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ABSTRACT

Background: Current evidence suggests that athletes may be susceptible to subsequent injury after
returning to play following a sport-related concussion (SRC). It is hypothesized that this increased
risk may be due in part to residual postural control deficits that are not detectable with common

clinical measures of postural control.

Objective: To develop and perform a preliminary evaluation of a new clinical postural control
battery to inform return-to-play decisions following SRC called the Functional Assessment of

Balance in Concussion (FAB-C).

Methods: A stepwise process was used to develop the FAB-C. Initially, components of postural
control that could potentially be impacted by an SRC were identified through a systematic review
and theoretical conceptualizations of postural control (studies one and two). Next, the FAB-C was
compiled by including existing clinical tests that assessed potentially impacted components of
postural control. New clinical tests were developed when none existed. The agreement (i.e.,
intraclass correlation coefficient or Kappa coefficients and 95%CI), and precision (i.e., standard
error of measurement and minimal detectable change at 95% confidence level) of the individual
clinical tests that comprise the FAB-C were then assess in a sample of uninjured active participants
(studies three and four). Finally, the feasibility (i.e., battery completion, FAB-C components
correlation, adverse events, cost and administration time) and construct validity [i.e., differences
(mean and standard deviation, median and range or proportion and 95% CI) in FAB-C outcomes
between uninjured participants and participants who had recently returned to play following an

SRC) of the FAB-C were examined (study five).
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Results: A SRC can impact postural control by dysregulating sensory integration, control of
dynamics (i.e., increased medial-lateral center-of-mass displacement and decreased gait velocity),
and movement strategies (i.e., reaction time). Deficits in these components can only be thoroughly
assessed under single-task, dual-task, and sport-specific testing paradigms. Three clinical tests
(Balance Error Scoring System, Tandem Gait Test, and Clinical Reaction Time) assessed under
single- and dual-task conditions, and a fourth fit-for-purpose Sport-Related Postural Control Test
were included in the FAB-C. Depending on the clinical test of interest, ICC estimates ranged from
0.24 to 0.99, and kappa coefficients varied between 0.03 and 0.90. ICC estimates for most of the
single-task tests, all dual-task tests, and the Sport-Related Postural Control Test were >0.7. The
Balance Error Scoring System, Tandem Gait Test, and Clinical Reaction Time demonstrated
higher precision under the dual-task testing condition compared to the single-task task testing
condition. With respect to feasibility, 100% of uninjured participants and 86% of participants who
had recently returned to play following an SRC were able to complete the FAB-C. Between
component correlation coefficients were <0.7. No adverse effects were reported. FAB-C cost was
less than $100CAD with a median administration time of 49 (44-60) minutes. A greater percentage
of uninjured participants passed individual FAB-C components (range 52%-82%) compared to

participants who had recently returned to play following an SRC (range 17-66%).

Conclusion: The FAB-C is a novel clinical assessment tool that aims to target different
components of postural control that may be affected following SRC. Although promising, the
FAB-C requires further evaluation before widespread use in clinical settings. FAB-C may provide
clinicians with a practical framework around which to diagnose and treat postural control deficits

after SRC.
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CHAPTER 1- INTRODUCTION

1.1 BACKGROUND

Canadian youth have high sports and recreation participation.[1] While sports and recreation
participation enhances overall physical and psychological health,[2] sports and recreation
participation is the leading cause of injury in Canadian youth.[3] Sport-related concussion (SRC)
is one of the most frequently reported injuries in Canadian youth.[4] For example, Statistics
Canada reported that the majority (i.e., 64%) of emergency department visits among Canadian
youth (i.e., 10-18 years old) in 2016 were due to injuries related to participation in sports and
recreational activities.[5] Of those, 39% were diagnosed as SRC while a further 24% were possible
SRC.[5] SRC has been reported to account for approximately 15% of the overall injury burden in

youth athletes.[6, 7]

SRC is defined as “a traumatic brain injury induced by biomechanical forces”.[8] A SRC is not
associated with alterations on standard structural imaging but can result in a vast range of acute
neurophysiological signs and a multitude of symptoms that may persist for differing lengths of
time.[8] Common short-term findings include symptoms (e.g., headache), physical signs (e.g.,
neurological deficits), postural control impairments (e.g., gait unsteadiness), behavioral changes
(e.g., irritability), cognitive deficits (e.g., slow reaction time), and sleep disturbance (e.g., sleeping
more than usual).[8] Possible long-term consequences of SRC include cognitive impairments,[9]
postural control impairments,[10] and limited future participation in sports and recreational

activities.[11]



The current consensus in SRC evaluation includes the use of a subjective examination, supported
by multifaceted assessment batteries designed to target the various functions of the brain.[12]
Postural control assessment forms an important component of this multifaceted assessment.[12]
Historically, postural control assessment following SRC has included clinical tests that challenge
the brain’s ability to integrate sensory cues from the visual, vestibular, and somatosensory
mechanisms.[13] This approach to postural control assessment, however, has been criticized for
its limited ability to identify potential lingering postural control impairments following SRC.[14]
Thus, there is a need to develop objective clinical measures of postural control that can aid in the
assessment and monitoring of SRC, as well as to inform return-to-play (RTP) decisions following

SRC.[8]

1.2 THE POSTURAL CONTROL SYSTEM

The postural control system consists of sensory, motor, and sensorimotor integration
processes.[15] The sensory processes involve somatosensory, visual, and vestibular mechanisms.
The visual mechanism provides information about the location of the body in space, the relation
between body parts, and body motion in relation to the surrounding environment. Located in the
inner ear, the vestibular labyrinth provides information related to the position and movement of
the head. Finally, the somatosensory mechanism relies on mechanoreceptors located in the skin,
muscles, joints, and ligaments to identify the position of the body in space.[15] Sensory
information from these mechanisms is used in both feedback and feedforward processes. Feedback
is information about the state of the body or body part. The feedforward process involves
prediction and anticipation to prepare for imminent threats to stability.[16] Motor processes, on

the other hand, involve outputs from the central nervous system to lower motor neurons. The



central outputs are attuned to the environmental context by sensory inputs and are mediated by the

reticulospinal, vestibulospinal, and medial corticospinal tracts.[16]

Sensorimotor integration processes occur at multiple levels in the central nervous system including
higher brain centers (i.e., basal ganglia, cerebellum, and the motor cortex), brain stem, and spinal
cord. Overall, the higher brain centers are involved with the cognitive programming of
movement.[15, 17] That said, individually each of these centers has more specific roles. While the
basal ganglia are important to the initiation and continuation of repetitive tasks (e.g., walking) as
well as maintaining posture and muscle tone, the cerebellum has a key role in the sensorimotor
integration process, as well as the timing, progression, and smoothing of movement. In contrast,
the brain stem has a major role in the processing of sensory input from various sensory mechanisms
and the stabilization of posture.[ 15, 17] Finally, the spinal cord is involved in the initial processing
of somatosensory information, and the reflex and voluntary control of posture through the motor

neurons.[15]

The main functional goals of the postural control system include both postural orientation and
equilibrium. Postural orientation involves the control of body alignment related to gravity, the
support surface, visual surroundings, and internal references (i.e., representation of the body and
world in the brain that is formulated based on the integration of sensory inputs). Postural
equilibrium, on the other hand, involves the stabilization of the body’s center of mass during both
self-initiated and externally initiated disturbances in postural stability.[18] Postural control
dysfunctions are frequently detected in neurologically impaired populations such as in individuals

with SRC.[8]

1.3 SPORT-RELATED CONCUSSION AND POSTURAL CONTROL



Previous observational investigations involving the use of laboratory measures have examined the
association between SRC and postural control and, in turn, identified aspects of impaired postural
control across a variety of tasks. For instance, injured athletes demonstrated impaired static
postural control (i.e., increased postural sway) that persisted up to 40 days following the initial
injury compared to uninjured controls.[19] Similarly, injured athletes demonstrated impaired gait
parameters (e.g., increased medial-lateral center-of-mass displacement, decreased peak anterior
center-of-mass velocity, and increased peak medial-lateral center-of-mass velocity) for up to eight
weeks following injury compared to uninjured controls.[20] To-date, there is a lack of consensus
regarding which gait parameters are the most important to inform both the diagnosis of SRC and

RTP decisions.

Several assumptions have been proposed to explain the physiological basis of postural control
impairment that stems from SRC. For instance, it has been proposed that SRC alters postural
control by causing functional disturbances in the cerebral cortex and reticular formation [21];
impairing cognitive functions [22]; disturbing the interaction of brain regions [23]; and/or limiting
the central nervous system’s ability to process and integrate sensory input from the visual,
vestibular, and somatosensory mechanisms.[13] Although the underlying physiological basis of
the resulting postural control impairment is not yet fully understood, postural control assessment

remains a key component to the assessment of SRC.

1.4 THE ROLE OF POSTURAL CONTROL ASSESSMENT IN SPORT-RELATED

CONCUSSION

SRC is a heterogenous injury that does not present the same way in every person.[24] The Sport

Concussion Assessment Tool 5 has been recommended as a multifaceted screening tool in the
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acute phase (i.e., initial 24-48 hours) following SRC.[24] The tool consists of two portions: on-
field assessment and in-clinic assessment portions. The on-field assessment of SRC includes
screening for red flags, documenting observable signs, memory assessment, the Glasgow coma
scale, and a short cervical spine screen.[12, 24] The in-clinic assessment portion, on the other hand,
includes a history, symptom reports, cognitive assessment, neurological screen, and postural
control examination.[12] During the acute phase following an SRC, follow-up for medical
assessment, and an initial period of both cognitive and physical rest is recommended.[24]
Additional assessment tools that target vestibular and oculomotor signs and symptoms can be
considered in the subacute phase (i.e., 2-10 days) following SRC.[25] After an initial 2448 hours

of cognitive and physical rest, a gradual and sequential RTP is recommended.[8, 24]

If symptoms are not resolved within 7-10 days following SRC, a thorough multifaceted
assessment is warranted to facilitate management and/or appropriate referrals.[24] The assessment
should include symptom reports, a neurological examination, cervical spine examination, exertion
testing, headache assessment, and postural control assessment.[24] Examples of postural control
assessments include sensorimotor integration examination, oculomotor and vestibular functions

testing, and static and dynamic postural control examination.[24]

As shown in the discussion above, the assessment of postural control is a constituent component
of the multifaceted assessment of SRC. For instance, it assists with identifying an individual who
has sustained an SRC, making decisions related to RTP progression, and deciding whether injured
individuals are ready to RTP. Next is a thorough discussion on the standard clinical postural control

tests most commonly used in SRC.



1.5 POSTURAL CONTROL ASSESSMENT FOLLOWING SPORT-RELATED

CONCUSSION

Currently, the Tandem Gait Test and Balance Error Scoring System (BESS) are the standard
clinical postural control tests most commonly used in SRC.[12] These tests are fast, inexpensive,
and easy to use in sports settings. Used to evaluate dynamic postural control ability, the Tandem
Gait Test involves walking in a forward direction as quickly and accurately as possible down and
back along a 38mm-wide three-meter line, with an alternate foot heel-to-toe gait. During the test,
the administrator notes whether a patient steps off the line, separates his/her heel and toe, or

touches the administrator or an object for support.

Previously, the Tandem Gait Test was scored based on the time an individual requires to complete
the test.[26] It has been suggested that uninjured athletes can complete the Tandem Gait Test in
14 seconds.[27] Athletes with an acute SRC, in contrast, require more than 14 seconds to complete
the test.[27, 28] That said, other studies have criticized the limited clinical utility of the 14-second
cutoff point due to the variability in the Tandem Gait Test baseline times,[28] and the fact that up
to 75% of uninjured athletes may fail to meet the 14-second cutoff point.[29] The timing
component of the Tandem Gait Test was, therefore, replaced with a subjective (yes/no) assessment
of an injured athlete’s ability to perform the test without errors.[12] The Tandem Gait Test has
demonstrated moderate-excellent test-retest reliability (intra-class correlation coefficient [ICC]
range of 0.7 to 1.0) in athletic populations (age range=15-40 years) in both sexes.[30-32] Further,
the test has demonstrated excellent inter-rater reliability (ICC>0.9) in athletic populations (age

range=16-37 years) in both sexes.[31] This test has also been shown to accurately discriminate



between injured and uninjured youth and collegiate athletes immediately following SRC (Area

Under the Curve [AUC]=0.87).[28]

The BESS is used to evaluate static postural control, and involves three stances (double, single,
and tandem). Each stance takes 20 seconds to complete and is performed on both a firm and
unstable (i.e., foam) surface with eyes closed. Both the testing surface (e.g., hard floor, filed, etc.)
and footwear (e.g., shoes, tape, barefoot, or braces) should be standardized during the BESS as
these factors may induce variability in individuals’ performance.[12] In a given scenario, the tested
individuals may perform the BESS with their shoes on during baseline testing to mimic real-world
application of BESS testing during a sideline situation following an SRC.[12, 33] The BESS is
scored based on the total number of errors an individual commits with lower scores indicating better
postural control ability. Possible errors include stepping, stumbling, or falling; lifting hands off of
the iliac crest; opening eyes; moving the hip into more than 30 degrees of abduction; lifting the
forefoot or heel; or remaining out of test position for more than five seconds. Age- and sex-specific
normative values for the BESS in youth (5-13 years old), high school, and collegiate athletes is
available, which provides a reference to assist in clinical decision making across multiple providers

caring for athletes with SRC.[34]

Several studies used the BESS to examine postural control ability in athletes with acute (i.e., within
three days) SRC.[35-38] Participants included either collegiate athletes or a mix sample of college
and high school athletes representing both sexes. Across studies, the authors used a control group,
baseline scores, or a combination of both for comparison. The studies demonstrated that athletes
with acute SRC tend to commit more errors on the BESS, which typically returns to baseline levels

within three to five days after the initial injury.



Studies examining the psychometric properties of the BESS have shown that the BESS correlated
with force plate measures for criterion-related validity.[39] Further, the test demonstrated high
construct validity in identifying postural control impairments in athletes with SRC.[36-38, 40] The
BESS has demonstrated moderate (ICC=0.60) to excellent (ICC=0.92) intra-tester reliability,[41,
42] and moderate (ICC=0.57) to good (ICC=0.85) inter-tester reliability for the total BESS score
in uninjured athletic populations (age range=9-26 years) in both sexes.[39, 41-46] The six different
stance positions of the BESS have demonstrated moderate (ICC=0.50) to good (ICC=0.88) intra-
rater reliability, and moderate (ICC=0.44) to good (ICC=0.83) inter-rater reliability in uninjured
individuals.[47] Finally, the BESS has demonstrated good (ICC=0.78-.83) intra-tester,[48] and

good (ICC=0.87) inter-tester reliability for the total BESS among athletes with SRC.[49]

Compared to the full BESS, it is recommended to use a modified version of the BESS (i.e., m-
BESS) as a sideline measure of postural control following SRC as additional equipment is often
not available. The m-BESS only involves the three stances on firm ground, and follows the same
scoring procedures as the full BESS.[12] Normative performance values on the m-BESS is
currently available for adult individuals (20-69 years old),[50] high school athletes,[51] and youth

(5-13 years old).[52]

Previous studies have used the m-BESS to examine postural control in athletes with acute (i.e.,
within one day) SRC.[53, 54] The recruited samples included either collegiate athletes or a mixed
sample of college and high school athletes from both sexes. Across studies, the authors used pre-
season baseline scores for comparison. The studies demonstrated that athletes with acute SRC tend
to commit more errors in the m-BESS compared to their baseline score. The m-BESS demonstrated

construct validity to discriminate between injured and uninjured athletes (AUC=0.64).[55] The m-



BESS has demonstrated good (ICC=0.80) inter-rater reliability in uninjured adults (mean
age=23.3, standard deviation=3.8).[56] The test-retest and inter-rater reliability ICCs for the m-

BESS ranged from 0.52 to 0.54 in high school and collegiate athletes.[53]

Every clinical outcome measure has its limitations, and both the Tandem Gait Test and BESS are
not exceptions. For instance, Schneiders et al [32] found that performance on the Tandem Gait
Test improves after 15 minutes of moderate intensity exercise. Schneiders et al [30] also reported
that time to perform the Tandem Gait Test varies with the nature of the testing surface (grass,
hardwood court, artificial grass), with footwear resulting in faster performance than when the test
is performed barefoot. Similarly, the BESS is prone to from a learning effect as Valovich et al [45]
found that the number of errors decreases with each consecutive BESS trial. Furthermore, the
BESS suffers from a fatigue effect, with a higher number of errors observed after an exercise
session compared to no exercising.[57] Each of the issues described will affect the validity of these

outcome measures, and should be given careful consideration when using the measures.

While both the Tandem Gait Test and BESS (or m-BESS) are highly sensitive acutely following
SRC, their sensitivity to detect postural control impairments decreases over the first three to five
days following injury.[8, 13, 49, 58] Further, these assessments may not be challenging (i.e.,
advanced sport-specificity) enough to detect postural control impairments in high-level
athletes.[14] Thus, the Tandem Gait Test and BESS (or m-BESS) may not be appropriate measures
of postural control to assist in making safe and timely RTP decisions following SRC due to ceiling

effects and limited ability to detect changes after three to five days following an SRC.

1.6 RISK OF INJURY AFTER RETURN TO PLAY FOLLOWING SPORT-RELATED

CONCUSSION



Several studies have examined the risk of musculoskeletal injury after RTP following SRC.[59-
68] The recruited samples included groups of athlete of various ages (i.e., high school and
collegiate athletes) and skill levels from both sexes. Across studies, injury tracking period ranged
from 42 days to 24 months after RTP. The studies demonstrated that athletes with SRC had a
significantly higher odds of musculoskeletal injury after RTP than uninjured athletes (odd

ratio=2.11; 95% CI=1.46-3.06).[69, 70]

Previous studies have also examined the risk of sustaining a subsequent SRC after RTP following
a concussion.[71-78] The recruited samples included groups of athlete of various ages (i.e., high
school and collegiate athletes) and sport (i.e., ice hockey, Ruby, American football) with and
without a previous concussion. Overall, these studies demonstrated that athletes with a previous

concussion had a threefold to sixfold increased risk in sustaining a subsequent SRC.[79]

While the underlying cause for the increased injury risk is not yet known, it has been suggested
that neuromuscular control deficits that go undetected at RTP following SRC may contribute to
risk.[69, 70] This hypothesis is supported further by preliminary evidence from studies examining
brain activity in athletes with SRC using electroencephalogram. For instance; Tremblay [80]
examined the brain activity in a sample of 12 athletes with a history of multiple SRC. Compared
to 12 uninjured controls, injured athletes demonstrated abnormal brain activity in the primary
motor cortex while somatosensory processing and sensorimotor integration were at normal levels.
Barr [23] reported that such abnormal brain activity could persist beyond the point of recovery on
clinical measures (i.e., Concussion Symptom Inventory, Standardized Assessment of Concussion,
the BESS, and Automated Neuropsychological Assessment Metrics) that are commonly used for

making RTP decisions following SRC. Thus, development of new clinical assessment measures
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to postural control to better identify persistent postural control impairment prior to RTP following

SRC is needed.[8, 23, 81]

1.7 PROBLEM STATEMENT

SRC is a common injury among athletes. Due to its heterogeneous nature and complexity, SRC
causes impairments in multiple clinical domains including postural control. Both the Tandem Gait
test and BESS (or m-BESS) are the current standard for postural control assessment following
SRC. These postural control assessments are highly sensitive during the acute phase following
SRC, but their sensitivity to detect postural control impairments decreases over the first three to
five days following the initial injury. This suggests that even though an athlete with a SRC
demonstrates normal levels of postural control ability relative to his/her baseline performance on
these tests, physiological impairments may continue to exist and the athlete may RTP with residual
postural control impairments,[69] which may increase their risk of future injury. Further, these
assessments are not challenging enough to detect postural control impairments in high-level
athletes. Thus, there is a need to develop objective clinical measures of postural control that can
aid in the assessment and monitoring of SRC, as well as to inform RTP decisions following SRC.
Building a case for such clinical measures, however, requires identifying which dynamic postural
control parameters are the most important for SRC diagnosis or to inform RTP decisions, as well

as understanding the physiological basis of postural control impairment that stems from SRC.

1.8 GOALS AND SPECIFIC RESEARCH OBJECTIVES

The goal of this thesis was to present the rationale for, develop and perform a preliminarily

evaluation of a new clinical postural control assessment tool (named the Functional Assessment
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of Balance in Concussion [FAB-C] battery) to assist in diagnosis of SRC and RTP decisions

following SRC. Specific objectives of the research were to;

1. Identify quantifiable gait deviations associated with concussion across populations and time
since the injury.

2. Discuss the physiological basis of postural control impairment that stems from SRC based on
the Reflex/Hierarchical and the Systems Models of postural and movement control.

3. Examine and compare the relative and absolute reliability of three clinical postural control tests
under single- and dual-task conditions in uninjured active youth and young adults.

4. Develop a sport-related postural control test that is appropriate for SRC and examine its
relative and absolute reliability in a sample of uninjured active youth and young adults.

5. Examine the feasibility and preliminary construct validity of the FAB-C battery in active

youth and young adults with and without SRC.

The knowledge gained from this research is intended to provide a foundation for a comprehensive
and challenging postural control testing protocol for evaluating postural control recovery status
following SRC. This is expected to assist with RTP decisions following SRC, and will ultimately

contribute to an improvement in long-term player welfare.

1.9 DISSERTATION FORMAT

Chapter 2 is a systematic review (published in Clinical Journal of Sport Medicine) that identifies,
summarizes and evaluates the current evidence examining quantifiable gait deviations associated
with concussion across populations and time since the injury. Chapter 3 is a narrative review

(published in journal of Physiotherapy Theory and Practice) that discusses the physiological basis
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of postural control impairment that stems from SRC based on the Reflex/Hierarchical and the
Systems Models of postural and postural control. Chapter 4 is single-group, repeated-measures
study (provisionally accepted for publication in The International Journal of Sports Physical
Therapy) that examines and compares the relative and absolute reliability of the Balance Error
Scoring System, Tandem Gait Test, and Clinical reaction Time Test under both single- and dual-
task conditions in uninjured active youth and young adults. Chapter 5 is a single-group, repeated-
measures study that examines the relative and absolute reliability of a novel sport-related postural
control test that is appropriate for SRC in uninjured active youth and young adults. Finally, Chapter
6 is a cross-sectional study examining the feasibility and preliminary construct validity of the FAB-
C battery in active youth and young adults with and without SRC. Chapter (7) discusses the main

findings of the five manuscripts and provides directions for future research.
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CHAPTER 2- GAIT DEVIATIONS ASSOCIATED WITH CONCUSSION: A

SYSTEMATIC REVIEW

A version of this chapter has been has been published. Manaseer TS, Gross DP, Dennett L,
Schneider K, et al. Gait Deviations Associated With Concussion: A Systematic Review
[published online ahead of print, 2017 Nov 21]. Clin J Sport Med.

2017;10.1097/JSM.0000000000000537.

ABSTRACT

Background: Gait deviations resulting from concussion are important to consider in the diagnosis,
treatment progression, and return to activity after a concussion. Objective: To identify quantifiable

gait deviations associated with concussion across populations and time since injury.

Methods and Materials: Six electronic databases were systematically searched from January
1974 to September 2016. Studies selected included original data, had an analytic design, and
reported a quantifiable gait parameter in individuals who had sustained a concussion as defined by
the American Congress of Rehabilitation Medicine or related definitions. Preferred Reporting
Items for Systematic reviews and Meta-Analysis guidelines were followed. Two independent
authors assessed study quality [Downs and Black (DB) criteria] and level of evidence (Oxford

Center of Evidence-Based Medicine Model).

Results: Of 2650 potentially relevant articles, 21 level 4 studies were included. The median DB
score was 12/33 (range 10- 16). Heterogeneity in gait parameters and timing of post-concussion

testing precluded meta-analysis. There is consistent level 4 evidence of increased medial-lateral
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center-of-mass displacement, and inconsistent level 4 evidence of decreased gait velocity after
concussion. Further, there is preliminary level 4 evidence that gait deficits may exist beyond the

typical 10-day recovery period and return to activity.

Conclusion: These findings suggest that individuals who have suffered a concussion may sway
more in the frontal plane, and walk slower compared to healthy controls. Consensus about the most
important gait parameters for concussion diagnosis and clinical management are lacking. Further,
high-quality prospective cohort studies evaluating changes in gait from time of concussion to

return to activity, sport, recreation and/or work are needed.
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2.1 INTRODUCTION

Concussion is the most frequent subtype of mild traumatic brain injury (mTBI).[1] The World
Health Organization’s (WHO) Collaborating Centre Task Force on mTBI estimates that the annual
incidence of concussion is 100 to 300/100,000 emergency department visits.[ 1] However, as many
concussions go unreported, it is estimated that the true annual incidence of concussion may be
closer to 600/100 000.[1] Concussion is most prevalent in adolescents and young adult males, and

is commonly attributed to sport participation, motor vehicle collision, and/or falls.[1]

A concussion is defined as a sequela of pathophysiological events that affect the brain as a result
of a direct or indirect trauma to the head.[2] Concussions are not associated with alterations on
standard structural imaging but can result in a vast range of acute neurophysiological signs and a
multitude of symptoms that may persist for differing lengths of time.[2] Common short-term signs
and symptoms include physical (e.g., imbalance, loss of consciousness, or gait unsteadiness) and
neurocognitive (e.g., effected memory or reaction time) manifestations, sleep disturbance, and
behavioral changes (e.g., irritability).[2] Possible long-term consequences of concussion include
cognitive impairments,[3] altered postural control,[4] gait impairment,[5] and increased risk of

musculoskeletal injury.[6]

Concussion diagnosis is multidimensional and involves the assessment of physical (e.g., loss of
consciousness) and somatic symptoms (e.g., headache), cognition (e.g., reaction time), sleep
quality, behavior (e.g., irritability), and postural control.[2] The American Congress of
Rehabilitation Medicine (ACRM) has defined clinical criteria that are widely accepted and used

in the field of neurophysiology and rehabilitation to diagnose concussion.[7] Similar guidelines
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have been developed by the American Academy of Neurology (AAN),[7] the Consensus Statement
on Concussion in Sport (CISG),[2] and the National Athletic Training Association (NATA; see

Table 1).[8]

One functional task that is commonly used to assist in concussion diagnosis, treatment progression,
or return to activity, sport, recreation and/or work decisions is gait. Gait is defined as “a method
of locomotion involving the use of the two legs, alternately, to provide both support and
propulsion®.[9] Gait can be evaluated using self-report, qualitative (e.g., rating of functional
compensations, asymmetries, impairments or efficiency) or quantitative (e.g., objective
measurement of gait with tools such as motion analysis) methods.[10] Self-report and qualitative
evaluation techniques are inherently subjective and may result in inaccurate diagnosis, treatment,
or return to activity, sport, recreation, and/or work decisions.[10] Conversely, quantitative gait
assessment techniques enable the consideration of a variety of parameters and provide a more

robust and reliable basis for diagnosis and decision-making.[10]

To date, most research examining the influence of concussion on gait has employed laboratory
motion capture analysis systems to examine differences in kinematics and kinetics between
individuals who have suffered a concussion and those who have not.[11, 12] These investigations
have utilized single (e.g., gait alone) and/or dual (e.g., gait while conducting a mental task,
avoiding obstacles, and/or responding to auditory stimuli) tasks and have been conducted at

various intervals (e.g., 1, 2, 4, 8 weeks) post-concussion.[11, 12]

Although gait is commonly considered in the clinical assessment of concussion,[13] there is a lack

of consensus regarding which gait parameters are the most important for concussion diagnosis or
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to inform return to activity, sport, recreation and/or work decisions. The primary objective of this
systematic review is to identify quantifiable gait deviations associated with concussion based on
time since injury. The findings of this review will inform future research aimed at identifying
which gait parameters are the most important to consider for clinical diagnosis of concussion and

return to activity, sport, recreation and/or work decisions.

2.2 METHODS

This review was registered in the PROSPERO database (CRD 42016032529) and conducted
according to the Preferred Reporting Items for Systematic reviews and Meta- Analysis (PRISMA)

guidelines.[14]

2.2.1 Data Sources and Search

Six electronic databases [MEDLINE, CINAHL (Cumulative Index to Nursing and Allied Health
Literature), Sport Discus, SCOPUS, EMBASE (Excerpta medical database) and PsycINFO] were
searched from January 1, 1974 (Glasgow Coma Scale development) to September 29, 2016 to
identify relevant studies.[ 15] The combination of medical subject headings (MeSH) and text words
used to execute the literature search was developed in consultation with a librarian scientist (LD).
Appendix 1 outlines the search term combinations for each database. Limits included; English or
Arabic language, human participants and analytical concussion studies published in peer-reviewed
journals. Returned articles were organized using the reference management software package
RefWorks (ProQuest, 2016). The number of articles obtained from each search strategy by
database was recorded and a running total constructed. After removing duplicate articles, the titles

and corresponding abstracts of all returned articles were independently reviewed by two of the
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authors (TM and DG or JW) blinded to journal title and author(s) using a Microsoft Excel
workbook designed specifically for screening.[16] Data were compiled and consensus on items
for which there was disagreement was reached through rater discussion. Prior to title and abstract
review all authors independently screened a random sample of 120 titles and abstracts and reached
a strong agreement with the lead author (probability of random agreement = 0.82, Cohen’s Kappa
=0.91) using the same excel workbook.[16] Finally, two authors (TM and DG or JW) reviewed
the full text of all potentially relevant studies to determine final study selection. Disagreements
were resolved via author consensus. During the full text review, the reference lists of all potentially
relevant articles were hand-searched to identify any potentially relevant studies that had not been

identified in the database search.

