) and maximum COP AP velocity (p=0.004, Figure 3.4b). The same 

relationship was shown for AP and ML maximum displacement and velocity during left 

perturbation conditions (Table 3.2). In the group with two or more previous concussions AP 

maximum displacement increased 44.7% (p=0.033), AP maximum velocity increased 47.3% 

(p=0.007), ML maximum displacement increased 33.3% (p=0.021), and ML maximum velocity 

increased 30.7% (p=0.044) in left perturbation conditions. Moreover, a similar increase of 52.9% 

was noted in the ML maximum velocity during right perturbations (p=0.002) (Table 3.2).  
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Figure 3.3. Representative participant data of centre of pressure (COP) anterior/posterior (AP) 

displacement (A) and velocity (B) during no perturbation conditions. When collapsed 

across both task levels, larger AP displacements and velocities of the COP were 

observed in the group with multiple previous concussions. 
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Figure 3.4. Significant differences between mean maximum anterior/posterior (AP) 

displacement (A) and velocity (B) of centre of pressure (COP) during no perturbation 

conditions between concussion history groups.  
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Table 3.2 2×2 mixed model ANOVA, main effect of concussion history p value for all centre of 

pressure (COP) variables. Significance denoted by *. Group averages for no previous 

concussion history (Hx), and two or more previous concussions to show direction of 

significance. 

 

cm: centimetres, ms: milliseconds, AP: anterior/posterior, ML: medial/lateral 

 Dependent Variable Hx
0 Average Hx

2+ Average p value 

No 

Perturbation      

 AP    

 Max displacement (cm) 0.94 ± 0.48 1.29 ± 0.45 *0.019 

 Time to max displacement (ms) 695.58 ± 88.82 661.79 ± 80.01 0.180 

 Max velocity (cm/ms) 6.06 ± 2.57 9.03 ± 2.95 *0.004 

 Time to max velocity (ms) 530.34 ± 43.02 555.76 ± 93.03 0.259 

Right Perturbation    

 AP    

 Max displacement (cm) 1.23 ± 0.68 1.49 ± 0.52 0.235 

 Time to max displacement (ms) 745.13 ± 82.61 740.58 ± 144.72 0.909 

 Max velocity (cm/ms) 7.75 ± 3.83 10.02 ± 3.04 0.071 

 Time to max velocity (ms) 556.43 ± 55.26 527.19 ± 65.64 0.075 

 ML    

 Max displacement (cm) 1.45 ±0.76 1.82 ± 0.66 0.125 

 Time to max displacement (ms) 709.68 ± 117.39 717.55 ± 45.40 0.405 

 Max velocity (cm/ms) 12.71 ± 7.03 19.44 ± 6.69 *0.002 

 Time to max velocity (ms) 596.74 ± 71.10 626.46 ± 62.90 0.102 

Left 

Perturbation     

 AP    

 Max displacement (cm) 0.85 ± 0.45 1.23 ± 0.64 *0.033 

 Time to max displacement (ms) 636.13 ± 94.35 669.08 ± 136.51 0.442 

 Max velocity (cm/ms) 6.53 ± 3.01 9.62 ± 3.72 *0.007 

 Time to max velocity (ms) 592.10 ± 104.66 607.60 ± 145.83 0.648 

 ML    

 Max displacement (cm) 1.95 ± 0.96 2.60 ± 0.65 *0.021 

 Time to max displacement (ms) 676.22 ± 51.02 680.66 ± 48.11 0.579 

 Max velocity (cm/ms) 17.62 ± 9.59 23.04 ± 8.26 *0.044 

 Time to max velocity (ms) 588.86 ± 50.92 603.81 ± 60.12 0.402 
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3.1.3 Interaction Effects  

 In contrast to the significant main effects of task and group for a number of COP 

variables, there were no significant interactions found for any COP variable (p >0.054).  

3.2 Hand Kinematics  

3.2.1 Main Effects – Task  

 The effect of performing a dual task or the “cost” of performing a secondary task was 

assessed by the main effect of task in the 2×2 ANOVA. Under left perturbations, as seen in the 

representative trace of a single participant (Figure 3.5) a larger ML deviation (displacement) of 

the hand was noted under dual task conditions.  When the task effects were assessed, not only 

was an increased maximum ML displacement under dual task conditions noted (p<0.001, Figure 

3.6a) but also an increased maximum ML velocity (p<0.001, Figure 3.6b) was observed in the 

dual task when participants experienced a left perturbation. Furthermore, an average increase of 

7.3% was shown under dual task conditions in AP time to peak velocity when no perturbation 

occurred (p<0.001, Table 3.3). Finally, ML maximum velocity during right perturbations saw a 

5.1% increase when performed under dual task conditions.  

