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ABSTRACT

The Buffalo Concussion Treadmill Test (BCTT) is a graded aerobic test used to assesses exercise
tolerance following concussion. The purpose of this study was to examine the association between
the result of a first attempt BCTT performed 10-21 days after injury and recovery in a sample of
Canadian adolescents with sport related concussion (SRC). Data from 855 adolescents was
extracted between January 2016 and January 2019 from the Complete Concussion Management
database. The BCTT was categorized as “pass” or “fail” based on symptom exacerbation with
testing. After adjusting for participant, injury and assessment characteristics, failing a first BCTT
was associated with 13 increased days to recovery (8=13.173, 95% Cl=8.977, 17.369) compared
to a pass result. The BCTT, participant, injury and assessment characteristics explained 11.8%
variation in recovery (R2=0.118). When assessing for time to recovery in SRC clinicians should

use a range of variables including the BCTT.
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CHAPTER 1: EXPANDED INTRODUCTION

Sport related concussion (SRC) is a traumatic brain injury induced by a direct blow to the head,
face, neck or elsewhere on the body with an impulsive force transmitted to the head.1 Unlike
more severe forms of brain injury such as subdural/epidural hematoma and stroke which show
macroscopic neural damage, a concussion is instead defined as a functional or microstructural
injury.1 This refers to injury related changes which are not readily detectible on a computerized
tomography (CT) scan or conventional magnetic resonance imaging (MRI).1 The
pathophysiology of concussion has been described as a neurometabolic cascade of events which
includes bioenergetic challenges, cytoskeletal and axonal alterations, impairments in
neurotransmission and vulnerability to delayed cell death and chronic dysfunction.2 These
changes manifest themselves clinically as symptoms in somatic (headache, nausea, neck pain,
dizziness), cognitive (forgetfulness, inattention, feeling slowed down) and emotional domains

(irritability, increased emotionality).1

A 2016 report by the Canadian Institute for Health Information (CIHI) found a 78 percent increase
in concussion emergency department visits among those between 0-9 years of age and a 45 percent
increase among those aged 10-17 over a 5-year span.s Approximately 70 percent of these
adolescent concussions are sport related with the majority coming from hockey and football.4 The
Adolescent SRC population is important to study for two reasons. First, the high rates of
concussion within the adolescent population is troubling as the developing brain is more vulnerable
to hypoxia and ischemia following concussion and requires more time to recover following injury
when compared to adult counterparts.s This has been confirmed in diffusion tensor MRI imaging

studies, which show white mater damage following adolescent concussion long after clinical



recovery has been achieved.s Second, adolescents who are returning to sport who do so too quickly
place themselves at risk for subsequent concussion, longstanding concussion symptoms and life

threating conditions such as second impact syndrome.z

Although most patients recover symptomatically from an acute concussion within 10-14 days, 10-
25 percent of patients with concussion develop longstanding concussion symptoms.s Longstanding
symptoms have in the past been termed Post-Concussion Syndrome (PCS). PCS is diagnosed
according to the International Classification of Diseases (ICD)-10 or Diagnostic and Statistical
Manual of Mental Disorders (DSM)-4 criteria.o, 10 To meet the ICD-10 diagnostic criteria of PCS
a patient must sustain a head injury and develop at least three of eight specific symptoms which
last four weeks or longer. These symptoms include headache, dizziness, fatigue, irritability, sleep
problems, concentration problems, memory problems and problems tolerating stress.s In contrast,
The DSM 4 criteria requires immediate symptom onset, persistence of concussion-like symptoms
for at least 3 months and objective evidence of attention and/or memory deficit for a diagnosis of
PCS10. More recently, the term persistent-post concussion symptoms is used in the literature to
bridge the gap between PCS definitions in the ICD-10 and DSM-4. Persistent-post concussion
symptoms are defined by adults who take longer than two weeks to achieve recovery or children

and adolescents who take longer than 4 weeks to achieve recovery following concussion.1

Persistent post-concussion symptoms are a challenge to diagnose, treat and infer prognosis upon.
This is partly due to the pathophysiology of this condition being complex, multifactorial, and still
up for debate. Diagnostic trajectories for persistent-post concussion symptoms have been outlined
in the literature to help guide clinicians in assessment and treatment approaches. These trajectories
include physiological post-concussion disorder (PCD), vestibulo-ocular PCD and/or cervicogenic