2.2.2 Study Selection

Studies were included if they represented primary research published in peer-reviewed journals,
analytical study design, and contained original data that investigated the association between a
quantifiable gait parameter (e.g., step, stride, center of mass parameters) and concussion as defined
according to one of the AAN, ACRM, CISG, or NATA criteria (Table 1). Studies were excluded
if they involved: participants with moderate or severe TBI (e.g., involved brain hemorrhage, skull
fracture, neuroimaging abnormality, or open head injury), or brain pathology (e.g., cardiovascular
accident/stroke), animal models or cadavers. Further, reviews articles, meta-analyses, case studies,
case series, editorials, commentaries, opinion based papers and conference proceedings were

excluded.

2.2.3 Data Extraction and Study Rating Process
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Data extracted from each study included: study year, design (repeated or non-repeated measures),
location, population (age, sex, athletic vs nonathletic, symptomatic vs non-symptomatic, and
sample size); concussion definition; gait parameters assessed; tasks performed; timing of post-
concussion testing (hours, days, weeks, years, or a point after return to physical activity or play)
and results (point estimates and measures of variability) where available. The first author (T.S.M.)
performed the initial data extraction, and data accuracy was ensured by D.P.G. and J.L.W. Data

extraction disagreements were resolved by author consensus.

Two authors (T.S.M. and D.P.G. or J.L.W.) independently evaluated the quality and level of
evidence of each study. Quality of evidence was assessed based on criteria for internal validity
(study design, quality of reporting, presence of selection and misclassification bias, potential
confounding) and external validity (generalizability) using the Downs and Black (DB) quality
assessment tool.[17] This tool assigns a score calculated out of 32 points (11 points for reporting,
3 points for external validity, 7 points for bias, 6 points for confounding and 5 for power) for each
study. The level of evidence represented for each study was categorized according to the Oxford
Centre of Evidence Based Medicine (OCEBM) model.[18] Disagreements in DB and OCEBM

rating were resolved by rater consensus.

2.2.4 Data Synthesis

The quantity, quality, and level of evidence for the most commonly investigated gait parameters
across 3 time periods (i.e., less than or equal to the typical 10-day post-concussion recovery period,
greater than the typical 10-day post-concussion recovery period and after return to any activity

including physical activity, sport and work) were collated. A cut-point of 10 days post-concussion
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was used as it has previously been reported that 80% to 90% of concussed individuals recover

within 7 to 10-day post-injury.[2]

2.3 RESULTS

2.3.1 [Identification of Studies

An overview of the study identification process is shown in Figure 1 and Appendix 2 summarizes
the identification of unique articles by database. The initial search yielded 2650 articles, 1187
duplicates were removed leaving 1463 potentially relevant articles. After the removal of studies
not meeting inclusion criteria based on title and abstract reviews, this number was reduced to 92.
One hundred and thirty-nine studies were excluded on study design (9 case studies, 15 case reports,
10 case series, 8 commentaries, 7 editorials, 7 book chapters, 7 abstracts, 42 reviews, 2 meta-
analysis, 31 conference proceedings, 1 survey), 721 did not fit the criteria for concussion, 3 only
reported subjective outcomes, 265 did not investigate the association between concussion and gait,
and 243 involved animal models. Subsequent to full article screening, 71 studies were excluded
leaving 21 studies deemed appropriate for inclusion to the systematic review. No additional articles
were identified through reference list searches. Meta-analyses were precluded due to the
heterogeneity of investigated gait parameters and timing of post-concussion testing (see columns

4 and 5 in Table 2).

2.3.2 Study Characteristics

Characteristics of the 21 included studies are summarized in Table 2.[13, 19-38] The 21 studies

were published between 2005 and 2016. Nineteen of the 21 studies were conducted in the US, with
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the remaining 2 taking place in Canada and Norway.[25, 29] Six of the 21 studies were cross-
sectional in nature,[19, 27, 29, 34, 35, 38] while the remaining incorporated repeated measures.
The total number of participants assessed across studies was 1120. Participants ranged in age from
5 to 53 years and included 675 males and 342 females (2 studies did not report participant sex).
Fourteen (66%) of the studies investigated gait parameters in athletes,[19-23, 25-27, 31-33, 35, 37,
38] four (19%) considered high school and/or college students described as being involved in
athletic-like activities,[24, 28, 34, 35] two considered adults,[29, 30] and1did not describe the
source population.[13] Concussion was defined according to the AAN criteria in 11 studies
(52%),[25, 27, 30-38] the CISG criteria in nine studies (43%),[13, 19-24, 26, 28] and the ACRM
criteria in one study.[29] None of the included studies provided sufficient information to determine
if participants were symptomatic or if they had been medically cleared to return to sport at the time

of testing.

A variety of different gait tasks were used across the included studies. The majority (18/21) of
studies used either a single [19-21, 23-31, 33-38] and/or a dual gait task (17/21),[13, 19, 21-24,
27, 28, 30-38] while four used an obstacle crossing task.[27, 31, 32, 35] The most commonly
investigated gait parameters included gait velocity (GV; 15 studies),[13, 19, 20, 24-29, 33-38]
center-of-mass displacement (COMD; 13 studies),[21-24, 28, 30, 31, 33-38] and center-of-mass
velocity (COMV; 13 studies).[21-24, 28, 30, 31, 33-38] Other gait parameters assessed included
center-of-mass, center-of- pressure separation (COM-COPS), [30, 31, 33-38] step width
(STW),[25, 28, 34, 35, 37, 38] stride length (SL),[19, 34, 35, 37, 38] stride time (SRT),[34, 35, 37,
38] step length (STL),[25, 28] propulsive and breaking forces percentage,[26] trunk roll angle and

swing time,[25] lateral dynamic stability margin,[25] and obstacle-foot clearance.[32] Most

33



(19/21) of the included studies gathered kinematic and kinetic gait parameters using a traditional
motion analysis system while two of the studies employed wearable technology (gait analysis
sensors).[13, 19] The median interval between concussion and gait assessment across studies was
14 days (range 24 hours to 4 years). Sixteen studies reported gait deviations within the typical 10-
day post-concussion recovery period,[13, 19, 20, 22, 24, 26-28, 30, 31, 33-38] Ten reported
deviations after the typical 10-day post-concussion recovery period,[ 13, 22-24, 28, 30, 31, 33, 36,
37] and three reported deviations after return to activity.[21, 23, 29] The majority (18/21) of the
included studies compared concussed individuals and match healthy controls, while three
studies,[20, 21, 29] used baseline measures for comparison. Of the 21 included studies, two
reported the clinometric properties of the measurement system employed in their investigation,[ 19,
29] and two studies reported the diagnostic accuracy (sensitivity and/or specificity) of gait
parameters (i.e., GV and COM deviations) to differentiate between individuals who have suffered

a concussion and those who have not.[13, 20]

2.3.3 Study Quality and Level of Evidence

The highest level of evidence demonstrated by the included studies as per the OCEMB levels of
evidence model was level 4, corresponding to cross-sectional or case control studies, or poor
quality prognostic cohort study. Based on the DB criteria, the median methodological quality
rating for the included studies was 12/33 (range 10- 16). The DB is designed to evaluate the
methodological quality of a scientific study and can be applied to both interventional and
observational studies. As all of the included studies were observational in nature, 7 items (4, 8, 14,
19, 23, 24, and 27) totaling 10 points on the DB checklist were not applicable. The most consistent
methodological weaknesses of the included studies included: a limited description of the principal
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confounders (e.g., concussion modifiers), insufficient information upon which to determine how
the study sample was representative of the population of interest (i.e., how the individuals who
chose to participate differ from those who did not), inadequate sample size, and insufficient

description of the validity and reliability of the measurement systems employed.

2.3.4 Synthesis of Results

Table 3 summarizes the quantity, quality and level of evidence of the most frequently investigated
gait parameters within the typical 10-day post-concussion recovery period, beyond the typical 10-
day post-concussion recovery period, and after return to activity. Within the typical 10-day post-
concussion recovery period there is a moderate amount of consistent level 4 evidence of increased
M-L COMD; a moderate amount of inconsistent level 4 evidence of decreased GV, A—P COMV,
and disturbed (i.e., increased or decreased) M—L COMYV and COM-COPS; and a small amount of
inconsistent level 4 evidence of step and stride parameter alterations. Further, there is preliminary
level 4 evidence that suggests that some of these gait deviations (i.e., decreased GV and increased
M-L COMD and M-L COMV) exist, and therefore may persist, beyond the typical 10-day post-

concussion recovery period, and after return to activity, sport, recreation, or work.[21, 23, 29]

2.4 DISCUSSION

To our knowledge, this is the first systematic review to identify and summarize quantifiable gait
deviations associated with concussion that has incorporated both a formal evaluation of study
quality and level of evidence. Although there is a lack of consensus about the most important gait
parameters to assess after concussion, the current results suggest that concussed individuals sway

more in the frontal plane (consistent level 4 evidence), and may walk slower (inconsistent level 4
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evidence) compared with healthy controls within the typical 10-day post-concussion recovery
period. Further, there is limited preliminary level 4 evidence that for some individuals, these
deficits exist, and therefore may persist, beyond the typical 10-day post-concussion recovery
period and return to activity. No studies were identified that assessed gait parameters to inform
return to activity, sport, recreation, or work decisions. Further, few studies have assessed the

association concussion and gait parameters in nonathletic populations.

It is important to highlight that the findings of this review are based upon an evaluation and
synthesis of the existing literature and are limited by the design of the studies included. Overall
there was a lack of high-quality evidence. The biggest threats to internal validity identified were
related to selection bias, and the reporting and adjustment for potential confounding by factors
such as preexisting gait deviations, the heterogenous nature of concussion (e.g., not all individuals
who suffer a concussion may develop gait deviations), presence or absence of symptoms,
medication use, sleep disorder, and style of play. Similarly, there was potential for measurement
bias across studies due to insufficient operationalization of many gait parameters and a lack of
information about the measurement properties (e.g., validity, reliability, resolution) of the
measurement systems employed. In addition to limiting internal validity, the inability to assess for
selection bias limits the degree to which the results of these studies can be generalized to the larger
population from which the samples were drawn (external validity). The external validity of the
results is brought further into question by the fact that 18(86%) of the studies included athletes or
those who were involved in athletic-like activities. Further, as 15 (71%) included studies had

sample sizes less than 50 participants (inclusive of concussed and healthy controls), and only 1
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study had a sample size greater than 100,[20] it is possible that some of the included studies were

inadequately powered to detect effects and overestimate the reported effect sizes.[39]

Another consideration is the lack of information justifying the time points chosen for post-
concussion follow-up gait testing. To improve the clinical utility of future studies it is suggested
that investigators consider a follow-up gait-testing schedule based on commonly accepted
concussion recovery stages. For instance, the CIGS, report that 80% to 90% of individuals who
sustain a concussion recover within 7 to 10 days.[2] Further, it is recommended that concussed
individuals should progress through a Graded Return to Physical Activities Protocol (GRTPP)
before being fully cleared to participate in physical activities (Full Clearance). This approach will
improve our understanding of gait during each of the concussion recovery stages, and the utility

of gait analysis as a concussion recovery measure.

The findings of the current review build upon a previous meta-analyses that examined the utility
of a dual-task paradigm (DT) for sports-related concussion gait assessment,[40] that reported
decreased GV[pooled mean difference (95%CI); 20.133 m/s (20.197 to 20.069)] and greater M—L
COMD [0.007m(0.002-0.011)] 2 days post-concussion, and decreased M—L COMYV at 6 [0.014
m/s, (0.003-0.026)] and 28 [0.013m/s (0.003-0.023)] days post-concussion. Taken together, the
findings of this and the previous review suggest that concussed individuals may initially adopt a
conservative approach to gait which involves walking slower and keeping their COM closer to
their base of support (i.e., COP) which increases their M—L sway. This gait pattern is similar to
that reported amongst other populations with a high risk of falling (e.g., moderate to severe
traumatic brain injuries and elderly).[41, 42] These findings have implications for clinical tests
designed to assess and detect gait disturbances in individuals who have suffered a concussion.
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Specifically, a clinical test should include an assessment of GV and M—L sway to be sensitive to
gait disturbances that may occur after concussion. The most common clinical test of gait in
concussed patients is the Tandem Gait Test (TGT).[43] This test involves walking in a forward
direction as quickly and as accurately as possible along a 38-mm wide, three-meter line and back,
with an alternate foot heel-to-toe gait. The total time it takes to complete the task, the ability to
stay on the line, and avoid separation of their heel and toe while maintaining posture are noted.
Although rudimentary, the TGT does include a component of GV (distance 3 time) and M—L sway
(ability to walk on a line). With that said, the diagnostic accuracy of the TGT for detecting gait
disturbance is unknown, as concussed athletes have been shown to complete the test faster than

non-concussed athletes.[44]

A novel finding of this review is that concussion-associated gait deficits, including decreased GV
and increased M—L COMD and M-L COMV exist, and therefore may possibly persist beyond the
typical 10-day recovery period after concussion, and after return to activity, sport, recreation, and
work. The persistence of gait disturbances beyond return to activity, sport, and recreation may
place an athlete at increased risk of future injury. This hypothesis is supported by initial evidence
from professional rugby that demonstrates a 60% higher incidence of injury in players after
concussion {incidence ratio rate [95% CI, 1.6 (1.4-1.8)]} compared with players who did not suffer
a concussion.[45] Further, that, the median time to injury after return to sport was shorter among
players who suffered a concussion [53 days (95% CI, 41-46)] than players who did not [114 days
(95% CI, 85-143)]. Further investigation of the relationship between concussion related gait
deficits and injury risk in the post-concussion return to activity, sport, recreation, and work period

is required.
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2.4.1 Limitations

Meta-analyses were not possible due to the heterogeneity of gait parameters assessed, and variable
timing of post-concussion gait analysis. Despite a comprehensive search strategy, and the rigorous
approach to study selection and data extraction, it is important to acknowledge the possibility of
omitting a relevant study and inclusion of only Arabic and English language studies as additional
potential limitations. As the findings of this review are based on the existing literature, it is
important to consider that not all possibly relevant gait parameters may have been considered.
Further, it is important to highlight that the associations between concussion and various gait
parameters identified in this review are based on level 4 evidence with a high risk of bias, and
given that 76% of the included studies were performed by three research teams the findings may
lack external validity (i.e., generalizability). Finally, it is important to acknowledge that the
findings related to the existence of gait deviations after the typical 10-day post-concussion

recovery period and return to activity are based on a smaller number of investigations.

2.4.2 Recommendations

There is a need for high-quality prospective studies with sufficient sample sizes spanning the
preinjury through to concussion and return to activity, sport, recreation, and/or work, and beyond.
This research should use a definition for concussion that is consistent with the AAN, ACRM,
CISG, or NATA criteria, and consider quantifying gait parameters that appear to be the most useful
for detecting gait deficits post-concussion (i.e., GV and M—L COMD) within the first 10 days after
concussion and at the time of symptom resolution, the start of graded activity or GRTPP, and at

full clearance to return to activity, sport, recreation, and/or work. Further, there is a need for studies
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examining the association between concussion and gait across nonathletic populations. Finally,
from a clinical perspective, there is a need for a dynamic postural control assessment tool that is
capable of detecting gait disturbances in concussed individuals in field settings. Ideally, this tool
would challenge an individual’s GV and M—L COMD under complex physical tasks (ie, walking,
sport, and/ or work-specific tasks) with and without secondary cognitive demands to better

understand alterations that may occur.

2.5 CONCLUSION

Individuals who have suffered a concussion may sway more in the frontal plane (consistent level
4 evidence), and walk slower (inconsistent level 4 evidence) compared to healthy controls within
the typical 10-day post-concussion recovery period. Further, there is preliminary level 4 evidence
that for some individuals, these deficits exist, and therefore may possibly persist, beyond the
typical 10-day post-concussion recovery period and return to activity. There is a paucity of
information about the role that gait parameters might have in informing return to activity, sport,
recreation, or work decisions, and the current level of evidence is threatened by a risk of bias.
Future research should include high-quality prospective studies spanning the period from
concussion through return to activity and beyond to better understand the natural course of gait

alterations after concussion across diverse populations.
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2.7 TABLES

Table 2-1: Summary of Concussion Definition and Diagnosis Guidelines

Table 1: Summary of Concussion Definition and Diagnosis Guidelines

Organization

Concussion Definition and Diagnosis

AAN

Definition: A clinical syndrome of biomechanically induced alteration of brain

function, typically affecting memory and orientation, which may involve LOC.

Diagnosis based on

Post-Concussion Symptom Scale or Graded Symptom Checklist.

The Standardized Assessment of Concussion (SAC)

INeuropsychological testing

The Balance Error Scoring System

The Sensory Organization Test
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ACRM Definition: A traumatically induced physiological disruption of brain function.
Diagnosis based on
Loss of consciousness (LOC)
Loss of memory of immediately before or after an incident
Alteration in mental state at the time of an incident (ie, dazed, disoriented, or|
confused)
Focal neurologic deficits) where the injury severity does not exceed: LOC of ; #30
min: Glasgow Coma Scale (GCS) score of 13—15 at 30 min; Posttraumatic amnesial
(PTA) not .24 h.

CIGS Definition: A brain injury and is defined as a complex pathophysiological process

affecting the brain, induced by biomechanical forces. It may be caused either by a|
direct blow to the head, face, neck or elsewhere on the body with an “impulsive”
force transmitted to the head, and typically results in the rapid onset of short-lived|
impairment of neurologic function that resolves spontaneously. However, in some|
cases, symptoms and signs may evolve over a number of minutes to hours. Further,

concussion may result in neuropathological changes, but the acute clinical
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symptoms largely reflect a functional disturbance rather than a structural injury and,
as such, no abnormality is seen on standard structural neuroimaging studies.
Concussion results in a graded set of clinical symptoms that may or may not involve

LOC. Resolution of the clinical and cognitive symptoms typically follows

a sequential course. However, it is important to note that in some cases symptoms

may be prolonged.

Diagnosis based on

Symptoms—somatic (ie, headache), cognitive (ie, feeling like in a fog) and/or

emotional symptoms (ie, ability)

Physical signs (ie, loss of consciousness, PTA)

Behavioral changes (ie, irritability)

Cognitive impairment (ie, slowed reaction times)

Sleep disturbance (ie, insomnia)

NATA

Definition: Trauma-induced alteration in mental status that may or may not involve|

LOC.
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Diagnosis based on

Clinical evaluation supported by assessment tools.

A brief concussion-evaluation tool (ie, SAC) in conjunction with symptom and

motor-control evaluation for rapid assessment.
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Table 2-2: Systematic Review — Characteristics of Included Studies

Table 2: Characteristics of Included Studies
Gait Outcome(s)

Gait Outcome(s)

Reported as Not

athletes

Tandem gait(s)

Study (Year, |Participants (Description, Reported as Significantly
Design Follow- | Age, Sex, Symptoms, | Concussion | Gait Outcome(s), Time Significantly Different
Up, Country) Sample Size) Definition | Point(s), and Task(s) Different With With Concussion | DB
Concussion
Howell et al [19] Adolescent athletes CISG[2] | Outcome(s): 1. Average 5. Smaller stride 1. Average gait |12
gait speed (m/s); 2. length (>2 speed; 2. Cadence;
Cadence (steps/min); 3. | concussions) walk + | 3. Double support
Double support time (% | cognitive task (P = | time; 4. Gait cycle
gait cycle); 4. Gaitcycle | 0.010, d = 0.070) duration
duration; 5.Stride length
(m)
No repeated Mean age (range): Time point(s): Within 14
measures CONC: 16 (14-17) .1 days of concussion
CONC: 17 (15-18);
CONT: 15 (14-16)
USA Female: 68 Task(s): 1. Walking
(self- selected speed); 2.
Walk + cognitive task
(spelling, counting, or
reciting
backwards)
n = 68 (37 concussions)
Galetta et al[20]|  Youth and collegiate CISG|[2] | Outcome(s): 1. Timed | 1. Increased Tandem None 10

gait time (P = 0.020)
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Repeated Mean age (SD; range): Time point(s): 1. Pre-
measures CONC: Youth: 11 (3; 5- season;
17); Collegiate: 20 (1; 18- 2. At concussion
23); CONT: Baseline data
USA Female: 61; Male: 271 Task(s): 1. Walking as
fast as possible
n =332 (12 concussions)
Howell et al [13] Not reported CISG|[2] Outcome(s): 1. GV 1. Decreased GV at 2. Peak A-P 12
(m/s); 2. Peak A-P 72 h (P =0.003), 1 acceleration
acceleration (m/ s2); 3. | wk (P =0.013), 2 wks
Peak M—L acceleration (P=0.031); 3.
(m/s?) Decreased peak M—L
acceleration at weeks
1,2,4,8 (F1,14 =
5.770, P = 0.040)
Repeated Mean age (SD; range); Time point(s): 72 h, 1, 2,
measures CONT 20: (4.5; 15-24); 4, 8 wks post-concussion
CONC: 19 (5.5; 14-25)
USA Female: 7; Male: 10 Task(s): 1. Walk + MAS
n =17 (10 concussions)
Howell et al [21] High school and CISG2 |Outcome(s): 1. Total M—| 1. Increased total M— | 3. Peak anterior 11
collegiate athletes L COMD (cm); 2. Peak L COMD during COMV
linear M—L COMV Walk + MAS (P =
(cm/s); 3. Peak anterior | 0.004); 2. Increased
COMYV (cm/s) peak M—-L COMV
during Walk + MAS
(P =0.048)
Repeated Mean age (SD; range): Time point(s): within 2
measures CONC: 17 (2.9, 14-25); mo after return to

CONT: Baseline data
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USA

physical activities

Female: 8; Male: 21

Task(s): 1. Walk; 2.
Walk + MAS

n =29 (29 concussions)

Repeated

Howell et al [22]| High school & collegiate

athletes.

Outcome(s): 1. Total M—

COMYV (m/s); 3. M—-L
COMYV (m/s)

L COMD (m); 2. Anterior COMD at 72 h (F3,75

1. Increased total M—L

=4.770, P =0.004),
and 1, 2, 4, 8 wks
(F3,75=5.260,P =
0.002); 2. Decreased
peak anterior COMV
at 72 h (F3,75 = 8.360,
P =0.001); 3.
Increased peak M—L
COMV at 72 h (F3,75
=5.760, P =0.001),
across 8 wks (F12,284
=2.200, P =0.012)
and at 8 wks (P =
0.004)

None

measures

Mean age (SD; range):

CONC (adult): 20 (2.4;

18-

27); CONT (adolescent):

15 (1.1; 14-17); CON
(adult):

20 (2.1; 18-26); CONT

(adolescent): 16 (1.1;

14-17)

Time point(s): 72 h; 1, 2,
8 wks post-concussion

16
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USA

Female: 24; Male: 52

Task(s): 1. Walk + MAS

n =76 (38 concussions)

Howell et al Athletes CISG|[2] Outcome(s): 1. M—L 1. Increased M—L 2. Peak M-L 13
[23] COMD; COMD during Walk | COMYV; 3. Peak
213231&11(%&%0?81(\)4&/{13' 1+ MAS (P =0.002) | anterior COMV
Repeated Mean age (SD; Time point(s): 72 h; 1,
measures range): CONT: 16 2,4, 8 wks; Pre and post
(1.1; 15-17); return to physical
CONC: 15 (1.4; 14- activities (within 2
17) mo)
USA Female: 6; Male: 32 Task(s): 1. Walk; 2.
Walk + MAS
n=38 (19
concussions)
Howell et al | High school students CISG[2] Outcome(s): 1. Total M—| 1. Increased total M—L| 2 Peak anterior | 11
[24] L COMD (m); 2. Peak | COMD at 72 h, 1, 2, COMYV;
anterior COMV (m/s); 3.| 4, 8 wks during Walk| 3. Peak M-L
Peak M-L COMV + MAS and Walk + COMV; 4.
(m/s); 4. Average GV Q& A (F3,129 = Average GV
(m/s) 5.310, P = 0.004)
Repeated Mean age (SD; Time point(s): 72 h; 1,
measures range): CONT: 16 2, 4, 8 wks post-
(1.3; 14-17); concussion
CONC: 15 (1.3; 14-
17)
USA Female: 6; Male: 40 Task(s): 1. Walk; 2.
Walk +
SAS; 3. Walk + MAS; 4.
Walk + Q&A
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n =46 (23
concussions)

Powers et al

Collegiate athletes

AAN|[7] Outcome(s): 1. Step 5. Increased swing | 1. Step length; 2.
[25] length (cm); 2. Step | time at acute phase (P| Step width; 3.
width (cm); 3. GV =(0.009, Cohen’s d = | GV; 4. Trunk roll
(cm/s); 4. Trunk roll 1.400), at return to
angle (degrees); 5. practice phase (P =
Trunk swing time (s); 6.| 0.005, Cohen’s d =
Minimum lateral 1.520); 6. Increased
dynamic stability margin lateral dynamic
(cm) stability margin at
acute phase (P =
0.027, Cohen’s d =
1.150)
Repeated Age: CONT: (20); Time point(s): 1. Acute
measures CONC: (20) (CONC- acute), average
days = 5.3; 2. After
return to play (CONC-
RTP), average days =
26.4
Canada Male: 18 Task(s): 1. Walking in 5
possible directions
(degrees)
n=18(9
concussions)

15
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Buckley et al Intercollegiate CISG[2] Outcome(s): 1. GV 1. Decreased GV at None 11
[26] athletes (m/s); 2. Propulsive day 1 (C195%, 1.1-
force percentage (N); 3. | 1.2, P=0.01, effect
Breaking force size = 1.14); 2.
percentage (N) Increased propulsive
force %: at day 1 (CI
95%, 0.24-0.64, P<
0.010, effect size =
0.85), and at day 10
(CI95%, 0.23-0.69, P
<0.01, effect size =
0.85); 3. Increased
breaking
force % at day 1 (CI
95%,
0.17t0 0.07, P <
0.010,
effect size = 0.540),
and day10 (CI 95%,
0.03-0.29, P <0.010,
effect size = 0.950)
Repeated Mean age (SD; Time point(s): day 1 and
measures range): CONT: 20 10 post-concussion
(1.7; 19-22);
CONC: 19 (1.0; 18-
20)
USA Sex not reported Task(s): 1. Self-
selected walking
n=47 (21
concussions)
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Chiu et al Athletes AAN|[7] Outcome(s): 1. GV(m/s)| 1. Decreased GV None 10
[27] during Obstacle
crossing (P = 0.015)
and Walking + Q& A
(P =0.040)
No repeated Mean age (SD; Time point(s): 48 h
measures range): CONT: 21 post-concussion
(3.2; 18-25);
CONC: 22 (3.6; 18-
25)
USA Female: 18; Male: 28 Task(s): 1. Walking; 2.
Walking + crossing
obstacles; 3. Walking +
Q& A
n=46 (23
concussions)
Howell et al | High school students CISG[2] Outcome(s): 1. Average 1. Decreased GV 2. Step length; 3. 13

[28]

GV (m/s); 2. Step length
(m); 3. Step width (m);
4. Peak A-P COMV
(m/s); 5. Peak M—L
COMYV (m/s); 6. Total
M-L COMD (m)

during Walk + MAS
(F1,37=6.02,P =
0.019); 4. Decreased
peak A—P COMV
during Walk + MAS
(F1,37=6.230,P =
0.017); 5. Increased
peak M—L COMV
(F1,37=5.320,P =
0.027); 6.Increased
total M—L COMD
during Walk + MAS
(F1,37=6.750,P =
0.013)

Step width
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Repeated

Mean age (SD;

Time point(s): 72 h; 1,

measures range): CONT: 16 2,4, 8 wks post-
(1; 14-17); concussion
CONC: 15 (1; 14-18)
USA Female: 4; Male: Task(s): 1. Walk; 2.
36 Walk + MAS
n=40 (20
concussions)
Kleffelgaard et Adults ACRM [7] Outcome(s): 1. Normal | 1. Increased normal None 14

al [29] walking speed (s); 2. walking speed in

Maximum walking

speed (s);
3. 6 min Walk Test (m)

CONC + self-reported
balance problems (P
=0.030);

2. Increased maximum
walking speed in
CONC + self-reported
balance problems (P
=0.001);

3. Decreased 6 min
walking test among
in CONC + self-
reported balance

problems
(P=0.030)

No repeated

Mean age (SD;

Time point (s): Four

measures range): CONC: 40 years post-concussion
(12.8; 27-53);
CONT: Baseline data
Norway Female: 10; Male: 19 Task(s): 1. CONC with

and without self-reported

balance problems
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‘ n=29 (29 concussed)‘

Catena et al Young adults AAN[7] Outcome(s): 1. Peak 1. Decreased peak |2. Peak frontal 11
[30] sagittal COMYV; 2. Peak | sagittal COMV at day | COMV
frontal COMV; 2 during Walk + SAS
3. Sagittal COP angular (P =0.064); 3.
ROM (degrees); 4. Decreased sagittal
Frontal COP angular | COP angular ROM at
ROM (degrees); 5. day 2 during Walk +
COM-COPS; 6. Frontal | SAS (P =0.041); 4.
COMD (degrees) Increased frontal COP
angular ROM at day
14 Walk + SAS (P =
0.006); 5. Decreased
COM-COPS at day 2
(P=0.041); 6.
Increased frontal
COMD at day 14
during Walk
+ SAS (P =0.006)
Repeated Mean age (SD; Time point(s): 2, 6, 14,
measures range): CONT: 21 28 d post-concussion
(4.1; 17-25);
CONC: 21 (3.1; 18-
24)
USA Female: 10; Male: 10 Condition Task(s): 1.
Walking;
2. Walking + SAS
n=20 (10
concussions)
Catena et al | Collegiate athletes AAN|[7] Outcome(s): 1. M—L 1. Decreased M—L None 12
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[31]

and non- athletes

COMV (m/s); 2. A—P
COMV (m/s); 3. M-L
COMD (m); 4. A—P
COMD (m); 5. COM-
COPS (m)

COMV at day 14 with

short obstacle (P +
0.014), and day 28
with tall obstacle
crossing (P + 0.013);
2. Decreased A-P
COMYV at day 2
during Walk + Q& A
(P=0.014); 3.
Decreased M—L
COMD at day 28 with
short obstacle (P =
0.000), and tall
obstacle crossing (P =
0.001);
4. Decreased A—P
COMD at day 2 with
Walk + Q&A (P =
0.014); 5. Decreased
sagittal COM-COPS
at day 2 during

Walk + Q_; A (P =
Repeated Mean age (SD; Time point(s): 2, 6, 14,
measures range): CONT: 22 28 d post-concussion
(3.1; 18-25);
CONC: 22 (3.3;
19-25)
USA Female: 28; Male: Task(s): 1. Walk; 2.