 Conversely, two hand kinematic metrics resulted in a decreased in velocity when 

performed in the dual task context. Under trials in which no perturbation occurred, or 

participants experiences rightward perturbations, peak velocity in the AP direction decreased      

-5.3% and -3.4%, respectively (p=0.009, p=0.033, respectively, Table 3.3).  
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Figure 3.5 Maximum medial/lateral (ML) hand displacement during left perturbation. Single 

participant representative trace, displacement under single and dual task conditions 

are shown.  
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Figure 3.6. Maximum medial/lateral (ML) hand displacement (A) and velocity (B) during left 

perturbation. Group averages are displayed between single and dual task levels. Dual 

task scenarios resulted in significantly larger and faster ML hand movements.  
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Table 3.3. 2×2 mixed model ANOVA, main effect of task p value for all hand kinematics 

variables. Significance denoted by *. Group averages for single and dual tasks to show 

direction of significance. 

 

 

m/s: metres/second, ms: millisecond, m: metres, AP: anterior/posterior, ML: medial/lateral 

 

 

 

 Dependent Variable 

Single Task 

Average 

Dual Task 

Average p value 

No 

Perturbation      

 AP    

 Max velocity (m/s) 1.31 ± 0.28 1.24 ± 0.26 *0.009 

 Time to max velocity (ms) 501.43 ± 52.83 538.16 ± 60.00 *<0.001 

Right 

Perturbation     

 AP    

 Max velocity (m/s) 1.46 ± 0.30 1.41 ± 0.30 *0.033 

 Time to max velocity (ms) 475.40 ± 44.85 473.24 ± 43.61 0.723 

 ML    

 Max displacement (m) 0.08 ± 0.01 0.08 ± 0.01 0.787 

 Time to max displacement (ms) 580.48 ± 45.57 581.56 ± 41.26 0.834 

 Max velocity (m/s) 0.78 ± 0.09 0.82 ± 0.07 *0.011 

 Time to max velocity (ms) 470.42 ± 42.75 466.77 ± 42.23 0.698 

Left 

Perturbation     

 AP    

 Max velocity (m/s) 1.20 ± 0.27 1.14 ± 0.24 0.156 

 Time to max velocity (ms) 525.64 ± 59.35 532.08 ± 58.74 0.285 

 ML    

 Max displacement (m) 0.07 ± 0.01 0.08 ± 0.01 *<0.001 

 Time to max displacement (ms) 554.05 ± 43.38 554.05 ± 44.10 0.611 

 Max velocity (m/s) 0.75 ± 0.09 0.80 ± 0.09 *<0.001 

 Time to max velocity (ms) 462.78 ± 33.44 462.23 ± 45.48 0.693 
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3.2.2 Main Effects – Concussion History  

 Effects of previous concussion history on hand kinematics were assessed by the main 

effect of concussion history in the 2×2 ANOVA. Only one dependent variable resulted in a 

significant difference. Under right perturbation conditions, maximum AP velocity was increased 

in the group of athletes with two or more previous concussions (p=0.041). During right 

perturbation conditions, those with no previous concussion history exhibited an average 

maximum AP hand velocity of 1.34m/s while those individuals with two or more previous 

concussion had an average maximum hand velocity of 1.53m/s, resulting in a 14.2% increased in 

the multiple previous concussion group. 

3.2.3 Interaction Effects  

Figure 3.7a displays the average AP hand velocity for two representative participants 

(one with no previous concussion history (black), the other with multiple previous concussions 

(grey)) under single (solid) and dual (dashed) task conditions during right perturbations. Here, it 

is revealed that both groups performed differently from each other and from themselves on the 

different task levels. This effect is shown even more clearly when we examine the group data 

(p=0.014) (Figure 3.7b). On average, in those with zero previous concussions there was a -9.2% 

decrease in velocity in the dual task. Alternatively, those with a previous concussion history 

experienced a minimal increase in velocity (2.6% on average) when performing the dual task.  

Taken together, a disparity between the two groups based on their concussion history under the 

dual task paradigm is evident.  
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Figure 3.7. (A) Representative anterior/posterior (AP) velocity traces of each of the four 

group/task combinations. (B) Significant interaction displaying group averages (and 

SEM) of the maximum hand AP velocity under right perturbation conditions. 

Significance between both groups and task levels is noted. 
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3.3 Reaction Time  

3.3.1 Reach Task Reaction Time  

3.3.1.1 Main Effects – Task  

 The duration of time for participants to respond to the target or “go” signal in the 

reaching with perturbation task and dual task was assessed with a 2×2 mixed model ANOVA for 

each condition. When collapsed across both groups of participants, RT was shown to be 7.5% 

increased during the dual task condition (p<0.001) when the reaching motion was performed 

without external perturbation (Table 3.4). However, there were no main effects for the reach task 

RT during either right (p=0.399), nor the left (p=0.058) perturbation conditions (Table 3.4).   

Table 3.4. 2×2 mixed model ANOVA, main effect of task p value for hand RT. Significance 

denoted by *. Group averages of RT under single task reach with perturbation and dual 

task. 