PCD.11 The clinical trajectory of physiological PCD attributes longstanding concussion symptoms
2



to persistence of the biochemical, autonomic and cerebrovascular alterations that are characterized
in acute concussion. This can be seen in alterations of cerebral blood flow and heart rate at rest and
with exercise in adolescents and adults with persistent post-concussion symptoms.12,13 This
abnormal control of cerebral blood flow control is suggestive of imbalances of the Autonomic
Nervous System (ANS). The vestibulo-ocular trajectory of PCD attributes longstanding
concussion symptoms to dysfunction of the central and peripheral components of the vestubulo-
ocular sub-system,11 while the cervicogenic trajectory attributes these changes to dysfunction of
the cervical spine.11 Out of the three different causes of persistent post-concussion symptoms it is
the physiological trajectory which primarily encompasses central changes following concussion. 14
Therefore, when looking for a test which can be used to guide clinical decision making at the acute
and subacute stages of a concussion, it is likely that the assessments which encompass the
physiological trajectory will prove useful. The Buffalo Concussion Treadmill Test (BCTT) is one
which stands out due to its ease of use, it’s safety in an acute concussion sampleis and its high
reliability in assessing for concussion.is Limited research exists examining the relationship
between the BCTT and recovery following SRC. In addition, no current study exists which uses a
multivariable model to control for potential confounders in this association. The purpose of this
thesis is to assess the association between the crude “pass” or “fail” result of a participants first
attempt BCTT, performed between 10 and 21 days after injury, and days from injury to recovery
in a sample of Canadian adolescents aged 17 or under with SRC in a multi-disciplinary clinical
setting. We hypothesize that participants who fail their first attempt BCTT, performed between
10-21 days following injury, will show an increased amount of days from injury to recovery when

compared to those who passed their first attempt.



CHAPTER 2: COMPLETE MANUSCRIPT

ABSTRACT

Background

The Buffalo Concussion Treadmill Test (BCTT) is a graded aerobic test used to assess exercise
intolerance following concussion. The purpose of this study was to examine the association
between the result of a first attempt BCTT performed between 10 and 21 days after injury and
days from injury to recovery in a sample of Canadian adolescents with sport related concussion

(SRC) in a multi-disciplinary clinical setting.

Methods

Data from 855 (480 males and 375 females) adolescents were extracted between January 2016 and
January 2019 from the clinical database of Complete Concussion Management Inc. Participants
received a diagnosis of SRC from a regulated healthcare professional, performed their first BCTT
between 10 and 21 days after injury and scored >7 on the Post-Concussion Symptom Scale (PCSS)
at intake. Participants with findings not consistent with concussion, currently diagnosed with
learning/anxiety/depressive disorder or with history of >3 concussions were excluded. The BCTT
was categorized as “pass” or “fail” based on presence of symptom exacerbation with testing.
Recovery was defined by passing a BCTT, completion of a stepwise return-to-play process,
completion of the Gapski-Goodman exertion test, normalization of symptom severity score and
assessment by a regulated healthcare professional. Hierarchal linear regression was used to assess
the association between the BCTT result and days from injury to recovery adjusting for participant

characteristics (age, sex, previous history of concussion), injury characteristics (loss of



consciousness at injury, presence of amnesia at injury, sport mechanism of injury, symptom
severity score at time of intake) and assessment characteristics (days from injury to initial clinical

intake, days from injury to first BCTT).

Results

After adjustment for participant, injury and assessment characteristics, failing a first attempt BCTT
was significantly associated with 13 increased days to recovery when compared to a pass result
(8=13.173, 95% CI1=8.977, 17.369, R2=0.118). This model explained a total of 11.8% variation in

recovery, 4% of which was contributed from the BCTT result alone (R2= 0.118, R2 change= 0.04).

Conclusion

First attempt BCTT was significantly associated with increased time to recovery. This significance
of the association was retained with the addition of participant, injury and assessment
characteristics. When communication prognosis to patients and families with SRC, clinicians

should use a range of variables, including the BCTT.