32

Walk + short obstacle
crossing; 3. Walk + tall

obstacle crossing; 4.
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Walk + Q&A

n 560 (30
concussion)

Catena et al [32]

Collegiate athletes

AAN[7]

Outcome(s): 1. Lead
foot clearance (cm); 2.

1. Increased lead foot
crossing height

2. Trailing foot
clearance

Trailing foot clearance | variability at day 28
(cm); 3. (P=0.012)(i 3.
Obstacle contact (count) Increase
obstacle contact (P =
0.003)
Repeated Mean age (SD; Time point(s): 2, 6, 14,
measures range): CONT: 21 28 days post-
(2.3; 18-27); concussion
CONC: 21 (1.7; 18-
24)
USA Female: 16; Male: 18 Task(s): 1. Walk +

obstacle crossing; 2.
Walk + obstacle crossing
+ Q&A

n534 (17
concussions)

11
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Parker et al [33]| Collegiate athletes AAN|[7] Outcome(s): 1. M—L 1. Increased M-L None 12
and non-athletes COMD (m); 2. Peak M—| COMD during Walk
L COMV (m/ s); 3. + mental tasks (P =
Average GV (m/s); 4. | 0.002); 2. Increased
Maximum A-P COM- | peak M-L COMV
COPS (m) during Walk + mental
task (P =0.001); 3.
Decreased GV during
Walk + mental task (P
=0.002); 4.
Decreased maximum
A—P COM-COPS at
days 2, 5, 14
with Walk + mental
task
Repeated Mean age (range): Time point(s): 2, 5, 14,
measures CONT: 22 (19-27); 28 d post-concussion
CONC: 22 (18-27)
USA Sex not reported Task(s): 1. Walk; 2.
Walk + mental task
(spelling, subtraction,
and reciting backwards)
n=56 (28
concussions)
Catena et al [34]| College students AAN|7] Outcome(s): 1. GV 1. Decreased GV (P =| 2. Stride length; 3. |10

(m/s); 2. Stride length
(m); 3. Average step
width (m); 4. Stride time
(s); 5. A—-P COMD (m);
6. M—L COMD (m); 7.
Peak M—L

0.007);

4. Increased stride
time with Walk and
Walk + Q&A (P =
0.020); 6. Increased
M-L COMD with

Step width; 5. A-P
COMD:; 9. A-P
COM-COPS; 10.
M-L COM-COPS
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Walk and Walk +
Q&A (P=0.041); 7.
Increased Peak M—L

COMV (m/s); 8. Peak
A—P COMYV (m/s); 9.
Maximum A—P COM-

COPS (m); 10. COMYV with Walk
Maximum M-L COM-
COPS and Walk + Q&A (P
= 0.046); 8.
(m) D
ecreased
peak A—-P COMV (P =

0.007)

Time point(s): 48 h

No repeated Mean age (SD;

post-concussion

measures range): CONT: 22 (3;
19-25);
CONC: 22 (4.5; 18-
27)
USA Female: 12; Male: 16 Task(s): 1. Walk; 2.
Walk + Q & A; 3. Walk
+ SAS
n528 (14
concussions)
Catena et al[35]| College students AAN[7] Outcome(s): 1. A—P 2. Increased M—L | 1. A-P COMD; 6.
COMD (m); 2. M—L COMD with Walk + | Maximum M-L
COMD (m); 3. Q&A (P =0.045); 3. COM COPS
Peak A—P COMV (m/s);| Decreased peak A—P (m/s); 8.
4. Peak M-L COMV | velocity (P = 0.007); | Instantaneous M—L
velocity; 10.

(m/s); 5. Maximum A-P| 4. Increased peak M—
COM-COPS (m); 6. | L COMV (P =0.034);
Maximum M—-L COM- 5. Decreased
COPS (m); 7. maximum A-P COM-

Stride length

Instantaneous A—P

velocity (m/s); 8.

COPS during Walk +
Q& A task (P =
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Instantaneous M—L
velocity (m/s); 9. GV
(m/s); 10. Stride length
(m); 11. Step width (m);

12. Stride time (s)

0.038); 7. Decreased
Instantaneous A—P
velocity with Walk +
Q & A and obstacle
crossing (P = 0.010);

9. Decreased GV (P =
0.003);

b

11. Increased step
width with obstacle
crossing (P = 0.040);
12. Increased stride
time with Walk = Q

& A and obstacle
crossing (P = 0.006)

No repeated

Mean age (SD;

Time point(s): A post-
concussion time point

measures range): CONT: 22
(3.1; 19-25);
CONC: 22 (4.5; 18-
27)
USA Female: 12; Male: 16 Task(s): 1. Walk; 2.
Walk + obstacle
crossing; 3. Walk +
Q&A
n=28 (14
concussions)
Parker et al [36]| Collegiate athletes AAN[7] Outcome(s): 1. M—L 1. Increased M—L 2. Peak M—-L 15
COMD; COMD at days 5 COMV; 3. GV
2. Peak M—L COMV | and 28 with Walk +

(m/s); 3. Average GV
(m/s); 4. Maximum A—
P; COM-COPS

mental task (P <
0.050); 4. Increased

maximum A—P
COM-COPS (P =

(m)
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0.00T)

Repeated Mean age (SD; Time point(s): 2, 5, 14,
measures range): CONT: 21 28 d post-concussion
(3.4; 18-25);
CONC: 22 (3.3; 18-
25)
USA Female: 28; Male: 30 Task(s): 1. Walk; 2.

Walk + mental task;
(spelling, subtraction,
and reciting

backwards)
n=>58 (29
concussions)
Parker etal[37]  College athletes AAN|7] Outcome(s): 1. GV 1. Decreased GV at | 3. Stride time; 4. | 13

(m/s); 2. Stride length

(m); 3. Stride time (s); 4.

Step width (m); 5. M—L
COMD (m); 6. Anterior
COMD (m); 7.
Maximum M-L COM-
COPS; 8. Maximum A—
P COM-

COPS; 9. Peak
maximum instantaneous
linear anterior COMV
(m/s); 10. Peak
maximum instantaneous
linear

day 2 (P <0.012); 2.
Decreased stride
length at days 2 (P <
0.016);

5. Increased M—L
COMD at days 2, 5,
28 (P <0.013); 8.
Decreased maximum
A-P COM-COPS at
day 2 with Walk task
(P <0.005); 8.
Decreased maximum
A-P COM-COPS at
days 2, 14, 28 with

Step width; 6.
Anterior COMD;
7. Maximum M-L
COM- COPS; 9.
Peak maximum
instantaneous
linear anterior
COMV:; 10. Peak
maximum
instantaneous
linear M—L
COMV
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M-L COMV (m/s)

Walk +
mental tasks (P <
0.005)

Repeated Mean age (SD; Time point(s): 2, 5, 14,
measures range): CONT: 21 28 d post-concussion
(1.8; 19-22);
CONC: 21 (1.6; 19-
22)
USA Female: 12; Male: 18

Task(s): 1. Walk; 2.
Walk + mental task
(spelling, subtraction,
and reciting backwards)

n=30(15
concussions)

Parker et al [38]

Collegiate athletes

AAN[7]

Outcome(s): 1. GV
(m/s); 2. Step width (m);
3. Stride length (m); 4.
Stride time (s); 5. A—P
COMD (rr]g; 6. M—-L
COMD (m);

7. Maximum
instantaneous linear A—
P COMV:; 8. Maximum
instantaneous linear M—
L COMYV; 9. Maximum
A-P
COM-COPS (m); 10.

3. Decreased stride

length (P = 0.042); 6.

Increased M—-L
COMD with Walk +
mental task, and
decreased with Walk
task (P =0.021); 7.

Decreased maximum

instantaneous linear
A-P COMV (P =
0.041)

1. GV; 2. Step
width; 4. Stride
time; 5. A-P
COMD; 8.
Maximum
instantaneous
linear M—L
COMV; 9.
Maximum A-P
COM- COPS (m);
10. Maximum M-

L COM-COPS

10

66




Maximum M-L COM-
COPS (m)

(m)

No repeated Mean age (SD; Time point(s): Within
measures range): CONT: 20 48 h post-concussion
(1.9; 18-22);
CONC: 20 (1.7; 19-
22)
USA Female: 12; Male: 8

Task(s): 1. Walk; 2.
Walk + mental task
(spelling, subtraction,
and reciting backwards)

n=20(10

concussions)

A-P, anterior to posterior; COM, center of mass; COMD, center of mass displacement; COMV, center of mass velocity; CONC,
concussed; CONT, control; COP, center of pressure; GV, gait velocity; LOC, loss of consciousness; m, meter; MAS, multiple auditory
stimulus; M—L, medial to lateral; m/s, meter/second; Q & A, question and answers; RTP, return to practice; SAS, single auditory

stimulus; SD, standard deviation.
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Table 2-3: Systematic Review — Summary of Significant and Non-significant Gait

Parameters by Quantity and Quality

Table 3: Summary of Significant and Non-significant Gait Parameters by Quantity and
Quality
Studies With Repeated | Studies Without Repeated
Measures Measures
Time Since Gait Total
Concussion | Parameters Studies
SIG NOT SIG NOT
10 d post- GV|] 5(11-13) 4 (11-15) 4 (10) 1 (10) 14
concussion
M-L 4 (12-16) 5(11-15) 2 (10) 1 (10) 12
COMV*
A-P 4 (11-16) 4 (11-13) 3 (10) — 11
COMV|]
M-L 6 (11-16) — 3 (10) — 9
COMD?
COM- 4 (11-13) — 1 (10) 2 (10) 7
COPS*
STW — 3 (13-15) 1(10) 2 (10) 6
SRT — 1(13) 2 (10) 1 (10) 4
STL 2 (12-13) 1(13) — 1 (10) 4
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SL — 1(15) 1(10) 1(10) 3
10 d post- M-L 5(122-16) 3 (11-15) — 1(11) 9
concussion COMV*
M-L 8 (11-16) — — — 8
COMD?
GV|] 3 (12-13) 2 (11-15) 1(14) — 6
A-P 1(13) 2 (12-13) — — 3
COMV|
COM- 3 (12-15) — — — 3
COPS*
After RTA GV| — — 1(14) — 1
M-L 1(13) — 1(11) — 2
COMD1
M-L — — 1(11) — 1
COMV?

Cell values represent the number of studies (range of Downs and Black quality assessment tool
SCOTes).

* Inconsistently reported direction of effect.

1, consistently reported as increased; |, consistently reported as decreased; A—P COMYV, anterior
to posterior center of mass velocity; COM-COPS, center of mass — center of pressure separation;
GV, gait velocity; M—L COMD, medial to lateral center of mass displacement; M—L COMYV,
medial to lateral center of mass velocity; NOT, studies that do not report a statistically significant
difference between concussed and no n-concussed study groups; RTA, return to activity; SIG,
studies that report a statistically significant difference between concussed and non-concussed|
study groups; SL, stride length; SRT, stride time; STL, step length; STW, step width.
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2.8 FIGURES

Figure 2-1: Systematic Review - Study Identification PRISMA Flowsheet

Figure 1: Study Identification PRISMA Flowsheet
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Records found through database searching Records found through other sources

# of additional Hems found cutside of

H Total number of tems identified from database searches
= database searches to be screened for inclusion
= n = 2650 n=0
§ v |
= 2650 records identified from <
all sources
v
29 Internal duplicate citations excluded
1158 Extemal duplicate citations excluded 1371 titles/ abstracls exciuded
l 139 Study design
243 Animal modals
1463 titles & abstracts reviewed > 721 Not concussion
3 Mo quantifiable gait parameters
265 Mo relabion between concussion and gait
v
£ 92 full text records lo ba revewed J 71 full text aricles excluded
Eﬂ 5 Study design
L ds nol available for review 29 Mot concussion
92 full text records reviewed > 16 Mo relation between concussion and gait
g v 21 Definition not fiting with ACRM
H | 21 publications included

E
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CHAPTER 3- RE-CONCEPTUALIZING POSTURAL CONTROL ASSESSMENT IN
SPORT-RELATED CONCUSSION: TRANSITIONING FROM THE

REFLEX/HIERARCHICAL MODEL TO THE SYSTEMS MODEL

A version of this chapter has been published. Manaseer TS GD, Mrazik M, Schneider K,
Whittaker JL. Re-conceptualizing postural control assessment in sport-related concussion:
Transitioning from the Reflex/Hierarchical Model to the Systems Model. Physiother Theory

Pract. 2019;Aug(1):1-2.

ABSTRACT

While postural control impairment is common following sport-related concussion, few
investigations have studied the physiological basis for this impairment. Both the
Reflex/Hierarchical Model and the Systems Model are commonly used to characterize the
physiological basis of postural control. The aim of this review was to discuss the physiological
basis of postural control impairment resulting from sport-related concussion based on these models
and suggest directions for future research. This review highlights that postural control impairment
seen with sport-related concussion is a multifaceted construct that can result from deficits in
numerous systems that underlie postural control as described by the Systems Model, rather than a
unidimensional construct that stems from the central nervous systems’ inability to integrate
sensory input to control posture as per the Reflex/Hierarchical Model. Based on this discourse, we
recommend a transition away from the Hierarchical/Reflex Model of postural control towards the
Systems Model in the conceptualization of sport-related concussion. Future research on postural

control following sport-related concussion should account for the multifaceted nature of the
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resulting postural control impairment based on the Systems Model. Clinically, there is a need for
a clinical postural control test that allows examination across the affected systems under single-

task, dual-task, and sport-specific paradigms.
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3.1 INTRODUCTION

Sport-related concussion (SRC) is a traumatic brain injury induced by either direct or indirect
trauma to the head during the course of sporting activity.[1] SRC is a global health problem with
an average annual incidence rate of 31.5/100,000 population.[2] SRCs are associated with a wide
range of signs and symptoms that typically resolve within 10-14 days in adults and 30 days in
children.[1] However, for up to 30% of individuals, symptoms may persist beyond this time
period.[3] Common initial signs and symptoms include physical signs, cognitive or postural
control impairments, behavioral changes, and sleep/wake disturbances.[1] Possible long-term
consequences of SRC include cognitive impairments,[4] impaired postural control,[5] and
increased risk of future musculoskeletal injury.[6] Among these consequences of SRC, postural

control impairments are the focus of this article.

Impaired postural control is one of the most common signs of SRC with up to 30% of athletes with
SRC demonstrating altered postural control.[1, 7] Historically, the clinical assessment of postural
control in SRC has included the Balance Error Scoring System (BESS) and the Romberg test.[8,
9] These methods are practical and inexpensive to use in clinical and sport-related settings. That
said, the BESS and Romberg tests have limited psychometric properties,[9] and are unable to
identify lingering postural control deficits (e.g. impaired standing and gait) that can be detected
using sophisticated measures of postural control (e.g. three dimensional movement analysis).[10,
11] Recently, therefore, there has been a call to develop new SRC postural control assessment
methods.[1, 11] In order to appropriately develop new SRC postural control assessment methods,
it is imperative to correctly characterize the physiological basis of the resulting postural control
impairment.
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According to Shumway-Cook and Woollcott,[12] both the Reflex/Hierarchical Model and the
Systems Model are commonly used to characterize the physiological basis of postural control. In
this review, we will discuss the physiological basis of postural control impairment following SRC
based on these models and suggest directions for future research on postural control assessment

following SRC.

3.2 SPORT-RELATED CONCUSSION AND THE REFLEX/HIERARCHICAL

MODEL FOR POSTURAL CONTROL

According to the Reflex/Hierarchical Model, postural control is a simple skill that is controlled by
one neurophysiological system.[13] The system consists of afferent pathways, the central nervous
system, and efferent pathways.[7] Specifically, afferent pathways carry sensory cues from the
visual, vestibular, and somatosensory mechanisms to the central nervous system. The central
nervous system (i.e. cerebral cortex, cerebellum, basal ganglia, brainstem, and spinal cord)
processes and hierarchically integrates the sensory cues. The spinal cord represents the lowest level
of the hierarchy and is involved in the initial processing of somatosensory information, and the
reflex and voluntary control of posture through the motor neurons.[12] Feedback based on the
processed sensory cues travels along the efferent pathway to different muscles responsible for

postural control and directs them to contract appropriately.[7]

According to this model, postural control impairment associated with SRC stems from the central
nervous systems’ inability to integrate sensory input, ignore changed environmental conditions, or
apply the appropriate motor control strategies to maintain postural control.[14] Based on this,

postural control recovery status following SRC can be assessed using tools that challenge one’s
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ability to accurately use and integrate sensory information from the visual, vestibular, and/or
somatosensory mechanisms such as the BESS, the Romberg test, the Clinical Test of Sensory

Organization and Balance, and the Sensory Organization Test.[7]

This reflex/hierarchical approach has been shown to be limited as it views postural control
impairment stemming from a SRC as a unidimensional construct (i.e. only affects the sensory
resources) without considering the motor and cognitive resources required for postural control that
can also be disturbed with a SRC.[10] The utility of the reflex/hierarchical model for characterizing
and/or examining postural control has generally decreased in the scientific literature due to its
unidimensional nature.[15] Similarly, the utility of the reflex/hierarchical model for characterizing
postural control does not align with the recommended multifaceted clinical assessment of SRC.[1]
As a result, there has been a shift away from using approaches consistent with the
Reflex/Hierarchical Model towards approaches consistent with the Systems Model when
describing the physiological basis of postural control [15] and to guide the design of new clinical
measures of postural control.[16] Although the Systems Model may be an alternative to the
Reflex/Hierarchical Model for better characterizing the physiological basis of postural control
impairment following SRC, there has not been a thorough characterization of postural control

impairment resulting from SRC using this model.

3.3 SPORT-RELATED CONCUSSION AND THE SYSTEMS MODEL FOR

POSTURAL CONTROL

According to the Systems Model, postural control is a complex skill that requires continuous

interaction between the musculoskeletal and neural systems.[13] This interaction depends on the
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task performed and is modified by environmental limitations.[13] The musculoskeletal component
includes concepts related to the properties of muscles and joints, and the biomechanical relations
between linked body parts.[12] The neural component includes: sensory processes that organize
and integrate sensory cues from the visual, vestibular and somatosensory mechanisms; higher-
levels processes (i.e. cognitive contributions) that map sensation into actions and control
anticipatory and adaptive aspects of postural control; and motor processes that organize muscle

action throughout the body.[12]

The Systems Model suggests that the main goals of postural control are postural stability and
postural orientation (Horak, 2006).[13] Postural stability is defined as the ability to control center-
of-mass within a controlled base of support (Horak, 2006).[13] Postural orientation, on the other
hand, is defined as the ability to align the body segments in relation with gravity, visual surround,
support surfaces, and internal references (i.e. models of the body and environment that are
formulated by the parietal and temporal association cortical areas).[13, 17] As the body center-of-
mass reflects the weighted average of each of the body segments, it is believed to be the key

variable controlled by the postural control system.[12]

Building on the Systems Model, it has been suggested that six systems underlie postural control
(Figure 1), each of which consists of a different neural circuit that is responsible for a specific
aspect of postural control.[16] The underlying systems include movement strategies, control of
dynamics, sensory strategies, cognitive contributions (i.e. dual-tasking), orientation in space, and
biomechanical elements (Table 1).[16, 18] Although the underlying systems are independent of

each other, the performance of a physical task requires continuous interaction among them.[16]
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According to the Systems Model, altered postural control results from deficits in one or more of
the underlying systems, and deficits in a single system may affect the ability to perform multiple
tasks.[16] For example, vestibular system deficits may affect an injured athletes’ ability to run in
a straight line with their head turned or change direction, stand or walk on unstable surfaces, and/or
track a flying ball.[ 16, 19] Several studies have supported this theory by showing the way in which
deficits in one or more of the underlying systems result in altered postural control.[16] To
understand how the Systems Model can be applied to SRC, it is important to understand how SRC

is associated with deficits in multiple underlying systems responsible for postural control.

3.3.1 Movement strategies

The central nervous system uses both anticipatory and automatic postural responses to maintain
the center-of-mass over the base-of-support and alignment between the center-of-mass and center-
of-pressure.[20] To minimize the risk of losing postural stability, the central nervous system uses
anticipatory postural responses by activating trunk and lower extremity muscles before initiating
a movement.[20] Gait initiation is a task used frequently to examine the central nervous system’s
ability to use anticipatory postural responses.[14] To control gait initiation, the central nervous
system should be able to regulate the spatial and temporal relationship between the location and
motion of the center-of-mass.[21] Following a SRC, deficits in gait initiation have been noted.[22]
While healthy adults are able to displace their center-of-pressure five to seven centimeters both in
the posterior and lateral directions during gait initiation, Buckley, Oldham, Munkasy, and Evans
[22] have reported a significant reduction in the posterior (pretest: 5.7 £ 1.6 centimeters; posttest:
2.6 £ 2.1 centimeters; p < .001) and lateral (pretest: 5.8 = 2.1 centimeters; posttest: 3.8 = 1.8
centimeters; p <.001) center-of-pressure displacement one day following SRC.
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In contrast, the central nervous system uses automatic postural responses to restore the position of
the center-of-mass after postural instability occurs.[20] Researchers and clinicians frequently use
external perturbations to examine automatic postural responses.[12] External perturbations
challenge postural stability by moving the center-of-mass outside the center-of-pressure, or
moving the center-of-pressure from under the center-of-mass.[23] Typically, a healthy person
sways, takes a step, or reaches to recover postural instability in response to an external
perturbation.[12] Abnormal automatic postural responses include late (i.e. prolonged reaction
time), weak, and hypermetric responses.[16] Following a SRC, deficits in automatic postural
responses have been noted. For example, high school and collegiate athletes with a history of SRC
demonstrated significant deteriorations in center-of—pressure control, hand kinematics
(displacement and velocity), and reaction time when responding to external perturbations induced
by the KINARM End Point Robot System, compared to athletes with no history of SRC.[23]
Further, high school and collegiate athletes with acute (within 48 hours) SRC exhibited prolonged
visuomotor reaction time while completing a clinical reaction time assessment (i.e. the Drop-stick
test), compared to un-injured athletes.[24] Studies on movement strategies recovery following
SRC have yielded mixed results. While deficits in anticipatory postural responses were detected
up to 27 days following SRC,[22, 25] deficits in automatic postural responses have been detected

up to 40 months following injury in others.[23]

3.3.2 Control of dynamics

In comparison to static postural stability, the control of dynamic postural stability (i.e. gait) is more
challenging as it requires the control of a mobile center-of-mass, continually moving from the
base-of-support.[13] Several laboratory studies have examined the association between SRC and
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gait, and in turn identified gait deviations in athletes with SRC including: decreased gait velocity
[26]; stride length [27]; anterior-posterior center-of-mass/center-of-pressure separation [28];
increased medial-lateral center-of-mass displacement [29]; and lateral dynamic stability margin
and swing time during different walking tasks (i.e. walking and/or walking with changing

direction).[30]

A recent systematic review concluded that SRC is associated with increased medial-lateral center-
of-mass displacement and decreased gait velocity suggesting that athletes with a SRC may adopt
a conservative approach to gait in order to better control the moving center-of-mass, and to
minimize the risk of losing postural stability.[31] The authors, therefore suggested that a clinical
test that aims at examining dynamic stability following SRC should include the assessment of gait
velocity and medial-lateral center-of-mass displacement. Currently, the Tandem Gait Test is the
most commonly used clinical test of dynamic stability following SRC [32]. This test involves
walking in a forward direction as quickly and as accurately as possible along a 38 mm wide, three-
meter line and back, with an alternate foot heel-to-toe gait. The total time it takes to complete the
task, the ability to stay on the line and avoid separation of their heel and toe while maintaining
posture are noted.[32] In a recent study, Howell, Osternig, and Chou [33] have examined the
clinical utility of the Tandem Gait Test through examining time required to complete the test and
medial-lateral center-of-mass displacement in a sample of concussed and uninjured controls.
Concussed participants were tested at 72 hours, one week, two weeks, four weeks, and eight weeks
following injury. Control participants were tested at the same testing schedule as injured
participants. Concussed individuals walked slower than controls at the 72-hour time point only.

Further, concussed individuals who walked slower tended to display greater medial-lateral center-
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of-mass displacement across the two months testing period. Together, findings from the systematic
review [31] and the study by Howell, Osternig, and Chou [33] further support the clinical utility

of the Tandem Gait Test as a clinical measure of dynamic stability following SRC.

In terms of dynamic postural stability recovery, injured athletes exhibit an inconsistent pattern of
recovery, in which various gait parameters show deficits at different time points following SRC.
For instance, while deficits in the medial/lateral center-of-mass displacement were detected 28
days following SRC,[29] no deficits have been identified in the lateral dynamic stability margin

beyond five days after a SRC.[30]

3.3.3 Sensory strategies

In order to maintain postural stability, sensory cues from visual, vestibular, and somatosensory
mechanisms must be integrated in the brain (e.g. cerebral cortex, thalamus, reticular formation,
cerebellum, and brain stem) to interpret complex sensory environments.[12, 13, 34] The visual
mechanism provides information about the location of the body in space, the relation between
body parts, and body motion in relation to the surrounding environment. Located in the inner ear,
the vestibular labyrinth provides information related to the position and movement of the head.
Finally, the somatosensory mechanism relies on mechanoreceptors located in the skin, muscles,

joints, and ligaments to identify the position of the body in space.[12]

As the sensory environment changes, the brain re-weights its relative dependence on the different
sensory mechanisms.[13] For example, while healthy individuals rely mostly on the
somatosensory mechanism to maintain postural stability while standing on stable surfaces, they

increase sensory weighting to the visual and vestibular mechanisms to maintain postural stability
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on unstable surfaces.[35] Individuals’ ability to re-weight their relative dependence on different
sensory mechanisms can be altered by deficits in either the central nervous system (e.g.
Parkinson’s disease),[36] and/or the peripheral sensory mechanisms (e.g. peripheral vestibular

loss).[13]

Following SRC, injured athletes frequently report postural instability, vertigo, and dizziness which
suggest impaired integration of sensory cues from the vestibular mechanism with other sensory
mechanisms in the cerebellum, thalamus, cerebral cortex, brainstem, and reticular formation.[34,
37] Further, injured athletes may report impaired eye movement (e.g. pursuit and saccades) which
suggests dysfunction in the integration of sensory input in the midbrain, cerebral cortex,
cerebellum, and pons.[34] Finally, SRC is believed to impair injured athletes’ ability to re-weight
their relative dependence on different sensory mechanisms under varying sensory conditions.[38§]
Typically, it is suggested that sensory strategies deficits, measured with conventional clinical
postural control tests (e.g. BESS), recover within three to five days following SRC.[39] However,
more precise measures of sensory strategies (i.e. a force plate) have identified persistent deficits

in sensory strategies for more than a year following the initial injury.[40-42]

3.3.4 Cognitive contributions

According to the systems model, postural stability is not automatic and requires cognitive
processing.[13] Therefore, the performance of concurrent postural stability and cognitive tasks
may alter the performance of either or both tasks.[13] An understanding of postural stability
assessment methods used in other clinical populations has fostered an interest in measuring the

ability of athletes with SRC to perform a secondary cognitive task while controlling stability (i.e.
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dual-tasking).[43, 44] The most common assessments of dual-task performance after SRC involve
walking while completing a cognitive task and/or undertaking postural stability tasks
simultaneously with a cognitive activity.[44] Cognitive tasks that are frequently used include a
simple question and answer format or basic mental status questions.[27-29, 45-49] Examples
include: an auditory version of the Stroop task [46, 50-56]; a Stroop color and word test [57]; or
spelling, counting or reciting backwards.[27, 28, 48, 49, 58] Following a SRC, deficits in dual-
task performance have been reported. A previous systematic review of the role of dual-task
assessment in the management of SRC, Register-Mihalik, Littleton, and Guskiewicz [44]
concluded that response times and postural stability deficits (i.e. sway and errors) are greater
leading to less efficient gait (i.e. more sway and more conservative gait pattern) strategies in
injured athletes compared with uninjured controls both immediately, and for some time following
SRC, specifically under dual-task assessments. Further, dual-task assessments may be better able
to 1dentify longer lasting impairments in postural stability following SRC as compared to single-

task performance (i.e. controlling postural stability without a secondary cognitive task).