 

ms: milliseconds  

 

3.3.1.2 Main Effects – Concussion History 

 Contrasting the aforementioned main effects findings for task (Table 3.4) where no 

effects were noted during the right perturbation condition, a main effect of concussion history 

was observed (p=0.047). On average, the RT of those athletes who had never sustained a 

concussion was 10.6% faster as compared to those with at least two previous concussions 

(Figure 3.8). This finding only was present for the rightward perturbations as neither the left 

Dependent Variable Single Task Average Dual Task Average p value 

No Perturbation (ms) 333.79 ± 30.62 358.81 ± 26.07 *<0.001 

Right Perturbation (ms) 332.49 ± 29.37 326.88 ± 39.89 0.399 

Left Perturbation (ms) 339.42 ± 30.12 327.97 ± 28.98 0.058 



64 
 

(p=0.054) nor no perturbation condition (p=0.105) revealed any significant effects regarding 

concussion history. 

 Figure 3.8. Significant interaction effect of hand reaction time (RT) during right perturbation 

conditions. A significant effect of group (increased RT for those with multiple 

previous concussions) is noted. 

 

3.3.1.3 Interaction Effects 

 When further examining the RT during the right perturbation conditions, a significant 

interaction effect of hand RT was observed (p=0.009) (Figure 3.8). Namely, despite having 

comparable RT in both the no previous concussion group (330.40ms) and the multiple previous 

concussion group (334.71ms) under the single task condition, those with no previous 

concussions managed to improve RT by 6.4% during the dual task condition while the additional 

complexity associated with this task slowed the group with two previous concussions RT by 

3.3%. 



65 
 

3.3.2 Secondary Task Reaction Time 

3.3.2.1 Main Effects – Task  

 As per study design, there were significant effects of task observed for all three 

conditions (no perturbation, right perturbation, and left perturbation) with button press RT 

occurring a minimum of 162.8% longer in all three cases when the button press was added to the 

reaching task (Table 3.5).  

Table 3.5. 2×2 mixed model ANOVA, main effect of task p value for button press reaction time 

(RT). Significance denoted by *. Group averages of RT for each condition. 

 

 

 

 

 

ms: milliseconds 

 

3.3.2.2 Main Effects – Concussion History 

Contrary to the main effects of the additional task complexity associated with the 

addition of the reaching task to the secondary task RT, there were no significant effects of 

concussion history were observed with respect to the button press when RT was collapsed across 

both task levels (p>0.268). 

3.3.2.3 Interaction Effects  

Consistent with the main effects of concussion history, there were no significant 

interaction effects were observed across any of the button press RT conditions (p>0.319).  

 

Dependent Variable Average p value 

Button Press Only (ms) 160.91 ± 31.57  

Button Press + No Perturbation (ms) 422.91 ± 65.83 *<0.001 

Button Press + Right Perturbation (ms) 442.73 ± 78.33 *<0.001 

Button Press + Left Perturbation (ms) 433.75 ± 81.60 *<0.001 
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3.4 SCAT3 Metrics  

 Differences between concussion history groups on SCAT3 metrics was assessed using an 

independent t-test. No significant differences between symptom score, symptom severity, SAC 

or BESS were noted between groups (p>0.106, Table 3.6). To determine the relation between 

clinical measures of concussion symptoms and task performance, the SCAT3 metrics were 

correlated to all other dependent variables (COP, hand kinematics, RT) for both levels of task 

complexity. Moreover, the dual task cost was calculated for all COP, hand kinematic and RT 

variables using Equation 1. The cost associated with the dual task for each dependent variable 

was also correlated to SCAT3 metrics. All significant correlations are presented in Table 3.7. 

 

Table 3.6. Independent samples t-test p-values and group means for SCAT3 metrics. No 

significant differences between no previous concussion history (Hx
0) and two or more 

previous concussion (Hx
2+) groups on any metric.  

 

  

Dependent Variable Hx
0 Hx

2+ p value 

Total Number of Symptoms  2.07 ± 1.94 3.07 ± 2.31 0.322 

Symptom Severity 3.00 ± 3.00 5.13 ± 3.93 0.106 

SAC 27.27 ± 1.58 26.80 ± 1.93 0.475 

BESS 4.87 ± 4.31 6.47 ± 3.44 0.271 
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Table 3.7. Correlation coefficients (r) and significance values for all variables that were 

significantly correlated to SCAT3 metrics under single and dual task conditions. Dual 

task cost was calculated for each variable and correlated to the SCAT3 metrics as well.  