INTRODUCTION

Concussion is defined as a brain injury that is induced by an impulsive biomechanical force
transferring from the body to the brain.1 Although most patients recover symptomatically from an
acute concussion within 7-10 days, approximately 10%-25% develop persistent post-concussion
symptoms.s,17 In children and adolescents this is described as symptoms lasting over 30 days.1
Symptom severity, assessed by concussion specific checklists, in the acute and subacute phase
following a concussion is considered to be the most accurate predictor of time to recovery.is,19 In
addition, patient characteristics such as age, sex, previous history of concussion, learning
disability, history of migraines and previous psychological illness are also known risk factors for

prolonged recovery after concussion.2o,21,22,23

Persistent post-concussion symptoms can be attributed to longstanding autonomic nervous system
(ANS) disruption following concussion.24 This manifests in impairments to cardiac rhythm and
cerebral blood flow control both at a resting state and with exercise.2s The Buffalo Concussion
Treadmill Test (BCTT) is a graded aerobic test that can safely assess level of exercise intolerance
even in acute concussion.is26. Participants who achieve maximal level of perceived exertion
without symptom execration on the BCTT are considered physiologically recovered from
concussion and provided a passed result.2e More recently, the BCTT has proved useful in assessing
patient prognosis following concussion. A randomized control trial which assessed safety of the
BCTT in an acute concussion sample randomized 54 adolescent participants to either a group
which performed the BCTT or to a control group. When analysis was performed on participants
in the BCTT group, heart rate threshold (HRt), defined as the average heart rate on the final minute

of the BCTT was significantly associated with days to recovery (R2=0.2982, p=0.0032).15 A



retrospective cohort study further exhibited A HR (the difference between resting heart rate and
HRt) captured from the BCTT was significantly associated with duration of clinical recovery in a
sample of 27 adolescents prescribed rest (R2=0.126, p=0.012) following concussion.27 In an
attempt to further assess the BCTT’s relationship with concussion recovery and understand how
the use of a crude “pass” or “fail” BCTT outcome may impact this effect we aimed to assess the
association between a failed first attempt BCTT conducted between 10- and 21-days following
sport related concussion (SRC) and days from injury to recovery in a sample of Canadian

adolescents under the age of 18.

MATERIALS AND METHODS

Study Design

This study retrospectively analyzed Canadian data collected by private clinics of the Complete
Concussion Management Inc. (CCMI) network between January 2016 and January 2019.28 Within
this clinical setting, patients were either referred or diagnosed at CCMI clinics with a sport related
concussion (SRC). Diagnosis of SRC at CCMI was provided by a regulated healthcare professional
(medical doctor, physiotherapist, chiropractor) according to the international Concussion in Sport
Group (CISG) criteria.1 No record was kept as to which healthcare professional provided this
diagnosis. After diagnosis, patients progressed through a concussion management strategy which
included return to learn and play steps according to the CISG criteria.1 In instances where recovery
did not progress as expected (i.e., still symptomatic beyond 10-14 days post injury), patient-
specific rehabilitation programs were initiated and may have included cervical spine therapy,

vestibular therapy, oculomotor therapy, balance re-training or sub-symptomatic aerobic training
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and/or referral for medical and/or psychological intervention. This is done in accordance with the
respective domain of symptoms and the clinical experience of the attending practitioner.
Participant consent is obtained from the athlete or their parent/guardian to allow for de-identified
health data to be extracted from this database and used for research purposes.2e This study was

approved by the research ethics board of York University in Toronto, Canada.

Participants

Male and female adolescents with SRC who performed their first attempt, since time of injury,
BCTT between 10-21 days after injury between January 2016 to January 2019 were included in
this study. Participants within CCMI clinics perform their first BCTT when asymptomatic at rest
or if symptomatic at 10 days or later. Therefore, the 10-21-day timeline was chosen to include
participants mostly symptomatic at rest but not yet determined to be a persistent case according to
CISG criteria.1 Participants were excluded if they presented with (1) findings not consistent with
diagnosis of concussion, including focal neurological deficit, skull fracture, abnormalities
visualized by CT, micro-hemorrhaging visualized by MRI; (2) patients unable to safely walk on
treadmill due to orthopedic injury or vestibular deficit; (3) patients with current diagnosis and/or
under treatment for ADHD, learning disorder, depression, anxiety, autism, sleep disorder or history
of more than 3 prior concussions (these factors are associated with delayed recovery);20,21,22,23 (4)
patients who scored <7 on concussion symptom severity at initial assessment (as normally
developing adolescents may present with concussion-like symptoms).so Participants without a
recorded date of injury and/or date of recovery were not extracted from the CCMI database as the

outcome of “days from injury to recovery” could not be produced without these dates.