3.3.5 Orientation in space

Healthy individuals are able to automatically adapt to the bodies orientation in space based on the
context and task performed.[13] For example, as a supporting surface tilts, an individual without
a postural dysfunction re-orients the body to gravity or the visual surround.[17] Perception of
verticality and control of body orientation require that the central nervous system integrates
sensory cues from the visual, vestibular, and somatosensory mechanism, and creates internal

references of verticality.[17] Consequently, injuries or pathologies that impact the central nervous
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system’s ability to integrate sensory cues, and/or alter internal references of verticality can impact

postural orientation.[17]

The Neurocom Sensory Organization Test (SOT) is frequently used to assess postural orientation
after SRC.[59] A detailed description of the SOT protocol has been provided elsewhere.[59]
Briefly, the SOT is designed to systematically disrupt the sensory selection process by altering the
orientation information available to the somatosensory and/or visual mechanisms while a force
plate measures vertical ground reaction forces generated by the body’s center-of-pressure during
involuntary sway. Traditionally, postural orientation has been considered linear (i.e. based on
stimulus-response paradigms). Therefore, linear measures of center-of-pressure variability (e.g.
position, displacement path length, velocity, standard deviation, and acceleration) have been used
to quantify postural sway.[60, 61] Recent studies, however, addressed the notion that postural
orientation is nonlinear (i.e. is achieved through the interaction between different sensory
mechanisms) and, therefore, it is best examined via nonlinear measures of center-of-pressure
variability (e.g. approximate entropy, sample entropy, Shannon entropy, and Renyi entropy).[10,
60, 61] Approximate entropy and sample entropy, which characterize the regularity of center-of-
pressure over time-series data, are commonly used nonlinear measures in post-SRC postural
orientation assessment.[ 10] That being said, Montesinos, Castaldo, and Pecchia [62]suggest future

studies should favor sample entropy over approximate entropy given its higher consistency.

Several studies [5, 42, 59, 63-67] have examined postural orientation in athletes with a diagnosis
of SRC using the SOT. While studies that utilized linear measures of center-of-pressure variability
[59, 63, 65-67] could identify deficits in postural orientation (e.g. increased anterior-posterior
center-of-gravity displacement) up to five days following SRC, studies that utilized nonlinear
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measures of center-of-pressure variability [5, 42, 64] could identified deficits in postural
orientation (e.g. altered medial-lateral and anterior-posterior center-of-pressure regularity) for
more than one year following SRC. The identified postural orientation deficits have been attributed
mainly to the central nervous system’s inability to integrate sensory cues from visual, vestibular,

and somatosensory mechanisms.[68]

3.3.6 Biomechanical elements

The ability to control posture depends on multiple biomechanical elements including the quality
and size of the base-of-support, lower extremity range of motion, center-of-mass alignment, as
well as lower extremity and trunk muscle strength.[13] In addition to these elements, functional
limits of stability depend on the representation of those limits in the central nervous system.[13]
Injuries to the biomechanical elements may result in postural control impairments. Following SRC,
injured athletes frequently report headache, dizziness, nausea, and neck pain.[69] These symptoms
can be attributed to a concomitant cervical spine injury.[70] A recent study involving 69 adolescent
(13-17 years of age) hockey players demonstrated significant worsening in cervical spine
measures acutely following SRC as compared to baseline.[71] The concurrent involvement of the
cervical spine may lead to an impairment of the vestibulocollic and cervical-ocular reflexes and/or
a limited ability to align or to move the head over the trunk,[72] which may cause or exacerbate
postural control impairments associated with SRC.[73] Therefore, a multifaceted assessment of
SRC, including the assessment of the cervical spine is recommended.[74] In addition to the
cervical spine, we believe that the assessment of other biomechanical elements are relevant to
postural control examination following SRC. In a given scenario, athletes may sustain a
concomitant lower extremity injury at the time they suffer a SRC, or have a pre-existing
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mechanical impairment. Assessing biomechanical elements at baseline, and updating these
measurements following the lower limb injury would make it possible to identify whether the
resulting postural control deficits are attributed to the previous lower extremity injury or the more
recent SRC. Finally, the assessment of biomechanical elements can inform rehabilitation programs

that aim to improve postural control,[75] and prevent subsequent injuries.[76]

3.4 SPORT-RELATED CONCUSSION AND THE SYSTEMS MODEL FOR

POSTURAL CONTROL: CRITIQUE AND SUMMARY

Based on the aforementioned studies, it can be hypothesized that impaired postural control
associated with SRC is a multifaceted construct involving deficits in multiple underlying systems.
This includes deficits in movement strategies, control of dynamics, sensory strategies, cognitive
contributions (i.e. dual-tasking), and orientation in space. At present, it is challenging to
understand the basis for recovery of postural control following SRC. This is mainly due to a
paucity of studies examining recovery across different systems that underlie postural control and
that are affected by SRC. Although it has been suggested that recovery of postural control occurs
within three to 10 days following SRC, [7, 68] based on investigations mentioned above, recovery
may be extended beyond this period of time due to the number of underlying postural control

systems that can be impaired following SRC and the complexity of their interactions.

It is important to acknowledge the methodological limitations of studies investigating the
association between SRC and deficits in multiple systems that underlie postural control. The
highest level of evidence demonstrated by most studies discussed here as per to the Oxford Centre

of Evidence-Based Medicine model is level 4, corresponding to cross-sectional, case-control, or
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poor-quality prognostic cohort studies.[77] To address these limitations, a recent systematic review
recommended that future research should focus on high-quality prospective studies with sufficient
sample sizes spanning the time between baseline assessments of SRC and return-to-play and

beyond.[31]

Recommendations for addressing multiple systems that are required for postural control were also
addressed in the fifth international consensus statement on concussion in sport.[1] Specifically,
this consensus statement highlighted the importance of a multifaceted assessment following SRC,
including the evaluation of dynamic and static stability, and listed clinical reaction time assessment
as an additional domain that may add to the clinical utility of the Sports Concussion Assessment
Tool. Further, the consensus statement highlighted that athletes with SRC frequently experience
persistent attention deficits. By merging the findings from studies that have examined postural
control following SRC and recommendations from the fifth international consensus statement on
concussion in sport, we conclude that SRC can be associated with deficits in multiple systems that
underlie postural control including movement strategies (reaction time), dynamic control (gait),
sensory strategies (sensory integration), and cognitive contributions (dual-task). Based on this, a
transition away from the Hierarchical/Reflex Model of postural control in the conceptualization of
SRC, and towards the Systems Model is recommended. While the focus of the current review is
postural control impairment following SRC, the content is relevant to other populations with

altered postural control.

3.5 IMPLICATIONS FOR FUTURE RESEARCH AND CLINICAL ASSESSMENT OF
POSTURAL CONTROL IMPAIRMENTS FOLLOWING SPORT-RELATED
CONCUSSION
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Impaired postural control caused by SRC is a multifaceted affecting multiple systems rather than
a unidimensional affecting only sensory system construct. This is a critical concept in establishing
the determinants (i.e. incidence and severity) of postural deficits following SRC and, ultimately,
developing preventive measures to improve return-to-play outcomes facilitated by rehabilitation
as well as preventing reinjury.[78-80] It is recommended that future studies of postural control in
SRC adopt a working definition that accounts for the multifaceted nature of the resulting postural

control impairments based on the Systems Model.

Clinically, there is a need for a comprehensive clinical postural control assessment battery to detect
postural control impairment in athletes with SRC. Traditionally, assessments of postural control
following SRC have included the Clinical Test of Sensory Organization and Balance, the Sensory
Organization Test, the BESS, and the Romberg test.[9] As has been outlined in this paper, these
tests are limited in their ability to comprehensively assess postural control systems affected by
SRC.[18, 81] Theoretically, the comprehensive battery should challenge an injured athlete’s
movement strategies (i.e. reaction time), control of dynamics (i.e. gait), and sensory strategies (i.e.
sensory integration) with single- and dual-task paradigms. Examples include the Drop-stick test,
the Tandem Gait Test, and the Balance Error Scoring System, respectively, performed with and
without concurrent cognitive tasks.[33, 82, 83] As the interaction between these systems is task-
dependent,[13] the battery should also challenge the injured athlete’s postural control under

complex tasks required for sports participation (i.e. sport-specific tasks) prior to return-to-play

(Figure 2).

Although testing sport-specific tasks is recommended as part of the graduated return-to-sport
strategy following SRC,[1] there is a lack of standardization of postural control components that
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should be included in the sport-specific testing. Based on findings of the current review, we suggest
that an appropriate sport-specific postural control test could involve repeated head turns to
stimulate the vestibular mechanisms,[34] running in a limited space to challenge medial to lateral
center-of-mass displacement,[31] and a concurrent cognitive task (e.g., Go/No-Go task).[84] By
identifying the affected system(s) underlying altered postural control, clinicians can direct specific
interventions for different types of postural deficits following SRC.[13] Further developmental
and evaluation research is needed to establish an evidenced-based battery of assessments including

the use of prospective methods to track athletes’ recovery from SRC.

3.6 CONCLUSION

Impaired postural control is a common sign of SRC. Traditionally, the Reflex/Hierarchical model
has been used to characterize the physiological basis of the resulting postural control impairment.
This model, however, is limited as it views the resulting postural control impairment as a
unidimensional construct (i.e. only affecting sensory resources) without considering the motor and
cognitive resources required for postural control that are often disturbed following SRC.
Alternatively, the physiological basis of postural control impairment associated with SRC can be
characterized based on the Systems Model. This model posits that the resulting postural control
impairment is caused by deficits in multiple systems that underlie postural control, including
movement strategies, control of dynamics, sensory strategies, and cognitive contributions. Future
research on postural control following SRC should account for the multifaceted nature of the
resulting postural control impairment based on the Systems Model. Clinically, there is a need for
a clinical postural test that allows examination across the affected systems under single-task, dual-
task, and sport-specific paradigms.
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3.8 TABLES

Table 3-1: Underlying Postural Control Systems Operational Definitions

Table 1: Underlying Postural Control Systems Operational Definitions

Underlying Operational Definition
System
e Automatic postural control: the ability to recover stability following an
Movement
external perturbation to bring the center of mass within the base of
strategies:
support through corrective movements (e.g., ankle, hip, stepping
strategies). This includes late, weak, and hypermetric responses.

e Anticipatory postural control: the ability to shift the center of mass
prior to a discrete voluntary movement (e.g., stepping, arm raise, head
turn)

e The ability to keep the center of mass within its base of support while

Control of
walking (e.g., during gait, postural transitions)
dynamics
e The ability to reweight sensory information (vision, vestibular,
Sensory
somatosensory) when input is altered
strategies
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Cognitive

contributions

(i.e., dual-

tasking)

The ability to maintain stability while responding to commands during

the task or attend to additional tasks

Orientation in

The ability to orient appropriately with respect to gravity (e.g.,

evaluation of lean), the support surface, visual surround and internal

space
references (i.e., models of the body and environment that are
formulated by the parietal and temporal association cortical areas)
. . e Functional limits of stability: the ability to move the center of mass as
Biomechanical
far as possible in the anterior-posterior or medio-lateral directions
elements:

within the base of support

Underlying motor elements: this includes strength and coordination
Static stability: the ability to maintain the position of the center of mass
in unsupported stance when the base of support does not change (may
include wide stance, narrow, one-legged stance, tandem, or any

standing condition)

Note: Adapted from Sibley et al. 2015 and Horak 2006.
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3.9 FIGURES
Figure 3-1: Systems that Underlie Postural Control

Figure 1: Systems that Underlie Postural Control. Arrows represent the continuous

interaction between different systems (adapted from Horak et al, 2009; Sibley et al, 2015)
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Figure 3-2: A New Model of Postural Control Assessment in Sport-Related Concussion

Figure 2: A New Model of Postural Control Assessment in Sport-Related Concussion
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CHAPTER 4- THE RELIABILITY OF CLINICAL POSTURAL CONTROL TESTS

UNDER SINGLE-TASK AND DUAL-TASK TESTING PARADIGMS

A version of this chapter has been provisionally accepted for publication in The International

Journal of Sports Physical Therapy.

ABSTRACT

Background: Previous studies have suggested that postural control deficits are detected more
accurately with dual-task testing than single-task testing. However, it is necessary to examine the

clinimetric properties of dual-task testing before employing it in clinical and research settings.

Objective: To examine and compare the relative and absolute reliability of the Balance Error
Scoring System (BESS), Tandem Gait Test (TGT), and Clinical Reaction Time (CRT) under single

and dual-task conditions in uninjured active youth and young adults.

Study Design: Single-group, repeated-measures study.

Methods: Twenty-three individuals [9 female; median age 17 years] participated in the current
study between December 1, 2017 and November 30, 2018. Data was collected in a physiotherapy
clinic. Two raters assessed participants as they completed three trials of the BESS, TGT, and CRT
under single and dual-task testing conditions twice within one day. The average of three trials was
used to calculate intra-rater (between-session) and inter-rater (within-session) intraclass
correlation coefficient (ICC), standard error of measurement (SEM), minimal detectable change

(MDC), and Cohen’s Kappa coefficient for tests as appropriate under both conditions. Bland-
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Altman plots (mean difference and 95% limits of agreement) were used to assess for a systematic

error associated with a learning effect.

Results: Under single-task testing, estimated ICCs, SEMs, MDCs, and Kappa coefficients ranged
from 0.24 to 0.99, 0.3 to 23, 0.8 to 64, and 0.03 to 0.64, respectively. Under dual-task testing,
estimated ICCs, SEMs, MDCs, and Kappa coefficients ranged from 0.70 to 0.99, 0.4 to 17, 1.1 to

47,and 0.39 to 0.83, respectively. A learning effect was identified for all tests under all conditions.

Conclusion: The BESS is the only clinical test that demonstrated acceptable reliability for clinical
use under single-task testing conditions. The BESS, TGT, and CRT demonstrated acceptable
reliability for clinical use under dual-task testing conditions. A practice session should be used to
reduce the possible learning effect seen. Further studies examining sources of the systematic error

observed are needed.
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4.1 INTRODUCTION

Non-instrumented assessment of postural control is a common practice in clinical and on-field
sport medicine, rehabilitation and training settings.[1] For example, the Balance Error Scoring
System (BESS),[2] Tandem Gait Test (TGT),[3] and Clinical Reaction Time (CRT)[4] are
frequently used in baseline pre-season testing and after concussion to examine static postural

control, dynamic postural control, and reaction time, respectively.[5]

The clinimetric properties of the BESS, TGT, and CRT have been examined to varying degrees.
The BESS involves three stances, double, single and tandem. Each stance takes 20 seconds to
complete and is performed on both a firm and unstable surface. The intra- and inter-rater reliability
of the BESS has been previously examined in uninjured children, youth, and adult athletes with
observed intra-class correlation coefficient (ICC) ranging from 0.57 to 0.98.[2, 6-9] The BESS has
also demonstrated varying degrees of criterion-related validity and concurrent validity in
comparison to kinematic measures of postural sway in uninjured adult male (r=0.3-0.79,
p<0.01)[10] and adolescent (r = 0.54, p = 0.001)[11] athletes. However, Quatman-Yates et al [12]
suggested that the BESS may be limited for producing accurate assessments of postural control

abilities in young athletes with concussion.

The TGT involves walking in a forward direction as accurately and quickly as possible down and
back along a 38mm-wide three-meter line, with an alternate foot heel-to-toe gait. Despite the wide
usage of the TGT for dynamic postural control assessment, it is difficult to synthesize the test’s
clinimetric properties as there is currently no standardized testing protocol. The intra- and inter-

rater reliability of the TGT protocol described by Koyama et al [13] has been previously examined
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in uninjured adults with ICCs ranging from 0.70 to 0.95. The TGT has also demonstrated evidence

of concurrent-validity (r>0.67, p<0.01) with Timed Up and Go test scores in uninjured adults.[13]

Finally, the CRT involves catching a falling numbered-rod as quickly as possible. The drop
distance is then converted to speed. The intra- and inter-rater reliability of the CRT has been
previously examined in uninjured athletes with ICCs ranging between 0.74 and 0.76.14 The CRT
has also demonstrated evidence of criterion-related validity with computerized reaction times

(r=0.54, p-value not provided) in uninjured athletes.[ 14]

When a more accurate assessment of postural control is needed, as in research settings,
instrumented assessment of postural control using laboratory measures have been employed.[15]
Commonly used testing paradigms across studies involving instrumented assessments included
single- and dual-task testing paradigms.[16-20] For single-task testing, examined individuals are
asked to control their posture without performing a concurrent cognitive task. For dual-task testing,
examined individuals are asked to control their posture while performing a concurrent cognitive
task. These studies demonstrated that adding a concurrent cognitive task to a postural control task
can provide important information about postural control impairments that may not be identified
with single-task testing. [16-20] Further, a recent systematic review [21] reported that dual-task
testing identified postural control impairments later in the recovery period following concussion
than single-task testing. Although instrumented assessments are not clinically feasible given the
time, cost and need for specialized equipment and technicians, the translation of the dual-task
paradigm to clinical postural control testing through the addition of a cognitive task to tests such
as the BESS,[22] TGT,[23] and CRT[14] may improve the robustness of clinical postural control

assessment.

108



Before employing the dual-task BESS, TGT, and CRT in clinical or clinical research settings, it is
necessary to examine their clinimetric properties (i.e., reliability and validity).[24] The primary
objective of this study is to examine the relative and absolute reliability of the dual-task BESS,
TGT and CRT in a sample of uninjured active youth and young adults. We hypothesized that dual-
task testing would demonstrate acceptable reliability for clinical use. A secondary objective of this
study was to compare the reliability of the BESS, TGT, and CRT under single-task versus dual-

task testing.

4.2 METHODS

4.2.1 Design

This is a single-group, repeated-measures study examining the relative and absolute intra-rater
(between-sessions) and inter-rater (within-session) reliability of three clinical tests of postural
control under single and dual-task conditions. Relative reliability is the degree to which tested
individuals maintain their position in a sample with repeated measurements. Absolute reliability,
on the other hand, is the degree to which scores on repeated measurements vary for tested
individuals.[25] Ethics approval (No: Pro00077091, Date: December 19, 2017) was acquired from
the University of Alberta Health Research Ethics Board, and informed consent and/or assent was

obtained from all participants prior to testing as appropriate.

4.2.2 Participants

Participants included a convenience sample of uninjured active individuals who were 13 — 24 years
old. ‘Active’ was operationalized as Cincinnati Sports Activity Scale level one or two.[26]

Participants were recruited between December 1, 2017 and November 30, 2018 from local sport
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organizations and through advertisements, social media, and word of mouth. Participants were
excluded if they were not active in recreational or competitive sport; suffered a concussion within
the last 12 months; reported a lower extremity injury that resulted in time lost from
recreational/sport activities for greater than one week within the last three months, an inner ear or
sinus infection over the week prior to testing, an uncorrectable (i.e., neither with vision glasses nor
contacts) vision condition at time of testing, a history of cognitive deficits including concentration
abnormalities, history of attention deficit hyperactivity disorder; or were non-English speakers.
Sample size was estimated based on guidelines provided by Walter et al.[27] Based on previously
reported reliability of the BESS (ICC = 0.87),[6] twenty-one participants were needed for
reliability analysis using two repetitions to achieve a power of 80% with alpha of 0.05 for clinically

acceptable reliability (ICC =0.6).[28]

4.2.3 Procedures

All data were collected at a private physiotherapy clinic over two testing sessions. Two physical
therapists (TM, CI) rated individual participant’s performance of three trials of the BESS, TGT
and CRT under single and dual-task conditions. Each of the two physical therapists had more than
five years of experience administering the BESS, TGT, and CRT in clinical settings. They met
before data collection to review and discuss the test instructions and scoring procedures. At testing
session one, participants were asked to complete a study questionnaire that gathered information
about demographics and medical history. Participants were then familiarized with testing
procedures before data collection started. Next, the two physical therapists independently rated
and recorded individual participant’s performance simultaneously to evaluate the inter-rater

reliability of the BESS, TGT and CRT under single and dual-task conditions. One physical
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therapist (TM) provided tests’ instructions for all participants. Participants performed the BESS,
TGT, and then CRT under both the single- and dual-task testing conditions, with the single-task
testing condition performed first. Participants were given a one-minute rest between trials to
minimize fatigue. Consistent with a guideline for reliability research design,[29] one of the
physical therapists (TM) repeated testing of all participants for all tasks under all conditions either
later on the same day or the following day to evaluate the intra-rater reliability. The BESS, TGT,
and CRT were administered in the same order as in session one. The two physical therapists
followed a specific script for the BESS, TGT, and CRT to standardize test instruction between
raters and testing sessions. No feedback regarding testing outcomes was given to participants or

shared between physical therapists during or after testing.

4.2.4 Outcome Measures

Demographics and medical history. A questionnaire adapted from the Sports Concussion
Assessment Tool—-5th edition was used to collect information on participants’ demographics (i.e.,
sex, age, and the primary played sport) and medical history (i.e., history of previous concussions

and current medications).[30]

The Balance Error Scoring System (see Figure 1). The BESS is used to evaluate static postural
control ability and involves three stances, double, single and tandem. Each stance takes 20 seconds
to complete and is performed on both a firm and unstable surface. A stance in the BESS is scored
based on the number of errors a participant commits, with one point given for each error. Possible
errors include lifting the hands off the iliac crests, opening the eyes, stepping, stumbling, falling,
remaining out of position for more than 5 seconds, moving the hip into more than 30 degrees of

flexion or abduction, or lifting the forefoot or heel. A maximum of 10 points per stance is allowed.
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If a participant is unable to maintain a stance for 5 seconds, a maximum score of 10 was given for
that stance. The total score of the BESS ranges from 0 to 60, and is calculated as the sum of the
error points given for each of the six stances.[10] For the dual-task condition, participants were
asked to subtract by seven from a randomly assigned number while performing the BESS. This

cognitive task is frequently used in dual-task postural control assessment.[16]

The Tandem Gait Test (see Figure 2). The TGT is used to evaluate dynamic postural control and
involves walking in a forward direction as fast and accurately as possible down and back along a
38mm-wide three-meter line using an alternate foot heel-to-toe gait. During the TGT, the
administrator notes whether the evaluee steps off the line, separates his/her heel and toe, or touches
the examiner or an object for support.[30] We collected the time in seconds required for
participants to complete the test (i.e., TGT-Time), as well as the participant’s ability to successfully
complete the test (i.e., TGT-Error, pass/fail). For the dual-task condition, participants were asked

to spell-out a five-letter word backward while performing the TGT.[16]

The Clinical Reaction Time (see Figure 3).The CRT is used to evaluate reaction time and requires
a participant to sit on a chair with the dominant hand resting opened on a flat, horizontal table.
During the CRT, the examiner vertically suspends a rigid 80cm cylinder coated in high-friction
tape, marked in %2 cm increments, and affixed to a weighted disk at one end. At predetermined,
random time intervals ranging from 4 to 15 seconds, the examiner releases the apparatus and the
participant catches it as quickly as possible. The distance the apparatus falls in centimeters is
recorded by measuring from the top of the disk to the most superior aspect of the participant’s
hand. This distance is then converted to clinical reaction time, in milliseconds, using the formula

for a free body falling under the influence of gravity (d =" gt*; where d = distance, g = 9.8 m/s?,
g
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and t = time.[31] For the dual-task condition, participants were asked to verbally spell a five-letter

word backward while waiting for the testing apparatus to fall.[16]
4.2.5 Analysis

Appropriate descriptive statistics were used to summarize all outcomes. For postural control tests
with continuous outcomes including the BESS, TGT-Time, and CRT, ICC2,1 with 95%
confidence intervals (CI) were calculated based on trial one and the average of three trials to
estimate relative intra-rater and inter-rater reliability.[29] ICC estimates were interpreted as
acceptable if they were >0.60.[28] Standard error of measurement (SEM),[24] and minimal
detectable changes at the 95% confidence level (MDC95) based on trial one and average of three
trials were calculated to estimate absolute intra-rater and inter-rater reliability.[32] SEM was
calculated as SEM = pooled Standard Deviation x (V1 - ICC). MDC95 was calculated as MDC95
=1.96 x SEM x V2. Bland-Altman plots (i.e., mean difference and 95% limits of agreement) were
used to assess for systematic bias between the first and third trial at session one, and between
sessions using the average of three trials at session one minus the average of three trials at session
two of all tests and conditions using data from rater one (XX).[33] For TGT-Error, Cohen’s Kappa
coefficients (k; 95% CI) for three trials were calculated to estimate intra-rater and inter-rater
agreement.[34] All analyses were performed using IBM SPSS 25 for Windows (Armonk, New

York).
4.3 RESULTS

4.3.1 Participants
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Of the 40 individuals who expressed interest in participating in the study, four did not meet the
inclusion criteria (history of concussion within the year prior to testing), three declined to
participate (time constraints), and nine did not respond to communications leaving a study sample
of 24 participants. One participant withdrew after providing consent, but prior to testing for
undisclosed personal reasons. The recruited sample included 23 participant. The median age of
participants was 17 years (ranging from 13 to 24), and 39% (n=9) were female. The majority
(65.2%) of participants played hockey, ringette, or soccer. Nine of the participants (39%) had
suffered a concussion greater than one year prior to testing. One participant (4.3%) reported current

use of antibiotics for acne.

All participants (n=23) completed two sessions of testing. Only one participant attended the second
session on the following day, while 22 participants (95%) attended the second session within 4
hours after testing session one. Summary statistics for participants’ performance on the BESS,

TGT-Time, TGT-Error, and CRT are summarized by session, rater, and task in Table 1.

4.3.2 Relative Reliability

Table 2 summarizes intra- and inter-rater [CC’s (95% CI) estimates for the BESS, TGT-Time, and
CRT under single- and dual-task conditions calculated using trial one only, while Table 3 presents
these estimates calculated using an average of all three trials. Inter-rater reliability ICC for the
CRT (single-task) based on trial one could not be estimated due to an absence of variance in scores
between raters (i.e., Negative ICC values obtained).[35] All of the ICCs calculated based on the
average of three trials were > 0.60 for dual-task testing across tasks and conditions. Fifty-percent
of the ICCs calculated based on the average of three trials were > 0.60 for single-task testing across

tasks and conditions. Table 4 presents intra- and inter-rater Cohen’s «k estimates for the TGT-Error
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under both single- and dual-task conditions. In general, the dual-task condition provided higher

Cohen’s « estimates compared to single-task conditions.

4.3.3 Absolute Reliability

Table 2 summarizes intra- and inter-rater SEM and MDC estimates for all tests under single- and
dual-task conditions calculated using trial one only, while Table 3 presents these estimates
calculated using an average of all three trials. Overall, administering the BESS, TGT-Time, and
CRT three times and averaging the three trials provided lower SEMs and MDCs under both single-
and dual-task testing. Based on the average of three trials, dual-task testing provided lower SEMs

and MDCs for the BESS, TGT-Time, and CRT compared to single-task testing.

Table 5 summarizes the mean difference (SD) and 95% limits of agreement associated with Bland-
Altman plots for between trials and between sessions of all tests and conditions. There was a
positive shift in the difference scores related to single- and dual-task BESS, TGT-Time, and CRT
between trials and between sessions (Figure 4 presents an example). Appendix 3 shows Bland-
Altman plots for between trials and between sessions of all tests and conditions. The positive shift

observed remained after stratifying the analysis by sex and age.

4.4 DISCUSSION

This novel research demonstrates that averaging observations across three trials produces clinically
acceptable relative and absolute intra-rater and inter-rater reliability for the BESS, TGT-Time, and
CRT in uninjured active youth and young adults. This was true in in both dual- and most single-
task conditions. Given this and the potential learning effect observed, we recommend that a

practice session be administered prior to performing the BESS, TGT and CRT regardless of dual-
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or single-task conditions. Further, dual-task testing demonstrated higher relative and absolute

reliability compared to single-task testing.