 

SAC: Standardized assessment of concussion, BESS: Balance error scoring system, COP: centre 

of pressure, AP: anterior/posterior, ML: medial/lateral  

   r p value 

Single Task      

 Symptom Scores   

  COP, No Perturbation, Time to Max Displacement (AP) -0.443 0.014 

 Symptom Severity    

  COP, No Perturbation, Time to Max Displacement (AP) -0.419 0.021 

  COP, Left Perturbation, Maximum Velocity (AP) 0.362 0.049 

 SAC    

  

COP, Right Perturbation, Time to Max Displacement 

(ML) -0.364 0.048 

     

Dual Task     

 SAC    

  COP, Right Perturbation, Time to Max Velocity (ML) -0.415 0.035 

  Hand, No Perturbation, Max Velocity (AP) 0.384 0.048 

  Hand, No Perturbation, Time to Max Velocity (AP) -0.403 0.033 

  Hand, Left Perturbation, Time of Max Velocity (AP) -0.457 0.022 

 BESS    

  COP, Left Perturbation, Time to Max Velocity (ML) 0.418 0.027 

  Hand, Left Perturbation, Max Displacement (ML) 0.369 0.049 

  RT, Button Press, No Perturbation 0.382 0.041 

     

Cost     

 Symptom Score   

  COP, Left Perturbation, Time to Max Displacement (AP) 0.382 0.049 

  Hand, Right Perturbation, Max Velocity (AP) 0.536 0.004 

 Symptom Severity   

  COP, No Perturbation, Max Displacement (AP) -0.378 0.043 

  Hand, Right Perturbation, Max Velocity (AP) 0.458 0.016 

 SAC    

  Hand, Left Perturbation, Max Displacement (AP) 0.404 0.033 

  RT, Hand, Right Perturbation  -0.404 0.033 

 BESS    

  COP, Right Perturbation, Max Displacement (ML) 0.405 0.040 

  Hand, Right Perturbation, Max  Displacement (ML) 0.458 0.014 

  Hand, Left Perturbation, Max Displacement (ML) 0.490 0.008 
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 Discussion 

 The hypotheses of this study were three-fold: 1) regardless of previous concussion 

history, a decrease in performance will occur under dual task scenarios (dual task cost or effect), 

2) those with a previous history of concussion will perform poorer on the task than those with no 

previous concussion history, 3) the two effects of dual task cost and previous concussion history 

will interact and those with two or more previous concussion will perform significantly worse 

under dual task than those with no previous concussion history. Each hypothesis will be 

discussed in turn in relation to the current results and previous literature.  

4.1 Dual Task Effect  

 A number of significant effects of task were noted in COP, hand kinematics and RT 

variables (Table 3.1, 3.3 – 3.5, Figure 3.1, 3.2, 3.5 – 3.7). In the COP variables, all significant 

differences in which dual task was increased compared to single task involved the timing of the 

variable rather than the magnitude. Time to maximum displacement and time to maximum 

velocity for COP in the AP direction under no perturbation conditions were both increased in the 

dual task (Figure 3.1, 3.2, Table 3.1). Therefore, the results demonstrate participants took longer 

to capture and slow the COP under dual task, no perturbation conditions in the AP direction. This 

effect was also seen in the ML time to maximum displacement under left (or across-body) 

perturbations. Therefore, it appears the COP was as tightly controlled when the secondary 

button-press task was completed concurrently. These findings appear in contrast to those 

previously reported in the literature for dual task balance studies.30,53,61,62,93,94 As noted earlier, 

studies which employed the SOT resulted in an increased postural stability under dual task 

paradigms.30,53,61,62 Moreover, another study that used other tools such as the BESS showed 

little-to-no effect of a secondary task on postural control.53 Consistent with the study presented in 

this thesis, the aforementioned studies were also performed using a quiet stance postural control 
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task. The main difference between the previous studies and the present study, was the additional 

aspect regarding the use of arm reaching movements either, with or without, perturbations to 

displace the COP.  As the reaching with perturbation task employed in the current design is 

significantly more challenging for the balance control system, it follows this task likely demands 

more attentional resources and therefore be more heavily influenced by the addition of a 

secondary task. Is it possible the previously employed quiet stance dual task paradigms were not 

sensitive enough to elicit the effects noted in the current study as a result of the relative ease of 

maintaining static stability. 

In contrast, a number of COP metrics that were statistically different between tasks 

resulted in an increase under the single task condition (Table 3.1). These metrics were all 

magnitude based variables, including maximum ML displacement under both right and left 

perturbations as well as maximum velocity during left perturbations (Table 3.1). Therefore, when 

perturbed displacement of the COP was larger in single task conditions than in dual task 

conditions. Although these results were unexpected, the constrained action hypothesis53 may 

provide one possible explanation. This hypothesis of this theory states internal focus disrupts the 

automatic processes of balance and results in a decrease in performance.53 While participants 

were not explicitly told to focus on maintaining their balance in either the single or dual task, it is 

possible the addition of the secondary task disrupted any overt attention to balance control and 

thus resulted in balance being shifted away from a focal point into a more “automatic” process. 

However, as previously stated this idea of balance being controlled automatically is outdated92, 

and therefore this explanation solely accounting for the current findings is questionable. 