BCTT Test



Before BCTT test administration, baseline level of concussion symptoms on a Visual Analog Scale

(VAS) from 0-10 and resting heart rate measurements was taken.s1 Participants were then asked

to walk on a treadmill starting at a speed of 3.2 mph starting at 0 degrees incline. Treadmill incline
was increased by 1 degree each minute for the first 15 minutes of the BCTT. Following max
incline, the treadmill speed was increased by 0.4 mph every minute. Heart rate, Borg Rating of
Perceived Exertion (RPE) and VAS was recorded at each minute of the BCTT until concussion
symptom exacerbation or voluntary exhaustion was achieved.31,32 Symptom exacerbation was
defined as an increased of 3 or more points from VAS taken at baseline. Voluntary exhaustion was
defined as a score of 17 to 20 on the RPE Scale.s2 Participants able to exercise to full level of
perceived exertion without concussion symptom exacerbation were deemed to have passed the
BCTT.26 Those unable to exercise to a full level of perceived exertion due to concussion symptom
exacerbation were defined as failing the BCTT.26 For the present study, the first attempt BCTT,

performed between 10- and 21-days following injury was categorized as passed or failed.

Days from injury to recovery

The outcome, days from injury to recovery, was analyzed as a continuous variable. This variable
was created by calculating the difference between date of injury and date the patient was provided
medical clearance and discharged. Recovery was defined as normalization of symptom severity
score, a passed BCTT, successful completion of the Gapski-Goodman physical exertion test for
concussion,ss assessment by regulated healthcare professional (medical doctor, physiotherapist,
chiropractor) and full completion of stepwise return to play process outlined by the Berlin

concussion consensus statement.1

Covariates



Participant specific characteristics included sex, age at injury, and history of previous concussions.

Injury specific characteristics included presence of loss of consciousness (LOC) at time of injury,

presence and type of amnesia at time of injury, sport mechanism of injury categorized by similarity
in incidence rates of concussion within each sport,ss symptom severity score completed at initial
visit which consists of a 22-item checklist used to evaluate the presence of concussion
charecteristics.1 Sport mechanism of injury was analyzed due the potential for differing recovery
time between sports.o Assessment specific characteristics included days from injury to initial
assessment at CCMI and days from injury to first BCTT at CCMI. Finally, treatment specific
variables included number of total SOAP (Subjective, Objective, Assessment, Plan) notes
documented by treating practitioner, number of SOAP notes which included visual or vestibular
therapy and the total number of BCTT’s performed. All data of study variables was collected from

the CCMI database by the attending regulated healthcare practitioner at time of intake.

Statistical Analysis

Data analysis was performed using IBM Statistical Package for the Social Sciences (SPSS) and
alpha level was set as 0.05. Simple linear regression was used to assess the relationships between
each of the independent variables with the outcome variable at the bivariate level. Hierarchal linear
regression analysis was performed, and 4 different multiple linear regression models were
conducted. Model 1 included participant characteristics only, Model 2 added both injury and
assessment characteristics to model 1. Model 3 included variables in model 1, model 2 and the
BCTT result. Model 4 included variables in model 1, model 2, treatment variables and the BCTT

result. Descriptive statistics of the sample used raw numbers, percentages, means and standard
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deviations. Unstandardized beta coefficients, 95% Confidence Intervals (Cl) and R2 were reported

for the simple and multiple linear regression models.

RESULTS

A total of 1,279 patients were extracted from the CCMI database between January 2016 and
January 2019. After applying the exclusion criteria, the final sample consisted of 855 patients.
Details on data extraction and excluded cases can be found on Figure 1. The final sample was
primarily male (n=480) with an average age of 14.05 (SD=2.106) years and a median age of 14.00
(IQR=13-16). The youngest participant included in this sample was 6 years old at time of SRC.
The majority of participants had no concussion history (n=475) and did not present with LOC
(n=804) or amnesia following injury (n=710). Hockey was the most common sport of injury
occurrence (n=394). The average PCSS score at time of injury was 30.54 (SD=18.366). Patients
received an initial assessment an average of 5.30 (SD=3.228) days after injury and participated in
their first BCTT on average 14.04 (SD=3.228) days following concussion. Participants on average
had 3.48 (SD=2.075) SOAP notes on file corresponding to this specific concussive event. Average
days from injury to recovery for our sample was 32.16 (SD=25.831) days and median days to
recovery was 25 days (IQR=19-33). Figure 2 displays the overall distribution of the outcome
variable of time to recovery. Patients who failed a first attempt BCTT took on average 15.05 more
days to recovery (unadjusted 3 =15.05, 95%CIl= 10.832, 19.267) when compared to those who
passed their first attempt. Table 1 summarizes the baseline patient characteristics and bivariate

analysis.