As there is a paucity of evidence about the reliability of dual-task clinical postural control testing
direct comparisons to previous studies are limited. Ross et al [22] reported higher estimates of
inter-session reliability (ICC = 0.81, SEM = 1.87) based on one trial of the dual-task BESS in a
sample of uninjured college students. On the other hand, a comparable estimate of inter-rater
reliability (ICC = 0.87) based on repeated administrations of the dual-task CRT has been reported
in a sample of uninjured athletes.[14] To our knowledge, there are no previous studies examining

the reliability of TGT under dual-task condition.

There are substantially more studies examining the reliability of single-task clinical postural
control testing compared to dual-task testing.[2, 7, 9, 13, 14] Compared to the current study,
Finnoff et al [7] reported a higher inter-rater reliability estimate (MDC=9.4) based on one trial of
the single-task BESS. It is difficult to hypothesize the reasons for this difference as the authors did
not report participant demographics, or a confidence interval for the MDC estimate. Similarly,
Schneiders et al [36] reported higher intra-rater reliability estimates based on one trial (ICC=0.54)
and the average of three trials (ICC=0.70) of the single-task TGT-Time in a sample of uninjured
individuals (mean age=22.2+3.8 years). Possible explanations for this difference may be the
younger sample and the systematic error in the TGT-Time identified in the current study, which
reduced the stability of the TGT-Time between testing sessions. One explanation for the systematic
error in the TGT-Time for between-sessions measurements is a learning effect. Specifically,
participants tended to walk faster in session two compared to session one (1.8 seconds in maximum

mean difference; see Table 5). Further studies comparing the systematic error of the single-task
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TGT-Time in adolescent versus adults are needed. Finally, Eckner et al [14, 37] reported higher
intra-rater (ICC=0.76) and inter-rater (ICC=0.74) reliability estimates based on repeated
administration of the single-task CRT in samples of uninjured individuals (age range 8-30 years).
The difference may be attributed to the limited number of repetitions averaged in the current study
(three trials) compared to the later (eight repetitions), which may have contributed to greater
between-raters variability. To our knowledge, there are no previous studies examining the

reliability of single-task TGT-Error.

Our analyses suggest that repeated administration of the dual-task BESS, TGT-Time, and CRT are
associated with a learning effect. Specifically, participants tended to commit fewer errors on the
BESS, walk faster on the TGT, and react faster on the CRT in trial three compared to trial one,
and in session two compared to session one (see Table 5). Further studies are needed to determine
the effect of different sources of variance within these tests, potentially informed by
generalizability theory. Examples of the sources of variance include age, sex, number of trials,
fatigue, and footwear.[38-41] Our analyses, on the other hand, further supports previous
investigations suggesting that repeated administration produces a learning effect with the single-
task BESS,[38] TGT-Time,[13] and CRT (mainly with three trials).[42] For instance, participants
performance on the BESS, TGT-Time, and CRT enhanced in trial three compared to trial one, and

in session two compared to session one (see Table 5).

In a previous systematic review on dual-task assessments for use in concussion management,
Register-Mihalik and colleagues [16] observed that dual-task testing in some cases was more
reliable than single-task testing. While our findings are consistent with this observation, the exact

reason for this is not clear. We speculate this may represent higher measurement consistency under
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dual-task conditions, but could also be attributable to higher between-participant variability under

dual-task compared to single-task condition (see Table 1).

4.4.1 Clinical Recommendations

Adding a cognitive task to the BESS, TGT, and CRT enhanced the tests’ reliability without
compromising ease of administration or time in the clinic. Based on our analyses, the dual-task
BESS, TGT-Time, and CRT demonstrated acceptable reliability for clinical use. Clinicians may
consider interpreting the mean score from three administrations of dual-task clinical postural
control testing to obtain the most reliable scores. Our data suggests that there is a 95% probability
that a change of four points on the BESS, 3.3 seconds on the TGT-Time, and 30 milliseconds on
the CRT is due to a change in postural stability rather than variability in trial scores by a single
rater (based on the average score of three repetitions by the same rater). Further, that there is a
95% probability that a change of four points on the BESS, 1.1 seconds on the TGT-Time, and 47
milliseconds on the CRT is due to a change in postural stability rather than variability in scores
between raters (based on the average score of three repetitions by the same rater). For the dual-
task TGT-Error, clinicians may consider interpreting the score from trial three to obtain the most
reliable intra- and inter-rater scores. Finally, multiple tests exposures may lead to an improved
postural control due to a learning effect. Clinicians should implement a practice session before

final testing to eliminate the learning effect seen.

4.4.2 Strengths and Limitations

The main strength of the current study is that both intra-rater and inter-rater reliability was

evaluated using both relative (i.e., ICC) and absolute (i.e., SEM and MDC) reliability
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methodologies. That being said, this study has some limitations. Specifically, the order of tasks
and testing conditions administration was not random, which added standardization but may have
contributed to the observed learning effect. However, we recommend that clinicians implement a
practice session before final testing to reduce the potential learning effect observed. Further, we
recruited only uninjured participants, which limits the generalizability of our findings to injured
youth and young adults. As the majority (61%) of the recruited sample were males, the
generalizability of our findings to females may be limited. Similarly, the generalizability of our
findings to different sports may be limited due to the fact that the majority (65.2%) of the recruited
sample played hockey, ringette, or soccer. Individuals who were recruited may be at different
levels of maturation, which may contribute to the variability of our results. Finally, the precision
of the single-task TGT-Time, single- and dual-task TGT-Error, and dual-task CRT was low, which

may be attributable to test instability and/or the small and homogenous sample recruited.

The current study is a first step toward establishing a line of research evaluating the clinimetric
properties of clinical dual-task testing paradigms for identifying postural control deficits in
neurologically impaired adolescents and young adults. Future studies examining the reliability,
validity, and responsiveness of the dual-task BESS, TGT, and CRT are needed in larger and more

representative samples of neurologically impaired adolescents and young adults.

4.5 CONCLUSION

Assessment of postural control is a common practice in clinical and training settings. Studies
involving instrumented assessments have demonstrated that adding a concurrent cognitive task to
a postural control task can provide important information about postural control impairments that

may not be identified with single-task testing. As the instrumented assessment of postural control
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is not clinically feasible, it has been suggested that adding a cognitive task to the commonly used
BESS, TGT, and CRT may improve the robustness of clinical postural control assessment. The
current study suggests that administering the dual-task BESS, TGT, and CRT three times and
averaging the three trials provided acceptable reliability for clinical use. Further, dual-task testing

has higher relative and absolute reliability compared to single-task testing.
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4.7 TABLES

Table 4-1: Descriptive Statistics for the BESS, TGT, and CRT by Session, Rater, and Task

Table 1: Descriptive Statistics for the BESS, TGT, and CRT by Session, Rater, and Task (n=23)

Session 1, Rater 1 Session 1, Rater 2 Session 2, Rater 1
BESS TGTT TGTE CRT | BESS  TGTT TGTE CRT | BESS TGTT TGTE CRT
Condition Trial
errors  second @ % pass ms errors  second = % pass ms errors | second | % pass ms
Trial 1 16 19 69 260 18 20 43 270 15 16 73 280
ST (24) (25) (90) (26) (24) (150) | (30) (15) (140)
Average 14 19 73 250 16 19 49 260 15 16 76 250
of 3 (26) (14) (70) (29) (14) (110) | (30) (10) (90)
trials
Trial 1 14 20 78 240 14 19 82 270 15 19 78 280
(34) (25) (110) | (31 (24) (200) | (30) (27) (170)
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Average 13 20 84 250 14 21 79 260 14 18 77 240

o of3 | 30) (23) (110) | 27)  (23) (140) | (30) = (23) (100)

trials

Note. BESS: Values are presented as median (range; defined as largest value minus smallest value) or percentage. BESS: Balance Error
Scoring System, CRT: clinical reaction time, DT: dual-task, ms: milliseconds, ST: single-task, TGTE: pass/fail in the Tandem Gait Test,

TGTT: time required to complete the Tandem Gait Test.
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Table 4-2: Intra- and Inter-rater Reliability Estimates for the BESS, TGT, and CRT by

Session, Rater, and Task

Table 2: Intra- and Inter-rater Reliability Estimates for the BESS, TGT, and CRT by
Session, Rater, and Task (n=23)

Estimates Based on Trial 1

Inter-rater

ICC (2,1)

Intra-rater

ICC (2,1)

(95%CI) SEM  MDC

(95%CI) SEM  MDC

BESS-ST 0.72 24 6.6 0.89 1.8 4.9
errors (0.45,0.87) (0.76,0.95)
BESS-DT 0.62 )8 73 0.95 1.7 47
errors (0.31,0.82) (0.89,0.98)
TGTT-ST 0.20 38 10.5 0.98 0.7 1.9
second (0,0.53) (0.97,0.99)

0.81
TGTT-DT 1 2.4 6.6 0.94 1.4 3.8
second (0.61.0.91) (0.87,0.97)
CRT-ST 0.10 78 77 i i i
millisecond (0,0.44)
CRT-DT 0.31 26 7 0.40 39 38
millisecond (0.01,0.62) (0.00,0.70)

Note. (-): Values that could not be calculated due to low examiner variance, BESS: Balance Error
Scoring System, CI: confidence interval, CRT: clinical reaction time, DT: dual-task, ICC: intra-
class correlation coefficient, MDC: minimal detectable change, SEM: standard error of

measurement, ST: single-task, TGTT: time required to complete the Tandem Gait Test.
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Table 4-3: Intra- and Inter-rater Reliability Estimates for the BESS, TGT, and CRT by

Session, Rater, and Task

Table 3: Intra- and Inter-rater Reliability Estimates for the BESS, TGT, and CRT by
Session, Rater, and Task (n=23)

Estimates Based on the Average of Three Trials

Intra-rater

Inter-rater

ICC (2,1) ICC (2,1)

(95% CI) SEM MDC (95% CI) SEM MDC
BESS- ST 0.94 15 43 0.96 1.2 35
errors (0.87,0.97) (0.88,0.98)
BESS- DT 0.94 1.4 33 0.98 1.1 3
errors (0.86,0.97) (0.97,0.99)
TGTT- ST 0.54 ’ 55 0.99 03 08
second (0,0.79) (0.99,0.99)
TGTT- DT 0.94 12 33 0.99 0.4 11
second (0.83,0.98) (0.98,0.99)
CRT- ST 0.59 13 36 0.24 23 64
millisecond (0.04,0.82) (0,0.68)
CRT-DT 0.90 11 30 0.70 17 47
millisecond (0.77,0.96) (0.29,0.87)

Note. BESS: Balance Error Scoring System, CI: confidence interval, CRT: clinical reaction time,
DT: dual-task, ICC: intra-class correlation coefficient, MDC: minimal detectable change, SEM:
standard error of measurement, ST: single-task, TGTT: time required to complete the Tandem Gait

Test.
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Table 4-4: Kappa Statistic (k) Estimates for the Pass/Fail Task in the Tandem Gait Test

Table 4: Kappa Statistic (k) for the Pass/Fail Task in the Tandem Gait Test (n=23)

Intra-rater

Inter-rater

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
K(95%CI) | «(95%CI) | k(95%CI) | «(95% CID) | «(95% CI) | x(95% CI)

Single- 0.03 0.23 0.64 * 0.17 0.28 0.37 *
Task (0,0.52) (0,0.80) (0.1,1) (0,0.52) (0,0.68) (0.09,0.78)

Dual- 0.23 0.32 0.40 * 0.58 * 0.59 * 0.83 *
Task (0,0.80) (0,0.91) (0.01,0.96) | (0.01,1.00) | (0.01,1.00) | (0.13,1.00)

Note. *p<0.05, CI: confidence interval.
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Table 4-5: Summary Data Associated with Bland-Altman Plots for the BESS, TGT, and CRT

under Single-Task and Dual-Task Testing Conditions

Table 5: Summary Data Associated with Bland-Altman Plots

Mean Difference 95% LOA Mean Difference 95% LOA

Test (SD) T1 to T3 (SD) S1to S2
T1to T3 S1 to S2

BESS-ST 2.5(6.3) -9.8t0 14.8 0.2(2.2) -42t04.5

errors

BESS-DT 2.1(7.1) -11.7t0 15.9 0.1 (3.5) -6.8 t0 6.9

error

TGTT-ST 2.8(3.9) -4.8t010.3 1.8 (3.2) -4.5t0 8.3

second

TGTT-DT 1.3 (2.3) -33t05.9 1.2 (1.9) -2.7t05.1

second

CRT-ST 3.0 (29.6) -54.9 t0 61.0 4.3 (23) -40.9 to 49.6

milliseconds

CRT-DT 6.5 (26.0) -44.5 to 57.5 0.8 (17) -33.0 to 34.7

milliseconds
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Note. BESS: Balance Error Scoring System, CRT: clinical reaction time, DT: dual-task, LOA:
limits of agreement, S: session, SD: standard deviation, ST: single-task, TGTT: time required to

complete the Tandem Gait Test, T: trial
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4.8 FIGURES

Figure 4-1: The Balance Error Scoring System

Figure 1: The Balance Error Scoring System. Top row, firm surface condition. Bottom row,

soft surface condition. Left column, parallel stance. Middle column, single-leg stance. Right

column, tandem stance.
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Figure 4-2: The Tandem Gait Test

Figure 2: The Tandem Gait Test. (a) Starting point. (b) Heel-to-toe walking. (c) Turning. (d) heel-

to-toe walking back to the starting point.
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Figure 4-3: The Clinical Reaction Time Test

Figure 3: The Clinical Reaction Time Test. (a) Demonstration of the starting athlete and tester

positioning. (b) Demonstration of the post-drop athlete and tester positioning.
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Figure 4-4: Bland-Altman plot of the Tandem Gait Test

Figure 4. Bland-Altman plot of the difference in the single-task Tandem Gait Test (seconds)
between sessions one and two against the mean difference. The solid horizontal lines represent the

mean difference. The dashed horizontal lines represent the 95% upper and lower limits of

agreement.
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CHAPTER 5- POSTURAL CONTROL ASSESSMENT FOLLOWING SPORT-
RELATED CONCUSSION: THE DEVELOPMENT AND RELIABILITY OF A NEW

SPORT-SPECIFIC TEST

ABSTRACT

Background: Sport-related concussion can be associated with impaired postural control.
Currently, there is a lack of a standardized sport-related postural control test that can be used to
examine postural control recovery status following sport-related concussion. This study aimed to
develop a sport-related postural control test that is appropriate for SRC, and evaluate its reliability

(inter and intra) in a sample of uninjured active youth and young adults.

Methods: The sport-related postural control test (consisting of two components) was developed
using the scale development framework of Johnson and Morgan. Two raters independently
assessed 23 uninjured active adolescent and young adults [40% female; median age 17 years]
during three trials performed in session one. One rater repeated the assessment of all participants
later on the same day (session two). The average test component’s scores across trials were used
to calculate intra-rater (between-session) and inter-rater (within-session) intraclass correlation
coefficient (ICC), standard error of measurement (SEM), minimal detectable change (MDC), and
Cohen’s Kappa coefficient (k) as appropriate. Bland-Altman plots were used to assess for

systematic error.

Results: The ‘Turn and Go’ and ‘Lateral Shuffle’ components were developed. Estimated ICCs,
SEMs, MDCs, and k for the two components ranged from 0.85 to 0.97, 0.3 to 0.7, 0.9 to 2.0, and

0.23 to 0.90, respectively. Participants’ performance on both components improved from trial one
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to trial three (mean difference ranged from 0.54 to 0.95 seconds), which may represent a learning

effect.

Conclusion: The ‘Turn and Go’ and ‘Lateral Shuffle’ components of the sport-related postural
control test demonstrated reliability in uninjured active youth and young adults. Future studies
examining their psychometric properties in injured active youth and young adults are required

before widespread use in clinical settings.
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5.1 INTRODUCTION

By definition, postural control is a complex motor task that requires continuous interaction
between multiple systems.[1] The underlying systems include sensory strategies, control of
dynamics, movement strategies, cognitive contributions, orientation in space, and biomechanical
elements (see Table 3 — 1 for definitions of each system).[2, 3] Postural control impairments may
result from deficits in one or more of the underlying systems due to pathologies and\or injuries
that affect the brain. Examples include Parkinson’s disease,[4] traumatic brain injuries,[1] and

sport-related concussion (SRC).[2] Sport-related concussion is the focus of this article.

SRC is defined as a traumatic brain injury induced by a biomechanical force.[5] As a complex
injury, SRC can be associated with deficits in several underlying systems of postural control
including sensory integration, control of dynamics, and movement strategies (reaction time, the
minimal time required to respond to a stimulus).[1, 5, 6] Hence, it is essential that postural control
status is assessed following SRC to understand changes that occur following injury. Understanding
how postural control changes with recovery can also inform return-to-play (RTP) decisions.[5]
Clinically, full postural control recovery following SRC is defined as a return to normal postural
control levels.[5] According to the current model of best practice, this is established by comparing
an injured athlete’s postural control ability to pre-injury (baseline) values.[5] The most commonly
used clinical assessments of postural control following SRC include the Balance Error Scoring
System (sensory integration),[5] Tandem Gait Test (control of dynamics),[5] and Clinical Reaction

Time (reaction time).[7]
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While these test are clinically feasible, they do not assess the ability to control posture while
performing specialized movements involved in sport (sport-related movements).[8] Consequently,
injured athletes may be cleared for RTP despite ongoing postural control impairments,[9] which
may increase the risk of future injury.[10] To overcome this limitation, there has been a call for
sport-related postural control tests that can be incorporated into the multifaceted assessment
following SRC.[8] The purpose of this study was to develop a sport-related postural control test
that is appropriate for SRC, and evaluate its reliability (inter and intra) in a sample of uninjured

active youth and young adults.

5.2 METHODS

The sport-related postural control test was developed using the scale development framework of
Johnson and Morgan.[11] Intra-rater (between-session) and inter-rater (within-session) relative
and absolute reliability of the components of the final test were assessed in a sample of uninjured
active individuals. Ethics approval (No: Pro00077091, Date: December 19, 2017) was acquired
from the University of Alberta Health Research Ethics Board. Participants provided written

consent and/or assent prior to data collection as appropriate.

According to the Johnson and Morgan framework, scale development involves five steps: (1)
defining the measurement construct; (2) generating a preliminary item pool through literature
review and discussion with experts; (3) item pool review by the research team and content experts;
(4) pilot testing with participants/patients; and (5) dissemination of the developed tool.!! As this

framework was originally designed for the development of self-report survey scales, it was adapted

141



for the postural control test (i.e., instead of generating a pool of potential survey items, we focused

on generating a pool of clinical tests).

5.2.1 Defining the Measurement Construct

We informally reviewed the scientific literature to identify the underlying systems of postural
control that can be affected following SRC. Articles were assembled through PubMed and Google

2 ¢

Scholar searches using the combinations of the following terms: “concussion”, “traumatic brain
injury”, “balance”, “postural control”, and “athletes”. We focused on studies examining postural
control recovery status with performance-based laboratory and clinical tests in individuals with

SRC. Only articles with human participants published in the English language were included. No

limitations on study design and year of publication were used.

5.2.2 Generating a pool of potential clinical postural control tests

A stepwise process was used to generate a preliminary pool of clinical postural control tests. After
summarizing the tests used to evaluate postural control following SRC in the literature, we
consulted a physical therapist (CI) with experience in the management of SRC to determine
whether a comprehensive list of all tests that are commonly used by clinicians were included.
Additional tests were added to the list if needed. We then reviewed the list of tests to identify
whether the included tests assessed postural control while performing specialized movements
involved in sport. If none of the included tests evaluated postural control while performing
specialized movements involved in sport, we developed a new sport-related postural control test.
Initially, we informally reviewed the current scientific literature to identify specialized movements

that are commonly involved in sport. Articles were assembled through PubMed and Google
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Scholar searches using the combinations of the following terms: “performance”, “physical
characteristics”, “physical quality”, and “athletes”. Only articles with athletes published in the
English language were included. We, next, organized the identified specialized movements into a
testing protocol that challeneged systems of postural control that may be affected following SRC.
Potentially affected systems of postural control were identified from the “defining the

measurement construct” step illustarted above. Disagreement in the selected specialized

movements was resolved by the investigative team’s consensus.

5.2.3 Expert review of clinical postural control tests

A group of content experts (i.e., neurologist, a neuropsychologist, and two physical therapists)
reviewed the preliminary pool of clinical tests. Each of the content experts had more than five
years of experience in SRC management and was involved in research studies related to the
assessment and management of SRC. The content experts reviewed the comprehensiveness (i.e.,
whether all clinical tests that clinicians commonly use for postural control assessment in SRC were
included), and relevance (i.e., are the clinical tests relevant for examining postural control recovery
status following SRC?) of the preliminary pool of clinical tests.[12] The lead investigator used
‘one-to-one interviews’ to obtain and document (in writing) the experts’ feedback. Content
experts’ feedback was reviewed to inform changes to the preliminary pool of clinical tests.
Disagreement in the preliminary pool of clinical tests was resolved by the investigative team’s

consensus.

5.2.4 Pilot testing
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We assessed the feasibility of the preliminary version of the sport-related postural control test.
Specifically, we examined the clarity of instructions (i.e., whether the provided instructions were
understood by participants and appropriately worded), workflow (i.e., any difficulties while
performing the tasks), duration, safety (i.e., were there any unexpected adverse events such as
falling, injuries, or increased SRC related symptoms?). Feedback from evaluators and participants
was reviewed to inform changes to the preliminary version of sport-related postural control test.
Next, we evaluated the relative and absolute reliability (intra and inter) of the components of the
final version of the sport-related postural control test in a sample of uninjured active youth and

young adults.

5.2.4.1 Participants

We recruited a volunteer sample of uninjured active (Cincinnati Sports Activity Scale level one or
two) [13] youth and young adults (13 — 24 years of age) from a university-based sports medicine
clinic, private physiotherapy clinics, or local sports organizations. Participants were recruited
through advertisements, social media, and word of mouth. Exclusion criteria included: (1)
Cincinnati Sport Activity Scale levels three or four; (2) lower extremity injury that caused absence
from recreational/sport activities greater than one week within the last three months; (3) sinus or
inner ear infection over the week prior to testing; (4) uncorrectable vision dysfunction at time of
testing; (5) history of cognitive deficits; (6) history of attention deficit hyperactivity disorder; or

(7) non-English speaking.

We planned to recruit 10 participants to assess the feasibility of the the preliminary version of the

sport-related postural control test. The sample size required for reliability testing was 18
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participants calculated based on guidelines provided by Walter et al [14] when § = 0.20, a = 0.05,
and a desired intra-class correlation coefficient (ICC range) of 0.75 (minimally acceptable ICC) to

0.90 (the optimal ICC value for measures used in clinical practice).[15]

5.2.4.2 Procedures

Data were collected at a private physiotherapy clinic. On the day of testing, participants reported
demographic (i.e., sex, age, and the primary played sport) and medical history (i.e., history of
previous concussions and current medications) information using a questionnaire adapted from the
Sports Concussion Assessment Tool—-5™ edition.[16] To assess the feasibility of the sport-related
postural control test, three investigators (TM, JLW, DPG) and a physical therapist (CI) examined
participants’ postural control during the test using its preliminary version in one session. Using a
cognitive interviewing method (i.e., think-aloud) the lead investigator (TM) documented (in
writing) evaluators’ and participants’ feedback,[17] the time required to complete the test and
number of adverse effects (i.e., falls, injury, or increased symptoms). The investigative team met
to discuss feedback from the evaluators and participants, and modified the preliminary version of
the sport-related postural control test. The absolute and relative reliability of the final test’s
components was then assessed. Two raters (TM and CI) assessed participants as they completed
three trials of the test’s components twice within one day. The two raters independently rated and
recorded individual participant’s performance on the test’s components during testing session one.
One rater (TM) repeated rating the performance of all participants on the test’s components later
on the same day (session two). Each of the two raters had more than five years of experience in
postural control assessment following SRC, and met before data collection to review and discuss
the test instructions and scoring procedures. During the two testing sessions, the Turn and Go
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component was performed first followed by the Lateral Shuffle component. Participants were
given approximately a one-minute rest between trials to minimize fatigue. The raters followed a
specific script for the sport-related postural control test to standardize test instruction between

raters and testing sessions.
5.2.4.3 Analysis

Descriptive statistics [mean (standard deviation), median (range) or proportion as appropriate]
were used to summarize all outcomes. For continuous outcomes, ICC»,1 with 95% confidence
interval (CI)], based on trial one and the average of three trials, were calculated to estimate relative
intra-rater and inter-rater reliability.[ 18] Measurement precision [standard error of measurement
(SEM = pooled Standard Deviation x (V1 - ICC)],[15] and minimal detectable changes at the 95%
confidence level (MDC95 = 1.96 x SEM x V2), based on trial one and the average of three trials,
were calculated to estimate absolute intra-rater and inter-rater reliability.[ 19] Bland-Altman plots
(i.e., mean difference and 95% limits of agreement) were used to assess for systematic bias
between the first and third trial at session one, and between sessions (the average of three trials at
session one minus the average of three trials at session two) of the sport-related postural control
test’s components using data from rater one (TM).[20] For dichotomous outcomes, Cohen’s Kappa
(x) coefficient with 95% CI were calculated for three trials to estimate intra-rater and inter-rater
agreement.[21] All analyses were performed using IBM SPSS 25 for Windows (Armonk, New

York).
5.3 RESULTS

5.3.1 Defining the measurement construct
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The literature review revealed that postural control impairment stemming from SRC is a
multidimensional construct that involves deficits in numerous systems underlying postural control
including movement strategies (reaction time), control of dynamics (gait), sensory strategies
(sensory integration), and cognitive contributions (dual-task).[22] Further, that these impairments
are task dependent. For instance, athletes with a diagnosis of SRC demonstrate greater postural
control impairment while performing dual-task assessments (i.e., controlling posture with a
secondary cognitive task) as compared to single-tasks (i.e., controlling posture without a secondary
cognitive task).[22] Accordingly, it has been hypothesized that athletes with a diagnosis of SRC

may demonstrate postural control impairments while performing sport-related movements.[23]

5.3.2 Generating a pool of potential clinical postural control tests

The literature search identified several clinical tests that are commonly used to examine postural
control recovery status following SRC. These include the Balance Error Scoring System,[24]
Clinical Test of Sensory Interaction in Balance,[25] Clinical Reaction Time,[7] Dynamic Gait
Index,[26] Functional Gait Assessment,[26] modified-Balance Error Scoring System,[16]
Romberg Test,[25] Standing Balance Test,[26] Stroop Test,[27] Tandem Gait Test,[16] and
Walking While Talking Test.[26] The content expert confirmed these findings. As our search did
not identify tests for examining postural control recovery status during sport-related movements,

we focused on designing a preliminary version of a new sport-related postural control test.

Based on the literature review, we concluded that a rapid whole-body movement with change of
velocity and/or direction is commonly involved in sport.[28-31] Based on this conclusion and other

findings from the “defining the measurement construct” step, we designed the preliminary version
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of the sport-related postural control test to involve: (1) running with frequent change of direction,
(2) an external stimuli to challenge reaction time, (3) a timed running in a narrow base-of-support
to challenge velocity and medial-lateral center-of-mass displacement, (4) repeated turns to
challenge the vestibular system and head-eye movement, and (5) a divided-attention task to
increase the complexity of the test, which may assist in detecting postural control impairments.[32]
The figure 1 in appendix 4 presents a full description of the preliminary version of the sport related
postural control test, which consisted of one component (referred to hereafter ‘Turn and Go

component’).

5.3.3 Expert review of clinical postural control tests

The content experts supported findings from the literature review and confirmed the
comprehensiveness and relevance of the preliminary pool of clinical postural control tests
including the newly developed sport-related postural control test. One of the reviewers
(neurologist) suggested adding a patient-reported outcome measure that captures participants’
symptoms after performing the sport-related postural control test to make it more comprehensive.
Based on this, the 21-item adolescent (ages 13-18 years) version of the Post-Concussion Symptom
Inventory was added to the protocol.[33] The Post-Concussion Symptom Inventory has been
validated for use with adolescent following SRC. It has moderate to strong test-retest reliability
(ICCs = 0.65-0.89).[33] In the current study, participants completed the Post-Concussion

Symptom Inventory before and after completing the sport-related postural control test.

5.3.4 Pilot testing
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5.3.4.1 Participants

Of 45 individuals who expressed interest in participating in the study, four did not meet the
inclusion criteria (history of concussion within the year prior to testing), three declined to
participate (time constraints), and nine did not respond to communications, leaving a sample of 29
participants. One participant withdrew after consenting, but prior to testing for undisclosed
personal reasons. Participant characteristics are summarized in Table 1. While we initially planned
to evaluate the feasibility of the preliminary version of the sport-related postural control test after
the initial 10 participants were enrolled, we decided to stop recruitment after the initial five
participants as we reached a saturation point (i.e., no new information was being provided by the
evaluators or participants). For reliability testing, 23 participants completed two sessions of testing.
While 22 participants (95%) attended the second session within 4 hours after testing session one,
one participant attended the second session within 22 hours after session one. Nine of the
participants (39%) had suffered a concussion greater than one year prior to testing. One participant

(4.3%) reported current use of antibiotics for acne.