Alternatively, a learning effect may also partially explain this observation. In particular, while 

the order of trials within the experimental tasks was randomized, the order in which all 
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participants completed the experimental tasks was not. Subjects completed all experimental tasks 

in the same order (single task – button press, single task – reach with perturbation, dual task) 

with each additional task adding a layer of complexity to the study design. Since the first time 

the participants were exposed to the perturbation occurred during the single task block, postural 

responses may be larger than during the dual task as they had already had a block of trials where 

they were exposed to the perturbation. As noted previously all perturbations within this 

experimental design occurred at the same magnitude and timing each time they were presented. 

However, to mitigate any potential anticipatory adjustments, they were presented in a 

randomized fashion so as to not be expected. Even without anticipating the forthcoming 

perturbation, participants have may been able to tune their response to the perturbation more 

efficiently in the latter portions of the experiment which could have minimized the COP 

disturbance. 

 Many hand kinematic variables also resulted in a significant effect of task. Similar to 

COP, the only timing variable that was significantly altered between tasks (time to maximum 

velocity, AP, no perturbation) was increased under dual task conditions (Table 3.3). Other 

variables that were significantly increased in the dual task scenario were maximum velocity 

(right and left perturbations) and maximum displacement (left perturbation) all in the ML 

direction (Figure 3.5, 3.6, Table 3.3). Therefore, when perturbed in either direction, the hand 

moved faster (and further when the perturbation occurred to the left) laterally before being 

controlled and redirected to the target when a secondary task was also being undertaken. In 

contrast, AP velocity was decreased during the dual task (no perturbation, and right perturbation 

trials) (Table 3.3). Although this may seem counter-intuitive, as participants were explicitly 

asked to move as quickly and accurately as possible to the target. This instruction requires the 
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participant to move with as much velocity as possible in the AP direction. Therefore, although 

previously stated that an increase in velocity is viewed as a decrease in performance, in the case 

of AP hand velocity an increased velocity is indicative of a better performance. The increase in 

AP velocity of the hand under single task conditions indicates participants may be moving 

slower in the dual task condition due to the high task demands. Therefore, all hand kinematic 

metrics which resulted in significant differences between levels of task support the first 

hypothesis. Under dual task conditions participants hand experienced larger and faster 

movements in the ML direction. This indicates a reduction in control due to dual task demands. 

Moreover, under dual task conditions when unperturbed, participants displayed slower maximum 

velocity and an increased time to peak velocity despite receiving the same instructions, to move 

as quickly and accurately as possible. 

 Finally, two different RTs were measured, the RT of the hand in response to the “go” 

signal (red target appearance) and the secondary task RT to press the button in response to the 

auditory tone. The hand RT was significantly longer when performing two tasks concurrently 

under no perturbation conditions (Table 3.4). Moreover, in all three trial types (no perturbation, 

right perturbation, and left perturbation) button press RT was significantly larger under dual task 

conditions (Table 3.5). In the RT metrics, the secondary task specifically was heavily implicated 

(button press RT increased from ~160ms to ~433ms average of all three conditions) when 

performing a reaching and perturbation management task. The current findings are supported by 

the work of Resch, May, and Tomporowsk62 who measured the performance on a primary 

balance task (SOT) and the secondary task (auditory switch task) alone and concurrently. This 

group observed increased response times and increase in errors made during an auditory switch 

task under dual task conditions (on switch trials).62 Therefore, the authors speculated the 
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secondary task was impaired by performing a challenging balance task. When assessing the 

results from the current study, a similar finding was noted. There was a decrease in performance 

on the secondary task under dual task situations as well as a decrease of postural stability when 

performing both tasks. This indicates both tasks likely demand overlapping attentional 

resources.92 As the attentional system is limited in nature86 once all of the available resources 

have been used, performance on one or both tasks declines.86 

 Taken together, these results support the first hypothesis that under conditions in which 

the subject must perform two tasks concurrently, performance of either task will decrease 

(increased maximum displacement/velocity and time to maximum displacement and velocity in 

the dual task condition for COP and hand kinematics, and increased RT, Table 3.1, 3.3 – 3.5, 

Figure 3.1, 3.2, 3.5 – 3.7). While some unexpected findings were observed in COP variables 

between task levels, on the whole the results from these comparisons indicate: 1) there is a 

significant cost to performing a dual task, and, 2) postural control requires attention.92 Not only 

were some COP variables affected by the dual task, but the other metrics (hand kinematics and 

RT) specifically the RT of the button press (secondary task) were greatly affected when the 

participant was also required to maintain balance while performing a focal movement 

(potentially being perturbed). Therefore, this experiment provides support for the idea postural 

control is not an automatically controlled response but rather demands attentional. Furthermore, 

the additional complexity associated with this dual-task design likely provided a sensitive 

mechanism to investigate the subtle balance control differences previously speculated to occur in 

individuals with a history of concussive injuries. 
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4.2 The Influence of Multiple Previous Concussions 

 The second overarching theme of this thesis is the influence of multiple previous 

concussions. This was assessed with the second main effect of previous concussion history. In 

particular, the group of athletes with a history of previous concussions performed worse across a 

variety of variables compared to athletes who had never sustained a concussion. In the case of 