5.3.4.2 Feasibility

Table 1 presented in appendix 4 shows comments made by the evaluators and participants involved
in testing the feasibility of the preliminary version of the sport-related postural control test along
with the revisions that were made. The median total time a participant required to complete the
preliminary sport-related postural control test was 16.9 seconds (ranging from 13 to 22 seconds).
No adverse effects were documented during feasibility testing. Figure 1 shows the final version of

the sport-related postural control test, which consisted of one component (i.e., the ‘Turn and Go’
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component. The Turn and Go component involves forward running and turning. One of the
investigative team (JW) suggested adding another component to the sport-related postural control
test that involves side-shuffling and backward running as these movements are typically performed
during sport-participation. Based on this, another component of the sport-related postural control
test (referred to hereafter ‘Lateral Shuffle component”) was added to the test. Both the Turn and
Go and Lateral Shuffle components are scored based on the amount of time (seconds) participants
require to complete the component and a subjective (pass\fail) assessment of participants’ ability
to perform the component. Appendix 5 shows the Turn and Go and Lateral Shuffle components

with scoring, examiner, and patient instructions.

5.3.4.3 Reliability

Summary statistics for participants’ performance on the Turn and Go and Lateral Shuffle
components are summarized by session and rater in Table 2. Table 3 summarizes reliability
estimates for the time assessment of the components calculated using trial one and an average of
all three trials. While all ICCs estimates calculated based on the average of three trials were > 0.75,
only one was > 0.75 when calculated based on trial one. Overall, administering the Turn and Go
and Lateral Shuffle components three times and averaging the three trials provided lower SEMs
and MDCs. Table 4 presents intra- and inter-rater Cohen’s k estimates for the pass/fail assessment

of the Turn and Go and Lateral Shuffle components.

Table 5 summarizes the mean difference (SD) and 95% limits of agreement associated with Bland-

Altman plots for between trials and between sessions of the Turn and Go and Lateral Shuffle
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components. There was a positive shift in the difference scores between trials and between sessions

related to both components (see Figure 2).

On further analysis, we observed that the average of three trials provided higher intra- and inter-
rater reliability (ICC ranged from 0.85 to 0.97) estimates compared to trial three (ICC ranged from
0.84 to 0.91) of the Turn and Go and Lateral Shuffle components. Further, the positive shift seen
in the Bland-Altman plots for both components persisted between trials one and two (mean
difference ranged from 0.17 to 0.51), as well as trials two and three (mean difference ranged from

0.37 to 0.44). The positive shift seen remained after stratifying the analysis by age and sex.

5.4 DISCUSSION

We have proposed a sport-related postural control test that is appropriate for SRC, and evaluated
its reliability (inter and intra) in a sample of uninjured active youth and young adults. Our analysis
suggests that averaging observations across three trials produced higher relative and absolute intra-
(between-session) and inter- (within session) rater reliability for the time assessment of the
components (see Table 3). The reliability and precision of the pass\fail assessment of the
components, however, are low (see Table 4). Overall, participants’ performance improved from
trial one to trial three and session one to session two (see Figure 2), which suggests the possibility

of a learning effect.

To the best of our knowledge, the High-Level Mobility Assessment Tool is the only feasible (i.e.,
available without associated cost) scale used in SRC that extends postural control assessment
beyond standing and walking tasks.[34] The tool involves a running item that requires an injured

individual to cover a distance of 20 meters with the middle 10 meters being timed. A tested
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individual fails the running item if unable to keep a consistent flight phase during testing.[34]
Although the High-Level Mobility Assessment Tool demonstrated comparable test-retest
reliability (ICC = 0.88) in healthy adults (age ranged from 18 to 25 years),[34] it does not
encapsulate the full range of sport-related movements (i.e., forward running, turning, backward
running, and side-shuffling) that should be examined prior to making a RTP decision following

SRC.

Studies involving instrumented assessments (e.g., instrumented motion capture) of postural control
under complex tasks (e.g., walking with secondary cognitive tasks) have identified deficits well
beyond clinical postural control recovery (i.e., 3-5 days for Balance Error Scoring System to return
to baseline) after SRC. This observation further supports the need for a more challenging measure
of post-SRC postural control. Unfortunately, the instrumented measures used in these studies are
not clinically feasible given the time, cost and need for specialized equipment and technicians. Our
findings suggest that the use of the Turn and Go and Lateral Shuffle components may help to fill
the gap between the laboratory and clinical assessments of postural control following SRC, given

the minimal cost, training, and time required to perform the components.

The proposed Turn and Go and Lateral Shuffle components demonstrated reliability in uninjured
youth and young athletes. Our preliminary findings suggest that interpreting the mean score from
three administrations of the components produces the most reliable time scores. Further, there is a
95% probability that a change of 1.8 seconds for the Turn and Go component and 1 second for the
Lateral Shuffle component is due to a change in postural stability rather than variability in trial
scores by a single rater. There is a 95% probability that a change of 0.9 seconds for the Turn and
Go component and 2 second for the Lateral Shuffle component is due to a change in postural
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stability rather than variability in scores between raters. Finally, multiple components exposures
may lead to improved postural control due to a learning effect, which can be eliminated by

implementing a practice session before final testing.

5.4.1 Strengths and Limitations

The main strengths of the current study are that the content of the Turn and Go and Lateral Shuffle
components was established based on a review of scientific literature and consultation with
experts, and their reliability was evaluated using relative reliability (ICC > 0.75) and absolute
reliability (SEM and MDC) methodologies. However, this study has limitations. Specifically, the
order of test’s components administration was not random, which added standardization but may
have contributed to the observed learning effect. Further, the generalizability of our findings to
injured youth and young adults is limited as we recruited only uninjured participants. As the
majority (65.2%) of the recruited sample played hockey, ringette, or soccer, the generalizability of
our findings to different sports may be limited. Similarly, the generalizability of our findings to

females may be limited due to the fact that the majority (61%) of the recruited sample were males.

The current study is a first step toward establishing a line of research that evaluates the clinometric
properties of a sport-related postural control testing protocol for identifying postural control
deficits in adolescents and young adults with SRC. Future studies examining the reliability,
validity, and responsiveness of the Turn and Go and Lateral Shuffle components in injured youth

and young adult athletes are required before widespread use in clinical settings.

5.5 CONCLUSION
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The proposed Turn and Go and Lateral Shuffle components of a sport-related postural control test
demonstrated feasibility and reliability in uninjured active youth and young adults. Further
assessment of the clinometric properties of the components in injured active youth and young

adults is required before widespread use in clinical settings.
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5.7 TABLES

Table 5-1: Participant Characteristics

Table 1. Participant Characteristics (n=23)

Group

Feasibility Sample Reliability Sample
Characteristic (n=5) (n=23)
Sex (female %) 2 (40%) 9 (39.1%)
Age (years), median (min-max) 14 (13-19) 17 (13-24)
Main played sport (%) Hockey (60%) Hockey (22%)
History of previous concussion (%) 0 (0%) 9 (39.1%)
Current medication (yes %) 0 (0%) 1 (4.3%)
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Table 5-2: Summary Statistics for the Sport-Related Postural Control Test by Variation, Session, and Rater

Table 2: Summary Statistics for the Sport-Related Postural Control Test by Variation, Session, and Rater (n=23)

Test Session 1, Rater 1 Session 1, Rater 2 Session 2, Rater 1
TI | T2 | T3 | Average | T1 | T2 | T3 | Average | T1 | T2 | T3 | Average
Turn and Go (seconds) 17 |1 17 | 17 17 17 | 17 | 16 17 16 | 16 | 16 16
D1 O My D 1O O™ ©® © | © 1O O
Turn and Go (% pass) 60 | 87 | 78 75 73 | 91 | 78 80 52 | 87 | 87 75
Lateral Shuffle (seconds) 17 | 17 | 16 17 17 | 16 | 16 17 17 | 17 | 16 17
(12) 1 A0y & | O (@3 [|Ua2) | ®) | 10 | A dn 7 10)
Lateral Shuffle (% pass) 69 | 73 | 73 71 56 | 69 | 73 66 65 | 60 | 69 65

Note. Values are presented as median (range) or percentage. Lateral Shuffle: a sport-related postural control test that involves side-

shuffling and backward running, T: trial. Turn and Go: a sport-related postural control test that involves forward running and turning
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Table 5-3: Intra- and Inter-Rater ICC, SEM, and MDC for Time Component of the Sport-Related Postural Control Test

Table 3: Intra- and Inter-Rater ICC, SEM, and MDC for Time Component of the Sport-Related Postural Control Test

(n=23)

Estimates Based on Trial 1

Intra-rater

Inter-rater

ICC (2,1) ICC (2,1)

(95% CI) SEM MDC (95% CI) SEM MDC
Turn and Go 0.38 1.4 3.8 0.70 1.0 2.8
(seconds) (0,0.67) (0.41,0.86)
Lateral Shuffle 0.87 0.9 2.6 0.42 2.7 7.4
(seconds) (0.68,0.94) (0.02,0.70)

Estimates Based on the Average of Three Trials

Turn and Go 0.85 0.7 1.8 0.97 0.3 0.9
(seconds) (0.43,0.94) (0.93,0.98)
Lateral Shuffle 0.94 0.6 1.0 0.92 0.7 2.0
(seconds) (0.87,0.97) (0.82,0.96)
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Note. CI: confidence interval, ICC: intra-class correlation coefficient, Lateral Shuffle: a sport-related postural control test that involves
side-shuffling and backward running, MDC: minimal detectable change, SEM: standard error of measurement, Turn and Go: a sport-

related postural control test that involves forward running and turning
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Table 5-4: Kappa Statistics for the Pass/Fail Component of the Sport-Related Postural Control Test

Table 4: Kappa Statistics for the Pass/Fail Component of the Sport-Related Postural Control Test (n=23)

Intra-rater

Inter-rater

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
Test Version
K (95% CI) K (95% CI) K (95% CI) K (95% CI) K (95% CI) K (95% CI)
Turn and Go 0.47 * 0.23 0.40 * 0.71 * 0.77 * 0.48 *
(0.05,0.88) (0,0.98) (0,1) (0.05,1) (0.24,1) (0.08,1)
Lateral Shuffle 0.90 * 0.51 * 0.46 * 0.72 * 0.46 * 0.54 *
(0.43,1) (0.04,0.96) (0,0.95) (0.82,1) (0,0.95) (0.03,1)

Note. *p<0.05. CI: confidence interval, Lateral Shuffle: a sport-related postural control test that involves side-shuftling and backward

running, T: trial. Turn and Go: a sport-related postural control test that involves forward running and turning




Table 5-5: Summary Data Associated with Bland-Altman Plots for the Components of the Sport-Related Postural Control Test

Table 5: Summary Data Associated with Bland-Altman Plots

Mean Difference (SD) 95% LOA Mean Difference (SD) 95% LOA
Test Version T1to T3 T1to T3 S1 to S2 S1 to S2
Turn and Go (second) 0.5(1.6) -2.6t0 3.7 0.8 (1.0) -1.1t0 2.8
Lateral Shuffle (second) 0.9 (1.3) -1.7t0 3.6 0.3 (1.0) -1.7t02.4

Note. Lateral Shuffle: a sport-related postural control test involves side-shuffling and backward running, LOA: limits of agreement, S:

session, SD: standard deviation, T: trial, Turn and Go: a sport-related postural control test involves forward running and turning.

165



5.8 FIGURES

Figure 5-1: The Design of the Final Version of a Sport-Related Postural Control Test for

Postural Control Assessment following Sport-Related Concussion
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Figure 1. The design of the final version of a sport-related postural control test for postural control
assessment following sport-related concussion. The gray area shows the starting point. Five paths
are arranged on the floor in a semicircle at different angles (0, 45, and 90 degrees) from the midline.
The length and width of each path are standardized at 170 and 38 centimeter, respectively. A tested
individual is asked to run from the starting point, pass beyond the end points (tape-strips that are
shown as double lines in the figure) at the end of each path with both feet, turn around, and run
back to the starting point. The order of endpoints are randomly assigned by the examiner (each
endpoint has a different colour of tape). Total time an injured athlete needs to complete the task
(moving through five paths) and ability to stay within the assigned paths (pass/fail) are record. A

tested individual fails if stepps off the assigned path.
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Figure 5-2: Bland-Altman Plots of the Difference in Sport-Related Postural Control Test

between Trials and Sessions against the Mean Difference

Figure 2. Bland-Altman plots of the difference in sport-related postural control test between (A
and B) trials one and three in session one, and (C and D) sessions one and two against the mean
difference. The solid horizontal lines represent the mean difference. The dashed horizontal lines

represent the 95% upper and lower limits of agreement.
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CHAPTER 6- THE FUNCTIONAL ASSESSMENT OF BALANCE IN CONCUSSION

(FAB-C) BATTERY

ABSTRACT

Background: Currently, there is no clinical tool that assesses multiple components of postural

control potentially impacted by sport-related concussion (SRC).

Objective: To examine the feasibility and preliminary construct validity of a novel SRC postural

control assessment battery; the Functional Assessment of Balance in Concussion (FAB-C).

Methods: Tests for inclusion in a FAB-C battery were identified through a search of the evidence,
taking into consideration tests’ purposes and clinimetric properties. The feasibility and construct
validity of the battery was assessed with a convenience sample of active youth (13—17 years) and
young adults (18-24 years) with and without a SRC. Feasibility outcomes included battery
completion, correlation patterns between tests included in the battery, number of adverse events,
time to administer and cost of the battery. Construct validity was assessed by describing
differences [mean (standard deviation), median (range) or proportion] in outcomes between

uninjured participants and participants with SRC.

Results: Seven tests that examine different components of postural control under single-task, dual-
task, and sport-specific testing paradigms were included in the FAB-C battery. All 40 uninjured
participants [21 youth, 12 female; median age 17 years] completed the entire FAB-C assessment
compared to 86% of seven participants with SRC [six youth, 1 female; median age 17]. Limited

correlations (r<0.7) between tests included in the battery were observed. No participants
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demonstrated adverse effects. The cost of the battery was low (~$100 CAD) and the median
administration time of the battery was 49 minutes (range from 44 to 60). A greater percentage of
uninjured participants (52% to 82%) passed individual battery component tests compared to

participants with SRC (17% to 66%).

Conclusion: Although promising, the newly developed FAB-C battery requires further evaluation
including reliability and validity before widespread clinical use. The FAB-C battery provides
clinicians with a comprehensive clinical tool that examines multiple components of postural

control that can be affected following SRC.
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6.1 INTRODUCTION

Adequate postural control is a prerequisite for safe sports participation.[1] Postural control is a
complex task requiring continuous interactions between biomechanical, sensory, motor and
cognitive contributions. The components of postural control have been conceptualized to include:
(1) movement strategies, (2) control of dynamics, (3) sensory strategies, (4) cognitive
contributions, (5) orientation in space, and (6) biomechanical elements (see Table 3 - 1). Postural

impairments may result from deficits in one or more of these components.[2, 3]

Sport-related concussion (SRC) is a traumatic brain injury induced by a biomechanical force.[4]
Impaired postural control is a common sign of SRC, presents in up to 80% of athletes who suffer
a SRC.[5] Accordingly, postural control assessment is critical for SRC diagnosis and return-to-
sport (RTS) decisions. The most commonly used clinical (i.e., non-instrumented) postural control
assessment tools for SRC, Balance Error Scoring System (BESS) and modified Balance Error
Scoring System (m-BESS) are relatively inexpensive and easy to administer.[4, 6] These tools are
based on the premise that SRC postural control impairments are the result of sensory deficits alone,
which have been shown to resolve within three to five days following injury.[7] In fact, more
sophisticated laboratory tests of postural control have demonstrated that SRC postural control
impairments are also associated with motor and cognitive deficits that may persist beyond five
days.[8] Given that typical standing postural control tests are unable to challenge cognitive and
motor resources, additional tests are required to evaluate the potential postural control

consequences of SRC.[9-11]
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Given the inadequacies of common clinical tests and limited feasibility of using laboratory
measures in clinical settings,[12] it is plausible that an athlete may be cleared for RTS despite
ongoing postural control impairments, which may increase their risk of future injury.[13] In
response to this problem, there is a need for comprehensive clinical methods to assess postural
control following SRC.[4, 10, 11] The primary objectives of the current study were to describe
the development and refinement of a comprehensive battery that assesses the sensory, motor, and
cognitive components of postural control that may be impacted by a SRC, the Functional
Assessment of Balance in Concussion (FAB-C) battery, and to examine its feasibility in a sample
of active, uninjured youth and young adults. A secondary objective was to examine differences in
the performance of FAB-C battery components between uninjured youth and young adults and

those who had recently RTS following SRC.

6.2 METHODS

6.2.1 Development of the FAB-C battery

The development of the FAB-C battery was guided by a recently proposed model of postural
control assessment following SRC (see Figure 3-2).[14] This model proposes that a comprehensive
assessment of postural control following a SRC should include clinical tests that challenge sensory
strategies, control of dynamics, movement strategies, and cognitive contributions components of

postural control under single-task, dual-task, and sport-specific testing paradigms.

To identify tests that challenge sensory strategies, control of dynamics, movement strategies, and
cognitive contributions components of postural control under single-task, dual-task, and sport-

specific testing paradigms for possible inclusion in the FAB-C battery, we initially consulted the
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scientific evidence-base to identify existing clinical tests with established clinometric properties.
This list was reduced by comparing existing clinical tests’ purposes (i.e., the evaluated component
of postural control) and clinimetric properties. Findings from the aforementioned steps were used
to develop an unrefined version of the FAB-C battery, which was further examined for feasibility
and preliminary construct validity. The final version of the FAB-C battery created is a first step
toward establishing a line of research that evaluates the clinometric properties and clinical utility
of'a comprehensive battery that assesses the sensory, motor, and cognitive components of postural

control that may be impacted by a SRC.

6.2.2 Participants

We initially planned to recruit a convenience sample of active (Cincinnati Sports Activity Scale
level one or two),[ 15] youth athletes (13—17 years of age) who either recently RTS following SRC
or without a concussion from private physiotherapy clinics, sport organizations, through
advertisements, social media, and word of mouth between December 2017 — May 2019. To
enhance the generalizability of our findings, we expanded the eligible range of age to include
young adult athletes (18 — 24 of age) given the high incidence of SRC among youth and young
adult athletes.[16, 17] Participants with SRC must have been diagnosed with SRC as per the
International Consensus on Concussion in Sport [4] have returned to sport (i.e., unrestricted return
to practice, game, or competition) within the 60 days prior to testing. Uninjured participants were
individuals who had not been diagnosed within the past year. Participants were excluded if they
were not active in recreational or competitive sport; reported a history of lower extremity injury
that caused absence from recreational/sport activities greater than one week within the last three
months, inner ear or sinus infection over the week prior to testing, uncorrectable (i.e., neither with
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vision glasses nor contacts) vision dysfunction at time of testing, history of cognitive deficits such
as concentration abnormalities, history of attention deficit hyperactivity disorder; or were non-
English speakers. Ethics approval was acquired from the the University of Alberta Health Research
Ethics Board (No: Pro00077091, Date: December 19, 2017) prior to testing. Participants and/or

their parents provided written consent and/or assent prior to data collection as appropriate.

6.2.3 Procedures

Data were collected at either a university lab or a private physiotherapy clinic. On the day of
testing, participants completed study questionnaires that gathered demographic and medical
history information. Participants were familiarized with the FAB-C testing protocol and performed
a warm-up (i.e., I minute of sidestepping, 1 minute of jogging backward, and 3 minutes of jogging
forward) prior to data collection.[18] The lead investigator, who is a physical therapist with seven
years of experience in SRC management, scored the performance of participants’ as they
completed three trials of the FAB-C battery. Short rest breaks (i.e., 1 — 2 minutes) were provided
between trials as needed. In the current study, participants performed the FAB-C testing protocol
with their shoes on to mimic a real-world on-field application of postural control testing following

an SRC. The lead investigator also recorded all feasibility outcomes of interest.

6.2.4 Outcomes

A questionnaire adapted from the Sports Concussion Assessment Tool-5th edition (SCATS5)[19]
was used to collect information on participants’ sex, age, primary sport and medical history (i.e.,
history of previous concussions, current medications, number of days since injury, number of days

since RTS, the health care provider who made a diagnosis of SRC, and the health care provider
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who made a RTS decision). Feasibility outcomes included the number of participants who
completed the entire assessment, correlation patterns between clinical tests included in the FAB-
C battery for battery refinement, potential for adverse events (i.e., falls, near-miss falls, injury, or
increased symptoms), and burden (i.e., the cost of required equipment and time required to
complete the assessment). Finally, FAB-C outcomes included the individual scores from the tests
that made up the battery. The specific outcome and clinimetric properties of these tests are reported

below.

6.2.5 Analysis

Data from participants who completed the entire testing battery were included in the analysis.
Descriptive statistics [mean (standard deviation), median (range) or proportion as appropriate]
were used to summarize all FAB-C clinical test outcomes. A multitrait Spearman's correlation
coefficient matrix was used to examine correlation patterns between clinical tests included in the
FAB-C battery to identify whether they assessed similar or unique components of postural
control.[20] The non-parametric Spearman's correlation was used given the small sample size in
this study. If the Spearman’s correlation between two clinical tests was 0.7 or higher, it was
assumed that one of them could be replaced with another clinical test based on tests’ purposes and
clinimetric properties.[21] An a level of 0.001 was chosen to judge significance while accounting
for the multiple comparisons performed. The percentage of participants who completed the entire
FAB-C battery, the percentage of participants who demonstrated adverse events during and/or
after testing, cost (in Canadian dollars) of equipment required, and average time (in minutes)
required to administer the FAB-C battery were calculated. Differences in performance on the FAB-
C battery between uninjured participants and participants who had recently RTS following SRC
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were calculated and reported using basic descriptive statistics [mean (standard deviation), median
(range) or proportion as appropriate]. All analyses were performed using IBM SPSS 25 for

Windows (Armonk, New York).

6.3 RESULTS

6.3.1 FAB-C battery development

Our literature search identified 13 clinical tests that are appropriate for SRC for possible inclusion
in the FAB-C battery. Table 1 shows the tests with their purposes and established clinometric
properties as well as our decision regarding keeping or omitting the test. This list was reduced to
seven tests taking into consideration tests’ purposes and clinometric properties. This included the
Balance Error Scoring System, Tandem Gait Test, and Clinical Reaction Time Tests in both single
and dual-task (concurrent cognitive task) testing conditions. As no sport-specific testing paradigms
were identified, we included the recently proposed Sport-Related Postural Control Test to assess
individuals’ postural control under a sport-specific testing paradigm.[22] Finally, we incorporated
a symptom checklist (The Post-Concussion Symptom Inventory)[23] to ensure the FAB-C was

comprehensive. A full description of these tests follows:

The Balance Error Scoring System. The Balance Error Scoring System is commonly used to
measure the sensory strategies component of postural control following SRC.[4] We administered
the test as previously reported. Briefly, three stances (i.e., double, single and tandem) are held for
up to 20 seconds, on both a firm and an unstable surface. Each stance is scored based on the number
of errors a participant commits, with one point given for each error. Possible errors include lifting

the hands off the iliac crests, opening the eyes, stepping, stumbling, falling, remaining out of
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position for more than 5 seconds, moving the hip into more than 30 degrees of flexion or abduction,
or lifting the forefoot or heel. A maximum of 10 points per stance is allowed. If a participant is
unable to maintain a stance for 5 seconds, a maximum score of 10 was recorded for that stance.
The total score of the test ranges from 0 to 60 and is calculated as the sum of the error points given
for each of the six stances (see Figure 4-1).[24] For the dual-task condition, participants were asked
to subtract by seven from a randomly assigned number while performing the test.[50] Consistent
with previous work,[28] we scored both the single- and dual-task Balance Error Scoring System
by averaging the number of errors a participant commits from three testing trials to obtain the most

reliable scores.

The Tandem Gait Test. The test is currently an accepted measure of the control of dynamics
component of postural control following SRC,[4] and involves walking in a forward direction as
fast and accurately as possible down and back along a 38mm-wide three-meter line using an
alternate foot heel-to-toe gait. During the test, the administrator records the time (in seconds)
required for participants to complete the test, as well as the participants’ ability to complete the
test (i.e., pass/fail). Participants fail the test if they step off the line, separate their heel and toe, or
touch the examiner or an object for support (see Figure 4-2). For the dual-task condition,
participants are asked to spell-out a five-letter word backward while performing the test.[50] To
obtain the most reliable scores for both the single- and dual-task Tandem Gait Test, we scored the
time assessment by averaging time across three testing trials, and the pass/fail assessment based

on a participant’s performance in trial three.[28]

The Clinical Reaction Time Test. The Clinical Reaction Time Test was the only clinical (i.e., non-
instrumented) test identified that measures the movement strategies (i.e., reaction time) component
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of postural control following SRC. Participants sit on a chair with the dominant hand resting
opened on a flat, horizontal table (see Figure 4-3) while an examiner vertically suspends a rigid
80cm cylinder coated in high-friction tape, marked in %2 cm increments, and affixed to a weighted
disk at one end above the participant’s hand.[51] At predetermined, random time intervals ranging
from 4 to 15 seconds, the examiner releases the apparatus and the participant grasps it as quickly
as possible. The distance the apparatus falls in centimeters is recorded by measuring from the top
of the disk to the most superior aspect of the participant’s hand. This distance is then converted to
clinical reaction time, in milliseconds, using the formula for a free body falling under the influence
of gravity (d=" gt?; where d = distance, g = 9.8 m/s?, and t = time). For the dual-task condition,
participants were asked to verbally spell a five-letter word backward while waiting for the testing
apparatus to fall.[50] Consistent with previous work,[28] we scored both the single- and dual-task
Clinical Reaction Time Test by averaging reaction time (in milliseconds) across three testing trials

to obtain the most reliable scores.

Sport-Related Postural Control Test. Currently, there is a lack of a standardized sport-related
postural control test that can be used to examine postural control recovery status following
SRC.[14] In response to this issue, Manaseer et al [22] recently developed a standardized sport-
related postural control test based on findings from the scientific literature on postural control
assessment following SRC and feedback from experts. The test includes both a ‘Turn and Go’ (i.e.,
a sport-related postural control measure which involves forward running with repeated turning in
five different directions within a limited base-of-support), and ‘Lateral Shuffle’ (i.e., a sport-
related postural control measure which involves side-shuffle and backward running in five

different directions within a limited base-of-support) components (see Figure 5-1). Both tests’
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components are scored based on time (in seconds) required for participants to complete the
components (i.e., running in five directions), as well as the participant’s ability to complete the
components (i.e., pass/fail). Tested participants fail the tests’ components if they step off the
assigned paths.[22] Consistent with this work,[22] we scored the time assessment by averaging
time across three testing trials, and the pass/fail assessment based on a participant’s ability to pass

all three testing trials to obtain the most reliable scores.

The Post-Concussion Symptom Inventory. The Post-Concussion Symptom Inventory Self-
assessment (ages 13 — 18) was used to document participants’ symptoms before and after testing.
This version of the Post-Concussion Symptom Inventory has been validated for use with
individuals following SRC, with acceptable test-retest reliability (intraclass coefficients [ICC] =

0.65-0.89).[23] In the current study, participants reported symptoms before and after testing.

6.3.2 Participant characteristics

Uninjured (see Table 2): Of 59 individuals who expressed interest in study participation, seven
did not meet the inclusion criteria (history of concussion within the year prior to testing), three
declined to participate (time constraints), and nine did not respond to communications, leaving a
sample of forty participants. The majority (70%) of uninjured participants reported hockey,
basketball, ringette, or soccer as their primary sport and two (5%) participants reported current use

of antibiotics for ongoing dermatological conditions.

Recently RTS following SRC (see Table 2): Of 9 individuals who expressed interest in participating
in the study, one did not meet the inclusion criteria (history of lower extremity injury that caused

absence from recreational/sport activities greater than one week within the last three months), and
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one declined to participate (time constraints), leaving a sample of seven participants. The majority
(85%) of recently concussed participants reported football and hockey as their primary sport. Four
(57%) participants were initially diagnosed with SRC by a physician, and three (43%) by an
athletic therapist. Three (42%) and four (58%) participants RTS based on clearance from a
physician and a physical therapist, respectively. The most frequently reported criteria for making
RTS decision included symptoms resolution (43%), individual ability to perform physical tasks

while being symptom-free (28.5%), or both (28.5%).

6.3.3 Feasibility

All (100%) uninjured participants completed the entire assessment. Table 3 summarizes
participants’ performance of the FAB-C components. Table 4 shows a multitrait Spearman
correlation matrix between various clinical tests included in the FAB-C battery. Intercorrelations
between clinical tests included in the FAB-C battery ranged from -0.33 to 0.84. Non-significant
correlations between the Balance Error Scoring System, Tandem Gait Test, Clinical Reaction Time

Test, and Sport-Related Postural Control Measures were observed.

A higher number of errors on the single-task Balance Error Scoring System was associated with a
higher number of errors on the dual-task Balance Error Scoring System (r = 0.63, p < 0.001). A
longer time on the single-task Tandem Gait Test was associated with a longer time on the dual-
task Tandem Gait Test (r = 0.52, p=10.001). A higher number of errors on the single-task Tandem
Gait Test was associated with a higher number of errors on the dual-task Tandem Gait Test (r =
0.54, p <0.001). A longer time on the Turn and Go Test was associated with a longer time on the

Lateral Shuffle Test (r = 0.84, p <0.001).
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Overall, our analysis revealed inter-item correlation coefficients that were < 0.7 between all
clinical tests included in the FAB-C battery, suggesting that these assessments are measuring
unique components of postural control. Despite the high correlation between the Turn and Go and
Lateral Shuffle components of the sport-related postural control test (r = 0.84, p < 0.001), we
decided to keep both in the FAB-C battery given that each component involves a different set of
movements required for sports participation. We, therefore, did not remove any clinical tests from
the FAB-C battery. Appendix 6 presents the FAB-C battery inclusive of scoring, examiner, and

patient instructions.

No participants demonstrated adverse events during and/or after administering the FAB-C battery.
The cost of equipment required to administer the FAB-C battery was ~$§100 CDN. The median

total time needed to administer the FAB-C battery was 49 minutes (ranging from 44 to 60 minutes).

6.3.4 Differences in performance between uninjured and injured participants

While all (100%) uninjured participants completed testing, only six (86%) participants who had
recently RTS following SRC completed the entire assessment. One (14%) recently concussed
participant withdrew after data collection due to the reproduction of SRC symptoms including
headache, dizziness, and sadness. The percentage of uninjured participants who passed the single-
task Tandem Gait Test, dual-task Tandem Gait Test, Turn and Go test, and Lateral Shuffle Test
were 67%, 82%, 60%, and 52%, respectively; compared to 50%, 66%, 0%, and 17% of participants

who had recently RTS following SRC, respectively (see Table 3).

Differences between uninjured participants and participants with SRC remained after stratifying

the analysis by age. The percentage of youth uninjured participants (n =21) who passed the single-
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task Tandem Gait Test, dual-task Tandem Gait Test, and Lateral Shuffle Test were 72%, 85%, and
39%, respectively; compared to 60%, 60%, and 0% of participants who had recently RTS
following SRC (n = 5), respectively. The adult participant who had recently RTS following SRC
and was recruited in the current study failed the Turn and Go test, which 90% (n = 17) of uninjured

adult participants (n = 19) passed.

6.4 DISCUSSION

The current study presents the FAB-C battery that aimed at targeting different components of
postural control relevant to SRC. The battery consists of seven performance-based clinical tests
and a symptom checklist, and is intended to be used in combination (and not in isolation) to
determine a patient’s postural control assessment. The battery is safe and inexpensive (i.e., its cost
is comparable to the cost of the Balance Error Scoring System, which is commonly used for
postural control assessment in SRC).[6] However, the total time required to administer the battery

is lengthy (44 — 60 minutes).

Although the FAB-C battery requires a considerable administration time, we would argue the need
for employing a comprehensive battery in clinical practice due to the fact SRC is a complex and
serious injury that requires a thorough examination regardless of the time needed.[4] A thorough
examination is key to lower the risk of subsequent injuries.[4] The time required to administer the
battery is comparable to that required to administer a comprehensive assessment of motor skills in
individuals with SRC. An example of such an assessment is the Bruininks-Oseretsky Test of Motor

Proficiency Second Edition, which requires 15 — 60 minutes to administer.[52] On the other hand,
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the proposed FAB-C battery is considerably less expensive than the Bruininks-Oseretsky Test of

Motor Proficiency.

One approach that we suggest to minimize the time required to administer the FAB-C battery is to
integrate it to the graduated RTS strategy following SRC.[4] For instance, the single-task testing
paradigm of the FAB-C battery can be used acutely (24-48 hours) following SR. Once cognitive
loading is introduced (stage 1 of the protocol), clinicians may use the dual-task testing paradigm
to examine participants’ postural control recovery status. Finally, the Sport-Related Postural
Measures can be used prior to returning an injured athlete to full-contact practice (stage 5 of the

protocol).[4]

Our analysis showed that more uninjured participants completed the entire FAB-C battery; and
passed the single-task Tandem Gait, dual-task Tandem Gait, Turn and Go, and Lateral Shuffle
tests compared to recently RTS participants (see Table 3). This observation provides preliminary
evidence of the construct validity of the FAB-C battery to identify postural control impairments in
youth and young adults who had recently RTS following SRC. This observation also supports
previous studies suggesting that some athletes with SRC may RTS with residual postural control

deficits.[13, 35]

Future studies examining the proposed FAB-C battery in active youth and young adults with a
diagnosis of SRC are required before widespread use in clinical and clinical research settings. At
this point, there is a need for studies examining the effect of different sources of variance (e.g., age,
sex, and history of SRC) within individual clinical tests included in the FAB-C battery. Findings

from these studies inform subsequent studies evaluating the clinimetric properties (i.e., validity
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and reliability) of the FAB-C battery. Future studies may also examine the clinical utility of using
total versus subdomain scoring of the FAB-C battery and capturing the accuracy of cognitive

responses included in the battery.

If the FAB-C battery is valid and reliable, it could be clinically useful and relevant. For instance,
the addition of the FAB-C battery to a standardized tool for evaluating SRC (e.g., SCATS) will
provide clinicians with a practice framework around which to assess and treat postural control
deficits after SRC. Specifically, it allows differentiating which components of postural control are
affected. This could then be used to inform the design of and evaluation of rehabilitation protocols
that target the affected components. Likewise, the FAB-C battery may assist in identifying
neuromuscular risk factors associated with increased risk for musculoskeletal injuries following
SRC.[53] This may then inform the design of and evaluation of injury prevention strategies that

target the identified neuromuscular risk factors.

6.4.1 Strengths and limitations

To the best of our knowledge, the current study presents the first clinical assessment of postural
control that aims at differentiating between potentially affected components of postural control
following SRC. This study, however, has limitations and should be interpreted in light of them.
Specifically, we recruited uninjured athletes who had no SRC over the year prior to testing, and
analyzed data from only participants who completed the entire assessment, which introduced
selection bias (i.e., a systematic difference between those people who volunteered to be part of the
study and the population).[54] The clinical tests used under the dual-task and sport-specific

domains of the FAB-C battery have not been previously validated, which introduced measurement
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bias (i.e., a systematic error that can occur in collecting relevant data).[54] The generalizability of
our findings is limited as the majority of the participants were uninjured (85%), male (63%), or
athletes who played hockey, ringette, basketball, or soccer (60%). Also, generalizability to other
environments (e.g., the field of play) and testing conditions (e.g., shoes off) should be done with
caution as participants were tested in a physiotherapy clinic and a university laboratory with their

shoes on.

Overall, more than 30% of the recruited sample failed the pass/fail component of the Tandem Gait,
Turn and Go, and Lateral Shuffle tests which suggests the presence of a floor effect. The difficulty
of cognitive tasks included in the dual-task testing category of the FAB-C battery may vary based

on education and math ability.

6.5 CONCLUSION

To the best of our knowledge, the current study presents the first clinical assessment of postural
control (i.e., the FAB-C battery) that aims at differentiating between the potentially affected
components of postural control following SRC. The battery is safe, feasible, and inexpensive.
Additionally, the battery demonstrated preliminary construct validity to identify postural control
impairments in youth and young adults who had recently RTS following SRC. However, further
developmental studies evaluating the effect of different sources of variance within individual
clinical tests included in the FAB-C battery, as well as the clinimetric properties and clinical utility

of the FABC- battery are required before widespread use in clinical settings.
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6.7 TABLES

Table 6-1: Candidate Clinical Tests for Possible Inclusion in the Functional Assessment of Balance in Concussion (FAB-C)

Battery

Table 2. Candidate Clinical Tests for Possible Inclusion in the Functional Assessment of Balance in Concussion (FAB-C) battery

Clinical Evaluated Established Clinimetric Properties Decision and Justification
Test Component of
Postural
Control
Balance Sensory - Intra- and inter-rater reliability in uninjured - Included: The Balance Error Scoring
Error strategies [3] athletes ranged from an ICC of 0.57 to System is a commonly accepted clinical test
Scoring 0.98.[25] to challenge the sensory strategies
System [24] - Criterion-related validity has been shown by component of postural control.
correlating the test with target sway in male
athletes (r=0.31 -0.79, p <0.01,[25] and
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Immediate Post-Concussion Assessment and
Cognitive Testing (ImPACT) in youth with
concussion (r=-0.31).[26]

The test detected postural control impairments
in athletes with sport-related concussion.[25]
The test is recommended by the Concussion

in Sport Group.[4]

Balance
Error
Scoring
System
+
cognitive

task [27]

Sensory
strategies[3]
and cognitive
contributions[2

7]

Intra- and inter-rater reliability ICCs in
uninjured youth and young adult athletes were

0.94 and 0.98, respectively.[28]

Included: The only available clinical test to
challenge the sensory strategies component
of postural control under dual-task testing

condition.
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Clinical
Reaction

Time [29]

Reaction

time[29]

Intra- and inter-rater reliability has been
previously examined in uninjured athletes
with ICCs ranging between 0.74 and 0.76.[29]
Criterion-related validity has been shown by
correlating the test with computerized
reaction times (r=0.54, p-value not provided)
in uninjured athletes.[29]

In collegiate athletes, the test differentiated
concussed from uninjured athletes. The
sensitivity and specificity of the test were
75% and 68%, respectively, with a reliable

change index of 65%.[30]

Included: The only available clinical test to

challenge reaction time.

Clinical

Reaction

Time +

Reaction
time[29] and

cognitive

Intra- and inter-rater reliability ICCs in
uninjured youth and young adult athletes were

0.90 and 0.70, respectively.[28]

Included: The only available clinical test to
challenge reaction time under dual-task

condition.
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cognitive | contributions[2
task [29] | 9]
Dynamic | Control of Inter-rater reliability Kappa statistic in Excluded: The Dynamic Gait index is
Gait Index | dynamics, individuals with vestibular disorders traditionally used in the assessment of
[31] sensory =0.64.[32] patients at risk of falling. It is subjective in
strategies, Concurrent validity has been shown by nature and may not be challenging enough
anticipatory correlating the test with the Balance to elicit deficits in an athletic population. It
postural Confidence Scale (r = 0.58, p <0.001) [33] does not consider medial-lateral center-of-
control, and and the Berg Balance Scale (r=0.71; p<01) mass control and walking speed that are
cognitive in individuals with vestibular disorders.[34] sensitive to identify deficits in gait
contributions|[3 following sport-related concussion.[35]
]
Five Times | Control of The test demonstrated good reliability (ICC = Excluded: The test score is the amount of

Sit to Stand

Test [36]

dynamics and

anticipatory

0.89) in older community-living adults.[37]

time it takes a patient to transfer from a

seated to a standing position and back to
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postural

control[3]

The test could correctly identify 65% of
participants with postural control
dysfunction.[36]

Concurrent validity has been shown by
correlating the test with the Dynamic Gait
Index (r=-0.68, p <0.001) and the
Activities-specific Balance Confidence Scale
(r=-0.58, p<0.001) in participants with
postural control dysfunction.[36]

The test correlated with visual memory (r = -
0.38, p=0.010), reaction time (r = 0.38, p
0.010), and verbal memory (r = - 0.50, p <
0.001) components of the Immediate Post-

Concussion Assessment and Cognitive

sitting five times. It does not assess a

patient’s ability to walk.
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Testing (ImPACT) in youth with

concussion.[38]

Functional
Gait
Assessment

[39]

Control of
dynamics,
sensory
strategies,
anticipatory
postural
control, and
cognitive
contributions

[3]

Intra- and inter-rater reliability ICCs in
individuals with vestibular disorders were
0.74 and 0.86, respectively.[39]

Concurrent validity has been shown by
correlating the test with postural control and
gait measurements (r =0.11 — 0.67) in
individuals with vestibular disorders.[39]
The test correlated with visual memory (r =
0.4, p=0.003) and verbal memory (r = 0.44,
p =0.001) components of the Immediate
Post-Concussion Assessment and Cognitive
Testing (ImPACT) in youth with

concussion.[38]

Excluded: The Functional Gait Assessment
is a modification of the Dynamic Gait
Index, developed to improve reliability and
reduce ceiling effect. Although the
assessment includes testing participants’
ability to tandem walk for a distance of 3.6
meters, participants’ performance is scored
based on the number of steps taken without
considering medial-lateral center-of-mass
control and walking speed that are sensitive
to identify deficits in gait following sport-

related concussion.[35]
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Romberg | Sensory There is no consensus on the reliability and - Excluded: Limited clinimetric properties.
Test [40] | strategies [6] validity of this test in the literature

The sensitivity and specificity of the test to

identify individuals with sport-related

concussion were 0.55 and 0.77,

respectively.[6]

Sport- Control of Based on the evaluated test’s individual - Included: The only available measure to
Related dynamics, components, intra- and inter-rater reliability challenge postural control ability under a
Postural | sensory ICC:s for the time assessment in uninjured sport-specific condition.

Control Test | strategies, youth and young adult athletes ranged from
[22] anticipatory 0.85 t0 0.97.[22]
postural Intra- and inter-rater reliability Kappa

control, and

cognitive

statistics for the pass/fail assessment in
uninjured youth and young adult athletes

ranged from 0.23 to 0.90.[22]
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contributions

[22]
T Tandem | Control of Intra- and inter-rater reliability ICCs of the Included: The Tandem Gait Test is a
Gait Test | dynamics[19] time assessment in uninjured adults ranged commonly accepted measure to challenge
[19] from 0.70 to 0.95.[41] medial-lateral center-of-mass control and

Intra- and inter-rater reliability ICCs of the
time assessment in uninjured youth and young
adults were 0.54 to 0.99, respectively.[28]
Intra- and inter-rater reliability Kappa
statistics of the pass/fail assessment in
uninjured youth and young adults ranged
from 0.37 to 0.83.[28]

Concurrent validity of the time assessment

has been shown by correlating the test with

walking speed that are sensitive to identify
deficits in gait following sport-related

concussion.[35]
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the Timed Up and Go test scores in uninjured
adults.[41]

The test accurately discriminated between
injured and uninjured youth and collegiate
athletes immediately following SRC (Area
Under the Curve = 0.87).[42]

The test is recommended by the Concussion

in Sport Group.[4]

Tandem
Gait Test
+
cognitive

task [43]

Control of
dynamics and
cognitive
contributions

[43]

Intra- and inter-rater reliability ICCs for the
time assessment in uninjured youth and young
adult athletes were 0.94 and 0.99,
respectively.[28]

Intra- and inter-rater reliability Kappa

statistics of the pass/fail assessment in

Included: The only available measure to
challenge medial-lateral center-of-mass
control and walking speed that are sensitive
to identify deficits in gait following sport-
related concussion [35] under dual-task

testing condition.
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uninjured youth and young adults ranged

from 0.37 to 0.83.[28]

Timed Up | Control of Reliability ICCs in elderly populations ranged Excluded: The Timed Up and Go is
and Go [44] | dynamics and from 0.56 to 0.99.[45] traditionally used in the assessment of
anticipatory Reliability ICCs in individuals with patients at risk of falling. It may not be
postural Alzheimer’s disease ranged from 0.985 to challenging enough to elicit deficits in an
control [3] 0.988.[46] athletic population. It does not consider
Construct validity has been shown by medial-lateral center-of-mass control and
correlating the test scores with gait speed (r = walking speed that are sensitive to identify
0.75), postural sway (r = - 0.48), step length (r deficits in gait following sport-related
=-0.74), Barthel Index (r = - 0.79), and step concussion.[35]
frequency (r = - 0.59).[45]
Walking- | Control of Inter-rater reliability has been examined and Excluded: The Walking-While-Talking Test
While- dynamics and found to be moderate in community-dwelling was developed to predict falls in old

cognitive

older individuals (r = 0.602, P <.001).[48]

individuals. It may not be challenging
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Talking

Test [47]

contributions

[47]

In one study, elite youth ice hockey players
with concussion required less time to
complete the test compared to normal walking

speed.[49]

enough to elicit deficits in an athletic
population. It does not consider medial-
lateral center-of-mass control and walking
speed that are sensitive to identify deficits
in gait following sport-related

concussion.[35]
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Table 6-2: Participant Characteristics

Table 2: Participant Characteristics (n=47)

Uninjured Injured
Characteristics (n=40) (n=7)
Sex (female), n (%) 12 (30%) 1 (14.2%)
Age (years), median (min-max) 17 (13-24) 17 (13-20)
History of previous concussion (yes), n (%) 13 (32.5%) 4 (57%)
Current medication (yes), n (%) 2 (5%) 0 (0%)
Days since injury to return-to-play, median (min-max) NA 31 (9-40)
Days since return-to-play to testing, median (min-max) NA 34 (9-46)
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Table 6-3: Summary Statistics for Participant Performance on the FAB-C Battery

Table 3. Summary Statistics for Participant Performance on the FAB-C Battery (n=46)

Task Uninjured (n=40) Injured (n=6)
BESS-ST (number of errors) 16 (26) 15 (10)
TGTT-ST (seconds) 19 (14) 16 (8)
TGTE-ST (% passing) 67 50
CRT-ST (millisecond) 250 (80) 238 (73)
BESS-DT (number of errors) 14 (30) 13 (21)
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TGTT-DT (seconds)

TGTE-DT (% passing)

CRT-DT (millisecond)

Turn and Go (seconds)

Turn and Go (% passing)

Lateral Shuffle (seconds)

Lateral Shuffle (% passing)

19 (23)

82

250 (110)

18 (8)

60

17 (9)

52

17 (10)

66

230 (60)

17 (5)

17 (4)

17

Note. None of the recruited participants reported sport-related concussion related symptoms after performing the FAB-C battery. Values

are presented as median (range) unless otherwise noted. Data from one injured participant who did not complete the entire testing
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protocol was excluded from the analysis. BESS: Balance Error Scoring System, CRT: Clinical Reaction Time, DT: dual-task, FAB-C
battery: the Functional Assessment of Balance in Concussion battery, Lateral Shuffle: a sport-related postural control measure that
involves side-shuffling and backward running, ST: single-task, TGTT: Tandem Gait Test (time), TGTE: Tandem Gait Test (error), Turn

and Go: a sport-related postural control measure that involves forward running and turning
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Table 6-4: Multitrait Spearman Correlation Matrix among Postural Control Tests in Healthy Control Participants

Table 4: Multitrait Spearman Correlation Matrix among Postural Control Tests in Healthy Control Participants (n=40)

1 2 3 4 5 6 7 8 9 10 11 12
1. BESS-ST -
2. TGTT-ST 0.09 -
3. TGTE-ST 0.42° -0.19 -
4.RT-ST 030 0.18 -0.14 -
5. BESS-DT 0.63 0.10 .41 -0.06 -
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6. TGTT-DT 0.18 052" -0.03 0.11 025 -

kk

7. TGTE-DT 027 0.15 054

-0.01 029 0.01 -

8. RT-DT -0.10 0.18 -0.01 0.15 -0.12 0.01 0.14 -

9. Turn and Go (second) 026 0.14 0.21 -0.13 0.19 0.08 0.38" 0.03 -

10. Turn and Go (%opass) 0.19 0.07 0.18 0.13 029 0.07 0.00 -0.14 -0.23 -

11. Lateral Shuffle (second) 029  0.15 024 -0.11 020 021 0.36 0.04 0.84™ -0.17 -

12. Lateral Shuffle (%pass) 0.12 -0.12 0.19  -0.07 0.04 0.13 -0.01 034" -0.33" 035" -0.18 -

Note. Numbers in the top raw represent the same measures listed in the first column. Dashes along the diagonal represent perfect

correlation (r = 1.0). *Correlations are significant at 0.05 level (2-tailed). ** Correlations are significant at 0.001 level (2-tailed). BESS:
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Balance Error Scoring System, CRT: Clinical Reaction Time, DT: dual-task, ST: single-task, Lateral Shuffle: a sport-related postural
control measure that involves side-shuffling and backward running, TGTT: Tandem Gait Test (time), TGTE: Tandem Gait Test (error),

Turn and Go: a sport-related postural control measure that involves forward running and turning.
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CHAPTER 7- GENERAL DISCUSSION AND CONCLUSIONS

7.1 INTRODUCTION

Postural control impairments are frequently detected following sport-related concussion (SRC).[1]
Although there has been an extensive amount of work in the area of postural control assessment
following SRC, there is a need for more sensitive clinical postural control assessment tools to
inform appropriate return-to-play (RTP) decisions.[1] This dissertation presents a theoretical
foundation for, development and preliminary evaluation of a novel clinical postural control
assessment tool called the Functional Assessment of Balance in Concussion (FAB-C) battery. This
chapter will provide a brief synopsis of the findings of the included studies, a discussion of the
contributions these studies have made to the field of SRC and their limitations. The chapter will
conclude with implications of the findings for clinical practice, and suggested future directions

and knowledge translation activities.

7.2 THEORETICAL FOUNDATIONS OF THE FAB-C

7.2.1 Gait deviations following sport-related concussion

Gait is a functional task that is commonly evaluated to assist with concussion diagnosis, treatment
progression, and return to activity, sport, recreation, and/or work decisions. Although other groups
have performed systematic reviews in individuals who have suffered an SRC, [2-4] the systematic
review presented in chapter two is the first to incorporate an assessment of study quality and
highlight gait deviations associated with concussion across a broad range of populations while

taking into consideration time since the initial injury. A novel finding of this systematic review is
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that concussion-associated gait deficits (i.e., increased medial-lateral center-of-mass displacement
and decreased gait velocity) may persist beyond the typical 10-day recovery period after a
concussion, and after return to activity, sport, recreation, and work.[5] Not only did this finding
inform subsequent studies in this dissertation, it has 40 downloads and 5 citations since
publication, and will also continue to inform the direction and design of future research in the area

of dynamic postural control assessment following SRC.

7.2.2  Shifting the framework for understanding postural control in sport-related concussion

Our framework for understanding of how posture is controlled shapes how we approach the
assessment of postural control impairments.[6] Traditionally, SRC postural control impairment
has been viewed as a unidimensional construct that stems from the central nervous systems’
inability to integrate sensory input to control posture as described by the Reflex/Hierarchical
Model.[7] This has led to assessment of postural control impairments following SRC using
methods that only challenge the ability to integrate sensory information in the brain (e.g., the
Balance Error Scoring System). In recent years, the Reflex/Hierarchical model is less often
referenced due to its lack of consideration of motor and cognitive resources required for postural
control.[8] Hence, there has been a shift away from using the Reflex/Hierarchical Model towards
the Systems Model when describing the physiological basis of postural control and to guide the

design of new assessment techniques evaluating postural control.[8]

The narrative review in chapter three is the first to apply the Systems Model to the assessment of
SRC. Compared to other reviews on SRC,[9, 10] this review specifies the potentially affected

components of postural control following SRC (i.e., sensory strategies [i.e., impaired sensory
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integration], control of dynamics [i.e., increased medial-lateral center-of-mass displacement and
decreased gait velocity], movement strategies [i.e., prolonged reaction time], and cognitive
contributions [i.e., impaired dual-task performance]). Moreover, the review provides a novel
model for postural control assessment following SRC that considers all potentially affected
components (see Figure 3-2). Not only did these findings inform subsequent studies in this
dissertation, they have 50 downloads since publication, and will also continue to inform the

direction and design of future research in the area of postural control assessment following SRC.

7.3 A NOVEL CLINICAL POSTURAL CONTROL ASSESSMENT TOOL (THE FAB-

)

The development of the FAB-C was guided by the new model of postural control assessment in
SRC that is presented in Figure 3-2, and was compiled by including existing clinical tests that
assessed potentially impacted components of postural control (i.e., the Balance Error Scoring
System, Tandem Gait Test, and Clinical Reaction Time Test under both single- and dual-task
testing conditions). New clinical tests were developed where none existed in the published

literature (i.e. sport-related postural control test).

7.3.1 Tests considered for inclusion into the FAB-C

Currently, postural control assessment within the context of SRC relies on single-task testing (i.e.,
controlling posture without a concurrent cognitive task).[11, 12] The valid and reliable Balance
Error Scoring System,[11] Tandem Gait Test,[11] and Clinical Reaction Time Test [13] are

examples of single-task tests that are frequently used to challenge sensory strategies, control of
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dynamics, and movement strategies components of postural control following an SRC,

respectively.[14]

Although cognitive abilities are frequently assessed after an SRC, pairing of a cognitive and
postural control task (i.e., dual-task testing) may allow for identifying deficits in postural control
that are not identified through single-task postural control or cognitive testing alone.[12] Currently,
there is no tool that has been demonstrated to be feasible and reliable in assessing clinical dual-
task measures of sensory strategies, control of dynamics, and movement strategies. That said,
adding a cognitive task to the Balance Error Scoring System,[15] Tandem Gait Test,[16] and

Clinical Reaction Time Test [17] would fill this gap.

The study in chapter four examines the reliability of the Balance Error Scoring System, Tandem
Gait Test, and Clinical Reaction Time Test under both single- and dual-task testing conditions in
a sample of uninjured active youth and young adults (median age=17; range 13-24). The findings
suggest that averaging the scores from three trials of these tests produce higher reliability under
all conditions. In contrast, we demonstrated lower intra-rater reliability for the single-task Tandem
Gait Test (ICC 95%CI; 0.54 [0,0.79]) compared to a recent report (ICC 95%CI; 0.86
[0.73,0.93]).[16] This may be attributed to differences in the age and heterogeneity of scores
between samples. Overall, dual-task testing demonstrated higher relative reliability estimates (ICC
ranged from 0.70 to 0.99) compared to single-task testing (ICC ranged from 0.14 to 0.99). This
observation further supports the previously suggested higher utility of dual-task testing to identify
postural control impairments in SRC.[18] All tests under all conditions demonstrated a systematic
error (i.e., participants' performance improved between testing trials and testing sessions)
suggesting the possibility of a learning effect. This study also presented a novel assessment of the
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subjective pass/fail scoring criterion of the Tandem Gait Test used in the Sport Concussion
Assessment Tool (SCAT; versions 5 [SCATS5]) under both single- and dual-task testing conditions.
Findings suggest that higher intra-rater and inter-rater reliability estimates are obtained by
administering the Tandem Gait Test three times and documenting the score from trial three for

both testing conditions (Kappa Statistic ranged from 0.37 to 0.83).

Despite the complexity of dual-task testing, it does not replicate the conditions that challenge an
athletes’ ability to control posture while performing specialized sport movements. Thus, there is a
need to develop a sport-specific test to assist in RTP decisions following an SRC.[19, 20] The
study in chapter five presented the development of and examined the reliability of a novel sport-
related postural control test to assess postural control in SRC. The test was developed based on
findings from the scientific literature in addition to feedback from experts and participants. The
test consisted of two components including the ‘Turn and Go’ (i.e., a sport-related postural control
measure which involves forward running with repeated turning in five different directions within
a limited base-of-support), and ‘Lateral Shuffle’ (i.e., a sport-related postural control measure
which involves side-shuffle and backward running in five different directions within a limited
base-of-support). Both test components were scored based on time (in seconds) required for
participants to complete the components, as well as a subjective assessment of the participants’
ability to complete the components (i.e., pass/fail). Both test components demonstrated acceptable
reliability (ICC ranged from 0.85 to 0.97) in uninured active youth and young adults (median
age=17; range 13-24). Participants' performance improved between testing trials and testing

sessions suggesting the possibility of a learning effect for both test components.

7.3.2 Introducing the FAB-C
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Appendix 6 presents the FAB-C inclusive of scoring, examiner, and patient instructions. The FAB-
C included the Balance Error Scoring System, Tandem Gait, Clinical Reaction Time (single- and
dual-task conditions), and sport-related postural control test. A symptom checklist was added to
the FAB-C to enhance its comprehensiveness. Compared to individual tests for postural control in
SRC (e.g., the Balance error Scoring System, Tandem Gait Test, and Clinical Reaction Time
Test),[21, 22] the FAB-C is more comprehensive (i.e., targets all potentially affected components
of postural control following an SRC) and challenging (i.e., examines one’s postural control ability
while performing specialized sport movements). Further, the FAB-C includes both performance-
based and patient-reported outcome measures which together may provide a better understanding

of an individual’s postural control ability.

7.4 PRELIMINARY EVALUATION OF THE FAB-C

The cross-sectional study in chapter six examined the feasibility and preliminary construct validity
of the FAB-C. Findings from this study suggested that the FAB-C is feasible (no item redundancy
[correlation coefficients between included tests were <0.7], and has low cost [<100CAD]). The
FAB-C also demonstrated preliminary construct validity by identifying differences in performance
between uninjured (n=40, 30% female, median age 17 years) and concussed (n=7, 14% female,
median age 17 years) active individuals. Specifically, a greater percentage of uninjured
participants (52% to 82%) passed individual battery component tests compared to participants with
SRC (17% to 66%). That said, the FAB-C administration time is lengthy [44-60 minutes], which

limits its utility as a one-time testing battery in clinical practice.