COP metrics, maximum displacement was significantly larger in the AP direction during no 

perturbation and left perturbation trials (Table 3.2, Figure 3.3, 3.4) and in the ML direction 

during right and left perturbations when performing the dual task (Table 3.3). Moreover, in dual 

task scenarios an increased maximum velocity was noted in the AP direction under no 

perturbation and left perturbations as well as in the ML direction under left perturbation 

conditions (Table 3.3). Taken together, these results indicate athletes with a history of multiple 

previous concussions display increased displacement and velocity of the COP during a reaching 

and perturbation task compared to athletes who have never sustained a concussion. This 

indicated previous concussed players have worse balance control and thus these findings may 

help further clarify the little research on chronic static balance disturbances which are present 

following concussion.36,97 The present findings are supported by Degani and colleagues54 who 

found those with previous concussion history displayed larger and slower COP movements 

compared to controls on a static balance task. Moreover, the current findings along with those of 

more recent studies54,56, call into question the early studies of postural stability following 

concussion which concluded balance deficits resolve 3-5 day after the concussive injury.26,27  

This previously speculated timeline of recovery needs to be updated, which in turn will 

enable rehabilitation measures to be put in place to manage these persisting balance deficits. 

Although this type of experiment has not been employed in an acutely concussed population, the 
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current findings indicate it is sensitive enough to detect differences in a group of athletes who 

sustained a concussion on average 26 months prior to testing (range 6-60 months, Table 2.1). 

Moreover, compared to previous literature (quiet stance and gait), this experimental paradigm 

(unexpected postural perturbations) more closely mimics a contact sporting context, thus the 

current results are more likely to translate to on-field situations. Given all of this information, 

this type of testing paradigm may prove highly valuable in future research paradigms.  

The changes to COP movements noted in the current study with respect to multiple 

previous concussions may provide some context to the findings of increased lower extremity 

injury81–85 and subsequent concussion risk following concussion.13,14 In general, these studies 

have found associations between lower extremity injury and concussion history83, namely there 

is an increased odds/risk (2.48 - 3.39) of sustaining a lower extremity musculoskeletal injury 90-

days following concussion.82,84 Furthermore, Nordstrom, Nordstrom, and Ekstand85 observed an 

elevated risk of injury following concussion which progressively increased over the following 

year after the concussion (0-3 months after: 1.56; 6-12 months after: 4.07). The effects these 

authors observed remained even after adjusting for injury risk prior to concussion.85 Finally, 

Lynall and associates81 found an increased lower extremity musculoskeletal injury risk following 

concussion of 1.64 over the subsequent year. Despite the different values, all groups81–85 

consistently identified an increased risk of lower extremity musculoskeletal injury following 

concussion.  

Given this evidence, there appears to be a relationship between sustaining a concussion 

and future injury. Importantly, this relationship has also been noted for future concussion risk. In 

a seminal study by Guskiewicz and colleagues13 authors discovered a “dose response” 

relationship between the previous number of concussions and risk of future concussion. Those 
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athletes with one previous concussion were determined to be at a 1.4 times risk, those with 2 

previous concussions were at a 2.5 times increased risk, and those with three or more previous 

concussions were at a 3 times elevated risk of concussion compared to an athlete that has never 

sustained a concussion.13 The due to the constraints of the present study prevent determination of 

a direct relationship between postural control deficits and subsequent injury risk. However, it is 

possible and should be noted, due to the increased movements of COP during perturbations, 

athletes with a previous concussion history may have decreased postural stability and therefore 

fall and injure/concuss themselves more readily. Should this be the case appropriate balance 

training interventions need to be developed and implemented into the recovery of concussed 

athletes to mitigate these risks.  

Previous concussion history was also found to have a significant effect on AP hand 

velocity during right perturbations and hand RT during right perturbations. Athletes with prior 

history of concussion took longer to react to the “go” signal under right perturbation condition 

but also moved their hand faster in the AP direction in these trials. It is unclear why this result 

was only present in the right perturbation condition, as participants were unaware of which trial 

type was going to be presented next.  

 The majority of significant effects related to concussion history occurred in the COP 

metrics. Larger and faster deviations of the COP movements indicate a previous history of 

multiple concussions may produce chronic disturbances to balance control. While these postural 

stability deficits were previously thought to resolve within 3-5 days after an acute concussion26,27 

the tools used in these early studies (SOT and BESS) have been shown to have a number of 

flaws. Not only has the present experimental paradigm shown differences between concussion 

history groups it uses a significantly more challenging postural stability test to better simulate a 
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complex contact sporting scenario (external perturbations). In the future, this type of task 

(postural perturbations with a secondary task) could be used to aid in diagnosis and to help 

develop balance training interventions for those who have had multiple previous concussions. 