7.5 LIMITATIONS OF THE RESEARCH
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Although specific limitations to each investigation were discussed in the relevant chapters, there
are some common limitations to the studies contained within this dissertation that need to be
addressed including the potential for selection bias, influence of potential confounders,

generalizability findings and random error.

For the study in Chapter six, we attempted to optimize recruitment of potential participants through
many mechanisms. The original target sample was 60 athletes (i.e., 30 with SRC vs 30 uninjured
athletes). However, the final sample that we were able to recruit was forty-seven athletes (i.e.,
seven with SRC vs 40 uninjured athletes). It was difficult to gather a large sample of athletes with
SRC that were willing to complete multiple testing sessions required in this study. In some cases
this was due to limited availability of participants whereas in other cases it was due to clinician
availability not lining up with participant availability. Despite flexible testing schedules, the use
of two testing sites and frequent meetings with onsite clinicians to facilitate recruitment we were
unable to recruit the number of participants that were originally estimated. In Chapters four and
five, the inclusion of more athletes with SRC could have increased the heterogeneity of the
characteristics of our sample. Thus, our sample was likely more homogeneous than what would
have been expected and, consequently, this may have resulted in our agreement coefficients being
lower (i.e., ICC), and the precision estimates (i.e., standard error of measurement and minimal
detectable change) higher than what would be expected with a more heterogeneous population.
Furthermore, the inclusion of more athletes with SRC in Chapter six would have resulted in greater
power to detect a difference and may have reduced the possibility of committing type two error

(i.e., concluded there was not a significant difference between two groups when there was).
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Selection bias is another potential limitation of this research. Selection bias is introduced when
systematic differences occur between those who participate in a study and those who do not with
respect to the outcome of interest.[23] Studies in Chapters four and five included uninjured active
individuals who came from specific facilities. Thus, it is possible that participants’ scores did not
vary greatly from one another and, consequently, low estimates of agreement (i.e., ICC) and high
estimates of precision (i.e., standard error of measurement) were obtained.[24] Accordingly, we
possibly underestimated the agreement and precision of the Balance Error Scoring System,

Tandem Gait Test, Clinical Reaction Time Test, and/or sport-related postural control test.[24]

By definition, a confounder is “a variable whose presence affects the variables being studied so
that the results do not reflect the actual relationship”.[25] According to previous studies, potential
confounders that might have affected participants’ performance in Chapters four, five and six
include the history of previous lower extremity injury greater than three months before testing [26]
and history of previous concussions.[27] Individuals with a previous history of lower extremity
injury and/or concussion may have performed more poorly on clinical tests included in Chapters
four and five, which may have increased the variability in our data. As such, we possibly
overestimated the agreement and precision of these tests. The increased variability may have also

increased the possibility of committing type two error in Chapter six.

Finally, care must be taken when generalizing findings from this research. For instance, the
findings have limited generalizability to other participant types as the majority of the recruited
sample involved uninjured athletes (85%), male athletes (63%), and athletes who played hockey,
ringette, basketball, or soccer (60%). It is also important to consider that the examiners who
collected data in this research were physiotherapists that had more than five years of experience in
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SRC management. Hence, the findings may not be representative of the scores recorded by
beginner physiotherapists or physiotherapists with limited experience in SRC management.
Finally, generalizability to other environments (e.g., the field of play) and testing conditions (e.g.,
shoes off) should be done with caution as participants were tested in a physiotherapy clinic and a

university laboratory with their shoe on.[23]

7.6 CLINICAL PRACTICE

This research has implications to clinical practice. The literature supports a change in practice
where clinicians may extend the assessment of postural control following an SRC beyond single
task-testing to include dual-task and sport-specific testing paradigms. This may help to identify
subtle postural control deficits that may be missed using single-task testing paradigms and,

consequently, individuals that are potentially at risk for future injury following an SRC.

While the FAB-C extends the assessment of postural control following an SRC beyond single task-
testing to include dual-task and sport-specific testing paradigms, its administration time is lengthy
[44-60 minutes]. The FAB-C administration time can be minimized by using it as a continuous
postural control testing protocol that is spread out over the duration of an athlete’s SRC recovery.
For instance, the single-task testing paradigm could be used during the initial 24-48 hours
following an SRC when its sensitivity to identify postural control impairments is high.[1] The
dual-task testing paradigm, on the other hand, could then be used during the RTP progression
(stage four of the graduated return-to-sport strategy) [1] because it reflects the brain’s ability to
integrate cognitive and motor information. This may be more reflective of sport participation than

completing single-task postural control and cognitive assessments separately.[19] Finally, as the
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sport-specific testing paradigm is more representative of the demands of actual sport than both the
single- and dual-task testing paradigms, it can be used before returning an injured athlete to full-

contact practice (stage five of the graduated return-to-sport strategy).[ 1, 4]

7.7 FUTURE DIRECTIONS

The investigations included in this dissertation contribute to the growing body of evidence
examining postural control recovery status following SRC. These investigations highlight issues
related to the quality (e.g., operationalizing outcome variables, employing prospective research
designs, utilizing valid and reliable measures, and conducting appropriate statistical analyses) and
level of evidence of postural control assessment in SRC. They also provide suggestions for
addressing current limitations, such as a lack of inclusion of more challenging postural control
environments that also consider cognitive and sport specific tasks, which will facilitate the
evolution of the field. Considered in combination, the investigations undertaken in this doctoral
research provide a foundation for future investigations aiming at understanding postural control

impairments that stem from SRC. Logical progressions for future research are presented below.

7.7.1 Reliability and validity

An understanding of clinimetric properties (reliability and validity) of clinical assessments of
postural control informs the effectiveness of postural control examination in SRC. Reliability
means the ability of a measure to provide reproducible scores. Validity, on the other hand, refers

to the tool's ability to measure what it is supposed to measure.[23]
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At this point, there is a need for studies examining the effect of different sources of error (e.g.,
participant types, examiners, and environments) within the Balance Error Scoring System, Tandem
Gait Test, and Clinical Reaction Time Tests (single- and dual-task); and Sport-Related Postural
Control Test. Findings will inform future studies examining the reliability of the aforementioned
clinical tests. These studies should recruit representative (i.e., large, age-specific, and concussed)
athletic samples, use statistical analysis methods that account for the various sources of error
within the evaluated clinical tests (e.g., generalizability theory analysis), and report findings
according to an accepted reporting guideline for studies on the measurement properties of
performance-based outcome measures [e.g., COnsensus-based Standards for the selection of

health status Measurement INstruments (COSMIN)][28] to enhance comparability of studies.

In this dissertation, we demonstrated the reliability of different test items included in the FAB-C
as well as the FAB-C’s preliminary construct validity. Further clinimetric testing is warranted to
establish its construct and concurrent validity, sensitivity and specificity, and ability to direct

effective treatment for people with postural control impairments following SRC.

7.7.2  Postural control recovery pattern following sport-related concussion

At present, it is challenging to establish the time for recovery of postural control following SRC.
This is mainly due to a paucity of high-quality studies using outcome measures with established
clinimetric properties examining recovery across different systems that underlie postural control
and are potentially affected by SRC. It is recommended that future studies should: (1) employ a
prospective study design; (2) define impaired postural control associated with SRC as a

multifaceted construct involving deficits in movement strategies, control of dynamics, sensory
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strategies, cognitive contributions (i.e., dual-tasking), and orientation in space underlying systems
of postural control; (3) recruit appropriately powered and representative samples (e.g., random
sampling); (4) evaluate all underlying systems of postural control using outcome measures with
established clinimetric properties; (5) examine postural control recovery status within the first 10
days after SRC and at the time of symptom resolution, the start of a gradual activity, and full
clearance to RTP and beyond; and (6) report findings according to an accepted reporting guideline
for observational studies [e.g., STrengthening the Reporting of OBservational studies in

Epidemiology (STROBE)].[29]

7.7.3  Further development of the FAB-C

This dissertation presents the early stages of the FAB-C development. Further development of the
FAB-C should include the addition of: (1) clinical tests that examine the potentially affected
‘orientation in space’ [30] and ‘biomechanical elements (i.e., cervical spine)’ [31] components of
postural control, and (2) scoring procedures to capture the accuracy of cognitive responses which
may be valuable for postural control assessment following an SRC. This would enhance the
comprehensiveness of the FAB-C. Further development of the FAB-C may also include the
development and assessment of the clinimetric properties of a briefer version of the FAB-C that
still captures the most relevant information from the full battery. This may minimize the FAB-C’s

administration time and, consequently, enhance its usability.

7.8 KNOWLEDGE TRANSLATION

This dissertation used an End of Grant approach to knowledge translation. In this approach, the

researcher develops a plan for making knowledge users aware of the knowledge gained during a
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research project. Examples of typical knowledge dissemination and communication activities

included in the End of Grant approach to knowledge translation are conference presentations,

publications in peer-reviewed journals, and or media engagement.[32] Knowledge translation

activities in this doctoral research included:

Peer-reviewed journals: Studies presented in chapters two and three of this dissertation have
been published in the Clinical Journal of Sport Medicine and the Journal of Physiotherapy
Theory and Practice, respectively. The study presented in chapter four has been accepted for
publication in The International Journal of Sports Physical Therapy.

Presentations: Studies in chapters two and three have been presented in the Rehabilitation
Research Day at the Faculty of Rehabilitation Medicine — University of Alberta. The main
findings from this dissertation were presented to a group of 15 sport physical therapists during
a learning session that was organized by Sport Physiotherapy Canada in 2020.

Media engagement: In 2018, Physiotherapy Alberta College + Association invited our team
to write a Research in Focus article to provide a lay summary of our project for physiotherapists
and the general population in Alberta. There was also a media event that covered our project

in the same year.

Future dissemination and communication activities may include conference presentations,

summary briefings to stakeholders, interactive educational sessions with patients, practitioners

and/or policymakers.[32]

7.9 CONCLUSIONS
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The FAB-C is a novel clinical assessment tool that aims to target different components of postural
control that may be affected following SRC (i.e., sensory integration, control of dynamics, and
movement strategies) under single-task, dual-task, and sport-specific testing paradigms. Three
clinical tests (Balance Error Scoring System, Tandem Gait Test, and Clinical Reaction Time)
assessed under single- and dual-task conditions, and a fourth fit-for-purpose Sport-Related
Postural Control Test were included in the FAB-C. Overall, these tests have demonstrated
acceptable relative and absolute intra-rater and inter-rater reliability in uninjured active youth and
young adults. While the FAB-C has demonstrated feasibility and preliminary construct validity, it

requires further evaluation before widespread use in clinical settings.
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Appendices

Appendix 1: Systematic Review — Search Strategies and Results

TABLE 1. Ovid Medline Search Strategy

Provider/Interface Ovid

Database Medline

Date searched December 14, 2015. Updated September 29, 2016

Database update —

Search developer(s) ™ & LD

Limit to English? No

Date Range 1974-2016

1 exp brain hemorrhage, traumatic/

2 [concuss™ or postconcuss™ or acquired brain damage or acquired brain injur* or mTBI or
traumatic brain injur* or minor brain injur®* or minor head injur* or mild head injur* or
commotio cerebri].mp.

3 [[brain injur* or brain damage or head injur*] adj12 [trauma* or accident* or hit or blow
or fall*]].mp.

4 |[gait or walk or walking or locomotion or ambulation or stride length or stride width or
step length or step width or cadence or [[centre of mass or center or mass or range of
motion] adj4 [displace® or sway*]]].mp.

5 (lor2or3)and4

6 |limit 5 to animals

7 limit 6 to humans

8 5 not (6 not 7)

9 |limit 8 to “review articles”

10 [8not9

11 |[[cadaver* or mouse or mice or rat or rats or rabbit* or pig or pigs or porcine or murine or
sheep].ti.

12 |10 not 11

13 |case reports/

14 |12 not 13
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TABLE 2. SCOPUS search strategy

Provider/Interface

Database SCOPUS

Date searched December 14, 2015. Updated September 29, 2016
Database update —

Search developer(s) ™ & LD

English only? NO

Date Range 1974-2016

1 TITLE-ABS-KEY [ concuss®™ OR postconcuss® OR “acquired brain damage” OR
“acquired brain injur*” OR mtbi OR “traumatic brain injur*” OR “minor brain injur*”
OR “minor head injur*”OR “mild head injur*” OR “ommotion cerebri” ] AND TITLE-
ABS-KEY [ gait OR walk OR walking OR locomotion OR ambulation OR “stride
length” OR “stride width” OR “step length” OR “step width” OR cadence OR “center of

mass displacement” OR sway | ] AND [ EXCLUDE [ DOCTYPE, “re” ] OR
EXCLUDE [ DOCTYPE, “cp” ] OR EXCLUDE [ DOCTYPE, “cr” ] |
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TABLE 3. Ovid PsycINFO Search Strategy

Provider/Interface Ovid

Database PsycINFO

Date searched December 14, 2015. Updated September 29, 2016
Database update —

Search developer(s) TM & LD

Limit to English? No

Date Range 1974-2016

1 exp traumatic brain injury/

2

[concuss™® or postconcuss™ or acquired brain damage or acquired brain injur®* or mTBI
or traumatic brain injur®* or minor brain injur* or minor head injur* or mild head injur*
or commotio cerebri].mp.

[[brain injur* or brain damage or head injur*] adj12 [trauma* or accident* or hit or blow
or fall*]].mp.

[gait or walk or walking or locomotion or ambulation or stride length or stride width or
step length or step width or cadence or [[centre of mass or center or mass or range of
motion] adj4 [displace® or sway*]]|].mp.

(1 or2or3)and4

limit 5 to animal

limit 6 to human

5 not (6 not 7)

limit 8 to reviews

case report/

& not 10
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TABLE 4. CINAHL Search Strategy

Provider/Interface Ebsco

Database CINAHL

Date searched December 14, 2015. Updated September 29, 2016
Database update —

Search developer(s) TM & LD

Limit to English? No

Date Range 1974-2016

S1 [ [MH “Brain Concussionl”] OR [MH “Right Hemisphere Injuries”] ] OR [ [concuss*
or postconcuss® or “acquired brain damage” or “acquired brain injur*” or mTBI or
“traumatic brain injur*” or “minor brain injur*” or “minor head injur*” or “mild head

injur®*” or “commotio cerebri’] ] OR [ [[“brain injur*” or “brain
damage” or head “injur*”’] nl12 [trauma* or accident* or hit or blow or fall*]] |

S2 gait or walk or walking or locomotion or ambulation or “stride length” or “stride width”
or “step length” or “step width” or cadence or [[“centre of mass” or “center of mass” or
“range of motion”’] n4 [displace® or sway*]]]

S3 S1 AND S2

S4 PT case study or meta analysis or review

S5 S3 NOT S4

S6 TI cadaver™® or mouse or mice or rat or rats or rabbit™ or pig or pigs or porcine or murine
or sheep

S7 S5 NOT S6
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TABLE 5. Ovid EMBASE Search Strategy

Provider/Interface Ovid

Database EMBASE

Date searched December 14, 2015. Updated September 29, 2016
Database update —

Search developer(s) TM & LD

Limit to English? No

Date Range 1974-2016

1 Traumatic brain injury/

2 [concuss™® or postconcuss™ or acquired brain damage or acquired brain injur®* or mTBI
or traumatic brain injur®* or minor brain injur* or minor head injur* or mild head injur*
or commotio cerebri].mp.

3 [[brain injur* or brain damage or head injur*] adj12 [trauma* or accident* or hit or blow
or fall*]].mp.

4 lor2or3

5 [gait or walk or walking or locomotion or ambulation or stride length or stride width or
step length or step width or cadence or [[centre of mass or center or mass or range of
motion] adj4 [displace® or sway*]]].mp.

6 4 and 5

7 limit 6 to animals

8 limit 7 to human

9 6 not 7

10 limit 9 to (conference abstract or “conference review” or “review”)

11 9 not 10

12 case report/

13 case study/

14 11 not (12 or 13)

15 [cadaver* or mouse or mice or rat or rats or rabbit™* or pig or pigs or porcine or murine of|
sheep].ti.

16 14 not 15
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TABLE 6. EBSCO SportDiscus Search Strategy

Provider/Interface Ovid

Database EMBASE

Date searched December 14, 2015. Updated September 29, 2016

Database update —

Search developer(s) TM & LD

Limit to English? No

Date Range 1974-2016

S1 [ [concuss* or postconcuss* or “acquired brain damage” or
“acquired brain injur*” or mTBI or “traumatic brain injur*”
or “minor brain injur®*” or “minor head injur*” or “mild
head injur®*” or “commotio cerebri”] ] OR
[ [[“braiﬂt} injur®*” or ‘;brain_dama e” or heagkl “injur*”’] n12

trauma* or accident* or hit or blow or fall*]]

S2 Gait or walk or walking or locomotion or ambulation or
“stride length” or “stride width” or “step length” or “step
width” or cadence or [“[centre of mass” or “center of mass”
or “range of motion”] n4 [displace® or sway*]]]

S3 S1 AND S2

S4 [ S1 AND S2 ] NOT TI [ cadaver* or mouse or mice or rat

or rats or rabbit® or pig or pigs or porcine or murine or
sheep ]
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Appendix 2: Systematic Review — Unique Articles Identified by Database

Database Items Internal External Unique Items
Found Duplicates Duplicates
MEDLINE 466 8 172 286
PsycINFO 217 0 25 192
CINAHL 244 1 0 243
EMBASE 552 13 303 236
SCOPUS 969 5 538 426
Sport Discus 202 2 120 80
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Appendix 3: Bland-Altman Plots for the BESS, TGT, and CRT under Single-Task and Dual-Task Testing Conditions.

Bland-Altman plots of the difference in postural control tests between trials and between sessions against the mean difference. The solid

horizontal lines represent the mean difference. The dashed horizontal lines represent the 95% upper and lower limits of agreement.
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C. Tandem Gait Test- Single-task (seconds)
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Balance Error Scoring System- Single-task (errors) h. Balance Error Scoring System- Dual-task (errors)
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k. Clinical Reaction Time- Single-task (millisecond) 1. Clinical Reaction Time- Dual-task (millisecond)
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Appendix 4: The Preliminary Version of a Sport-Related Postural Control Test for

Postural Control Assessment following Sport-Related Concussion.

O
O O

Figure 1. The design of the preliminary version of a sport-related postural control test for postural
control assessment following sport-related concussion. The gray area shows the starting point. Five
paths are arranged on the floor in a semicircle at different angles (30, 60, and 90 degrees) from the
midline. The length and width of each path are assigned based on an individual’s lower limb length
and shoulder width respectively. A tested individual is asked to run from the starting point, pass
beyond the end points (plastic cones that are shown as coloured circles in the figure) at the end of
each path with both feet, turn around, and run back to the starting point. The order of endpoints
are randomly assigned by the examiner (each endpoint has a different colour of cone). Total time
an injured athlete needs to complete the task (moving through five paths) and ability to stay within

the assigned paths (pass/fail) are record. A tested individual fails if steps off the assigned path.
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Table 1: Modifications to the Sport-Related Postural Control Test Based on Feedback

From Examiners and Pilot Study Participants

Feedback from examiners and participants

Changes

Using shoulder width and lower limb length to
set the width or the length of the testing paths
was time-consuming and is unlikely to be used

in clinical practice.

The testing station was set at a standardized

width of 38 cm, and length of 170 cm.

Using cones limited participants’ ability to move
within the assigned path to the best of their
ability during the task. For instance, some
participants moved slower as they got closer to a

cone, so they didn’t collide with it.

Cones were omitted as the testing station was

changed to a standardized width and length.

The assigned paths overlapped when arranged at
30, 60, and 90 degrees from the midline. This
made it difficult for the participants to stay
within the intended path.

The arrangement of the paths was set at 90,
45, and 0 degrees instead of 30, 60, and 90

degrees.

The preliminary version of the sport-specific test
required a participant to run forward within the
intended path, turn around, and run back forward
to the starting point. This task, however, didn’t
challenge side-shuffling or backward running,
which involved in

are sports.

typically
Therefore, we decided to add a variation of the
task to identify postural control deficits while

side-shuffling or backward running.

A variation of the sport specific test has been
added. In the added variation of the test, an
individual is instructed to keep his\her chest

facing forward throughout testing.
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Participants were uncertain whether they could | The following was added to test instructions
jump and/or reach instead of running, or if they | “You will be asked to repeat a trial if you
were allowed to touch objects during the test. jump, reach, or touch the examiner or an

object during testing.”
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Appendix 5: The Final Sport-Related Postural Control Test with Scoring, Examiner, and

Patient Instructions

Sport-Related Postural Control Test Following Sport-Related Concussion

1. Performance-based testing

For examiner — Please set the testing station as shown in the figure bellow. You need to record
time (seconds) an examinee needs to finish the task (moving through five paths), and the
examinee’s ability to stay inside the assigned path. An examinee fails if stepps off the assigned

path.

For examinee — “I am now going to test your ability to use postural control for sporting activity.
Please stand with both feet inside the starting square. To be sure you are aware of the setup,
please name the color of tape you see at the end of each track. When I call a color, run as fast as
you can crossing over that color tape with both feet, then run back to the starting square. Once
both feet are inside the square, I will call out the next color. Please note that you will be asked
to repeat a trial if you jump (both feet not touching the floor), lunge (drag feet, or take only 1-2
big steps), or touch or grab the examiner or an object in the room. Try not to step outside the
track.”

Turn and Go — “Please face the line, run straight forward, cross the line, turn around, and run

back facing the starting square.”

Lateral Shuffle — “Please keep your chest facing forward across the line and back to the square.

In this case, you may move in diagonals or backpedal as needed.”
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Time (second) Pass\Fail

T1 | T2 | T3 | Avg |[T1 | T2 | T3 Avg

Turn and Go

Lateral Shuffle /3 /3

2. Symptom evaluation

For examiner - The checklist should be completed by the examinee. Allow a resting time (until

the examinee is in a resting heart rate state) before completing the checklist.

For examinee — “Please use the checklist to rate how you feel after performing the test.”

Symptom None Mild Moderate Severe

Headache 0 1 2 3 4 5 6
Pressure in head 0 1 2 3 4 5 6
Neck pain 0 1 2 3 4 5 6
Nausea or vomiting 0 1 2 3 4 5 6
Dizziness 0 1 2 3 4 5 6
Blurred vision 0 1 2 3 4 5 6
Balance problems 0 1 2 3 4 5 6
Sensitivity to light 0 1 2 3 4 5 6

281




Sensitivity to noise

Feeling slowed down

Feeling like in fog

Don’t feel right

Difficulty concentrating

Difficulty remembering

Fatigue or low energy

Confusion

Drowsiness

More emotional

Irritability

Sadness

Nervous or Anxious
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Total number of symptoms

/21

Symptom severity score /126

Do your symptoms get worse with physical activity? Yes No
Do your symptoms get worse with mental activity? Yes No
If 100% is feeling perfectly normal, what percent of normal do you feel? /100

If not 100%, why?
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Appendix 6: The Functional Assessment of Balance in Concussion (FAB-C)

Name:

Please check one: o Baseline o Post-injury

PART I: SCORING SHEET

1. Sensory Strategies components: Measured with Balance Error Scoring System

(number of errors)

For the examinee — “I am now going to test your postural control. Please take your shoes off
(if applicable), roll up your pant legs above ankle (if applicable), and remove any ankle taping
(if applicable). This test will consist of three twenty second tests with different stances. “

Dual Task Numbers - 199, 195, 189, 197, 193, 187, 183, 175, 169, 181, 173, 167, 178, 164,

153, 176, 174, and 151

Single Task Testing Dual Task Testing
Firm surface T1 | T2 | T3 |[Avg | T1 | T2 | T3 | Avg
Double leg stance
Single leg stance (non-dominant foot)
Tandem stance (non-dominant foot at
back)
Foam surface T1 | T2 | T3 |Avg | T1 | T2 | T3 | Avg

Double leg stance

Single leg stance (non-dominant foot)

Tandem stance (non-dominant foot at

back)
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Total per trial

2. Control of Dynamics component: Measured with Timed Tandem Gait Test (time and

accuracy)

For the examinee — “I am now going to test your dynamic postural control. Please stand with

feet together behind the start line. When I say ‘GO’, walk forward as quickly and accurately as
you can along the 3-meter line, alternating foot heel-to-toe gait ensure your heel touches your
toe on every step. Once you cross the end line, turn 180 degrees and return to the starting point.”

Dual Task Words - elbow, paper, lemon, wagon, honey, Japan

T1 [T2|T3[Avg| T1[T2[T3][ Avg

Seconds

Pass/Fail (use trial 3)

3. Movement Strategies component: Measured with Clinical Reaction Time Test

(milliseconds)

For the examinee — “I am now going to test your reaction time. Please sit comfortably next to
a table resting your dominant forearm on it. Leave your hand off the edge of the table. Randomly,
I will release the stick. You need to catch the falling stick as quickly as you can.”

Dual Task Words - sugar, movie, apple

T1 | T2 | T3 [Avg | T1 | T2 | T3 | Avg

Distance (to nearest .5 cm)

Reaction time (milliseconds)

4. Interaction between components: Measured with sport-related postural control

tests (time and accuracy)
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For examinee — “I am now going to test your ability to control posture for sporting activity.
Please stand with both feet inside the starting square. To be sure you are aware of the setup,
please name the color of tape you see at the end of each track. When I call a color, run as fast as
you can crossing over that color tape with both feet, then run back to the starting square. Once
both feet are inside the square, I will call out the next color. Please note that you will be asked
to repeat a trial if you jump (both feet not touching the floor), lunge (drag feet, or take only 1-2
big steps), touch or grab the examiner or an object in the room. Try not to step outside the track.”
Turn and Go — “Please face the line, run straight forward, cross the line, turn around, and run
back facing the starting square.”

Lateral Shuffle — “Please keep your chest facing forward across the line and back to the square.

In this case, you may move in diagonals or backpedal as needed.”

Turn and go Lateral Shuffle

T1 | T2 | T3 [Avg | T1 | T2 | T3 | Avg

Seconds

Pass/Fail /3 /3

Symptom evaluation

For the examinee — “Please use the checklist to rate how you feel after performing the test.”
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Symptom

None

Mild

Severe

Headache

Pressure in head

Neck pain

Nausea or vomiting

Dizziness

Blurred vision

Balance problems

Sensitivity to light

Sensitivity to noise

Feeling slowed down

Feeling like in fog

Don’t feel right

Difficulty

concentrating

Difficulty

remembering

Fatigue or low energy

Confusion

Drowsiness

More emotional

Irritability

Moderate

3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
3 4
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Sadness 0 1 2 3 4 5 6

Nervous or Anxious 0 1 2 3 4 5 6
Trouble falling asleep 0 1 2 3 4 5 6
(if applicable)

Total number of symptoms /22
Symptom severity score /132

Do your symptoms get worse with physical activity? Yes No
Do your symptoms get worse with mental activity? Yes No
If 100% is feeling perfectly normal, what percent of normal do you feel? /100

If not 100%, why?

Clinical Notes:
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PART II: INSTRUCTION SHEET.

Instruct tested individuals to keep their shoes on throughout testing.

The Balance Error Scoring System (number of errors)

Each trial is scored by counting errors (deviations from the proper stance). If multiple errors occur
at the same time, only one is counted. The maximum number of errors for a single condition is 10.
Errors include moving hands off of iliac crests, opening eyes, a step, stumble or fall, abduction or
flexion of the hip beyond 30 degrees, lifting forefoot or heel off the testing surface, remaining out
of the proper testing position for > 5 seconds. Number of errors in each trial are added together to
obtain a total score (out of 60). For dual-task testing, use the same scoring process as an examinee
performing the test while subtracting by 7s from a randomly assigned number (a suggested list of

numbers for each trial is provided in the scoring sheet).

The Timed Tandem Gait Test (time and accuracy)

Time that a participant needs to complete the test as well as the participants’ ability to successfully
complete the test are recorded. A participant fails the test if he\she steps off the line, have a
separation between heel and toe, or if he\she touches or grabs the examiner or an object. For dual-
task testing, use the same scoring process as an examinee performing the test while spelling-out a
five-letter word backwards (a list of suggested words for each trial is provided in the scoring sheet).

Note that you may need two words for each trial to keep an examinee busy throughout the trial.

The Clinical Reaction Time (milliseconds)
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The distance the apparatus falls will be recorded, in centimeters, by measuring from the top of the
disk to the most superior aspect of the participant’s hand. This distance will be converted to clinical
reaction time, in milliseconds, using the formula for a free body falling under the influence of
gravity (d=" gt*; where d = distance, g = 9.8 m/s?, and t = time). For dual-task testing, use the
same scoring process as an examinee performing the test while spelling-out a five-letter word

backwards (a list of suggested words for each trial is provided in the scoring sheet).

Sport-related postural control tests

Set testing station as shown in the figure. Record time (seconds) an examinee needs to finish the
test, as well as the examinee’s ability to stay inside the assigned paths throughout testing. An

examinee fails if he\she steps off the assigned path.

Symptom evaluation
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The checklist should be completed by the examinee. Allow a resting time (until the examinee is in

a resting heart rate state) before completing the checklist.
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