4.3 The Interaction of Dual Task and Previous Concussions  

  Two significant interaction effects were observed from this experiment. First, AP 

maximum velocity of the hand during right perturbations. In this metric, it was noted that while 

those with two or more previous concussions performed similarly on both task levels (velocity of 

1.51m/s single task, 1.55m/s dual task (Figure 3.7) the group with no history of concussions 

performed differently. The participants with no concussion history displayed an overall slower 

velocity than the previously concussed athletes. On the single task trials the no concussion 

history group produced an average maximum velocity of 1.40m/s which then decreased under 

dual task conditions to 1.27m/s (Figure 3.7). Although it is unclear why this trend only happened 

in the right perturbation trials, it is also counter-intuitive, those with two or more previous 

concussions produced greater AP velocity consistently when compared to the other group as well 

as when performing under a dual task scenario. Since participants were instructed to move their 

hand as quickly and accurately as possible to the target (in the AP direction), and concussion in 

general impairs performance this is the opposite of what would be expected.  

 The second interaction effect was observed in the RT of the hand to the “go” signal 

during right perturbations. Despite both groups performing very similarly on the single task trials 

(RT of 330.40ms no previous concussion group, and 334.71ms two or more previous 

concussions), both groups performed very differently on the dual task. RT increased in the group 

with multiple previous concussions to 345.77ms while the group with no previous concussion 

history displayed a decreased RT of 309.16ms (Figure 3.8). What remains odd about these 



77 
 

findings is the decreased RT of the group with no previous concussions in the dual task. 

However, it is necessary to bear in mind that no significant main effect of task was found within 

this variable. Therefore, the effect of previous concussion history appears to be driving this 

interaction. Again, it is remains unclear why only the trials in which the participant was 

perturbed to the right resulted in this effect.  

4.4 Relating to the SCAT 

 As the SCAT3 is such a widely-used tool in the concussion assessment and RTP 

decision making process (McCrory et. al.3 currently cited >1500 times) it was necessary to 

compare the current experimental paradigm to this well-established metric. According to the 

SCAT3 metrics (symptom score, symptom severity, SAC, and BESS), the two concussion 

history groups were not significantly different on any metric (Table 3.6). Previous literature has 

shown the SCAT3 is only able to detect clinical changes in functioning within a day following 

injury.10 Therefore, while highly used, this measure leaves much to be desired as a tool for 

assessment of the potential long term effects of concussion history. Moreover, although the 

SCAT3 metrics did not detect differences between groups (specifically the mBESS) those with a 

previous history of two or more concussions displayed deficits in their postural stability in the 

present paradigm. Furthermore, the mBESS findings in the current study are consistent with the 

recent study by Wright et al.98, where despite no significant differences in mBESS in either 

acutely concussed or athletes with a previous concussion history were detected in a larger sample 

size. Thus, it further appears although the SCAT does have clinical utility, the mBESS is 

insufficient at detecting impairments following a concussion. Combined, these findings highlight 

the limited ability of the balance scoring system embedded within the widely-used SCAT3 and 
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the current findings indicate dual task postural perturbation scenarios provide a more sensitive 

option for assessing postural control in concussed and recovering athletes.  

Despite this lack of differences between the groups on the SCAT3, when both groups 

were considered together, a number of significant correlations were observed between a number 

of the task performance variables and the scores on the SCAT3 (Table 3.7). In general, these 

were in line with what would be expected: individuals having more or greater severity of 

symptoms as assessed by the SCAT3 were associated with poorer balance control or reduced 

reaching performance and greater dual task costs across a variety of variables. . Thus, although 

the current study was unable to detect clinical symptom changes previously noted between 

concussion naïve and previously concussed individuals, clinical symptoms were not the focus of 

the current investigation. The current study was designed to determine postural control deficits in 

those with a previous history of multiple concussions, and the additional complexity associated 

with the novel dual-task paradigm did accomplish this goal. This further highlights the broader 

application of the dual-task paradigm for assessing postural control in a more complex and sport 

applicable nature.  

4.5 Limitations and Future Directions 

 As this study was the first to use postural perturbations in a dual task paradigm with 

previously concussed athletes it presents new information to the constantly evolving field of 

concussion research. However, this study is not without its limitations. A few limitations of note 

exist in the methodology and participant group that was used.  

First, the experimental paradigm included three blocks of trials; 1) single task – button 

press, 2) single task – reach with perturbation, and 3) dual task. Although trial types were 

randomized (perturbations, secondary tasks) so as to be unexpected, each participant completed 
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the three blocks in the same order. Without randomizing the order of the blocks between 

participants potential learning effects cannot be discounted. That is, as participants had 

experience with the perturbation during single task, they may have developed strategies to 

counter this perturbation when presented in the dual task. These potential learning effects may be 

mitigating the dual task effects. However, since the perturbation occurred very quickly and on 

only 1/3 of the trials (total 20 perturbations presented in the single task) it is possible this 

potential learning effect wold have minimally impacted the current findings. Future studies 

would benefit from randomization of the blocks of trials, and determining if a learning effect is 

present within this task.  

 Secondly, although this is the first study to use external perturbations in a concussion 

context and provides a task designed to mimic the demands of contact sport, rarely are athletes 

perturbed only at the level of the arm in game play. In the future, studies should employ 

perturbations to the COM to more realistically simulate contact sports. Moreover, studies could 

implement a secondary task specific to the sport. For example, participants could watch short 

video clips of their sport being played and have to identify in each clip which direction the 

ball/puck/etc. was passed as quickly as possible.  

 Moreover, the group of individuals used in this protocol represents a very small 

subsection of the actual population that may be able to benefit from this type of research. Only 

collegiate/junior male contact sport athletes were assessed in this paradigm. In the future, 

research should include both male and female groups and different age ranges (children, 

adolescents, adults, and elderly). Moreover, this task could be used in different populations 

outside of sports concussion, such as individuals who have suffered from blast related 
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concussions or mTBI from other sources (e.g. motor vehicle accident, falls, etc.) or other 

pathologies such as stroke. 

 Finally, although not present in current population, depressive symptoms have been 

related to concussion history.99 While the participants of the present study did not report any pre-

existing mood disorders, the potential compounding effects of depressive symptoms should be 

evaluated in this population moving forward.   
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 Conclusion 

Sport concussion is a prevalent public health issue with the potential to cause long-term 

deficits after repeat exposure. The influence of concussion is wide spread with postural control 

being heavily implicated following the injury. Specifically, quiet stance balance control has been 

investigated following concussion.26,27,50,52,56,63–67,75  The results of these studies indicated that 

postural control difficulties resolve in 3-5 days after injury.26,27 However, much of this research 

was completed using tools that have been shown to have moderate reliability and large learning 

effects.76–78,80 Moreover, while these studies of quiet stance have been informative the static 

stance task is quite simple in nature. To better evaluate concussed contract sport athletes an 

assessment that mimics the demands of sport would be beneficial. One of the more challenging 

balance control aspects of sport is coping with external perturbations. Moreover, athletes are 

coping with perturbations while also dividing attention among many aspects of game play. 

Therefore, employing a dual task paradigm in which athletes must cope with postural 

perturbations while also performing an attentional task has the ability to simulate the demands of 

game play and best assess disturbances due to concussion.  

Despite the growing concern for acute concussion management emphasis needs to be 

placed on the potential chronic disturbances that can occur due to exposure to multiple 

concussions. In the majority of cases, the acute effects of concussion resolve within 1-2 weeks 

following the injury.3 In contrast, the subtle changes that result from multiple concussions persist 

years following the injuries and have the capacity to influence the future career of the athlete as 

well as their day to day life. Therefore, the aim of this thesis was to explore how a previous 

history of concussion impacts the ability to perform a dual task using external perturbations and 

an attentional task. The hypotheses made were three-fold: 1) when performed simultaneously 
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performance would decrease as compared to the performance of each task alone, 2) previous 

concussion history would compromise performance on this task, 3) both the effects of task and 

concussion history would interact and produce a significantly worse performance under dual task 

conditions in the group with a history of previous concussion.  

We employed a custom made dual task and found many significant dual task effects as 

well as a number of variables affected by history of multiple previous concussions. The primary 

variables affected by completing both tasks concurrently were timing variables of the COP, hand 

velocity, and RT of the secondary button press task. Taken together, these results indicate that 

postural stability requires attentional resources as both tasks resulted in a decreased in 

performance when completed at the same time. Therefore, both tasks were using the same 

limited attentional resources and when the demands of the task became too substantial 

performance suffered. Furthermore, we observed differences between the two concussion history 

groups. Specifically, those with two or more previous concussions mainly showed deficits in 

managing the movement and velocity of the COP. This finding may provide insight as to why 

athletes who have experienced a concussion display higher rates of lower extremity 

musculoskeletal injury in the months to year following the concussive injury. Moreover, these 

findings highlight the need to monitor concussed athletes for a longer period of time after overt 

symptom resolution. This task provided a more sport specific context and we observed deficits in 

postural control in athletes who had experienced a concussion on average 26 months prior. It is 

possible that the currently used balance assessments (mBESS) which assess static stance are not 

sensitive enough to these disturbances. The findings of decreased postural stability in those with 

a previous history of multiple concussions also indicates the need for specialized balance 

interventions to be developed and implemented into the concussion recovery process. Lastly, 
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very few interaction effects were observed in this task. It appears that the dual task cost and the 

influence of previous concussion affect difference aspects of the task (e.g. timing vs. magnitude, 

COP vs. secondary task RT).  

Taken together, the implications of this research are far reaching. As it was the first study 

to explore postural perturbations in this population it provides critical information to the 

understanding of how concussion influences postural stability. With the knowledge that the 

effects of chronic concussion result in long term balance difficulties, this research could spark 

further investigation into the mechanisms responsible, as well as inventions to assist those who 

have suffered multiple previous concussions. Furthermore, this tool may prove useful in the 

assessment and diagnosis of acute concussion, as well as aid clinicians in making RTP decisions. 
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