Table 2 shows the results of the hierarchical linear regression analysis performed. Model 1

included participant characteristics and explained 2.5% variation in days to recovery following
11



concussion (R2=0.025). Model 2 included participant, injury specific and assessment specific
characteristics which explained 7.8% variation in days to recovery (R2=0.078). Model 3 added the
BCTT to model 2 and together explained 11.8% variation in days to recovery (R2=0.118, R
change=0.04). After adjusting for participant, injury and assessment characteristics, failing a first
attempt BCTT was associated with a 13.173 (8= 13.173, 95%CI= 8.977, 17.369) increase in days
to recovery when compared to pass result. History of previous concussion (3=2.913, 95%CI=.846,
4.979) was shown to be associated with increased days to recovery as was sport mechanism of
injury in volleyball/cheerleading/skiing when compared to the reference category of hockey (R=
8.757, 95%CI = 2.387, 15.127). Days from injury to first BCTT was also significantly associated

with delayed recovery time (3=1.298, 95%CI1=.741, 1.856) within model 3.

Model 4 added treatment specific variables to model 3. This combined model explained 18% of
the variation in recovery (R2= 0.18). A failed first attempt BCTT was significantly associated with
an increase of 6.588 days to recovery (3=6.588, 95%CI1=1.254, 11.92) when compared to those

who passed after adjusting for participant, injury, assessment and treatment variables.

DISCUSSION

This retrospective cohort study is the first to assess the relationship between a first attempt crude
“pass” or “fail” BCTT result and days to recovery. Increased understanding of this relationship
can lead to greater clinical utility of the BCTT during assessment of SRC, increased anticipatory
guidance in determining return to play and return to learn timelines and wider use of a first attempt

BCTT result as variable for adjustment for in future studies.
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This study showed a failed result on a first attempt BCTT, when performed between 10 and 21
days after injury, was associated with an average increase of 15 days to recovery. The BCTT alone
explained a total of 5.4% of the variation in recovery at the bivariate level (3=15.05, 95%ClI=
10.832, 19.267, R2=0.054). After adjusting for participant characteristics, injury and assessment
specific characteristics a failed BCTT was associated with an average increase of 13 days to
recovery when compared to a pass result (3=13.173, 95%CI1=8.977, 17.369). This model explained
a total of 11.8% variation in recovery, 4% of which was contributed from the BCTT result alone
(R2=0.118, R2 change= 0.04). Earlier studies which use heart rate specific BCTT results also show
associations with time to recovery in adolescent SRC.15,27 For example, Haider et al. captured the
BCTT result as A HR in a sample of 130 adolescents < 10 days after injury. Participants were then
assigned to either a regiment of rest, light stretching or aerobic activity for 4 weeks. A participants
A HR measured during a BCTT was shown to explain 22.8% variation within the rest group
(R2=0.228, p=0.012), 12.6% variation in the light stretch group (R2=0.126, p=0.011) and 5.9%
variation in recovery within the aerobic activity group (R2=0.059, p=0.084).27 Leddy et. al.
examined the relationship between HRt and days to recovery in a sample of 27 adolescents who
performed the BCTT 1-10 days after injury. After a 14 day follow up, HRt was shown to be
significantly associated with days to recovery and explained 29.82% variation in days to recovery

(R2=0.2982, p=0.0032).15

The reduced percent variation this study reports in contrast to previous work which also assesses
the relationship between the BCTT and recoveryis,27 may be due to (1) the use of a crude pass or
fail BCTT result which does not take into account individual heart rate; (2) the use of a sub-acute
concussion sample which reflects less neurometabolic and axonal dysfunction when compared to

participants at an acute phase of concussion (<10 days);2 (3) a more robust definition of recovery
13



which includes completion of a stepwise return to play process,1 completion the Gapski-Goodman

exertion testss and final assessment of regulated healthcare professional.

Sex was significantly associated with time to recovery, with females showing increased recovery
time when compared to males in model 1. This relationship was no longer significant after
adjustment in model 3. Model 3 showed participants with a prior history of concussion took
significantly longer to recover when compared to participants with no history. A systematic review
evaluating factors associated with clinical recovery following SRC reported no relationship
between prior concussion history and recovery time.is However, this relationship has been shown
in large-scale observational studies.2o,35 Although the literature remains quite mixed, previous
history of concussion has been associated with increased symptom reporting in athletesss and is a
risk factor for sustaining a subsequent concussion.s7 As a result, knowledge of a previous
concussion may result in more conservative clinical decision making in an athletic population.
Participants injured in the volleyball, cheerleading, skiing group took significantly longer to
recover when compared to participants injured in hockey. A systematic review and meta-analysis
of concussion incidence in youth sports reported rugby, American football and hockey have the
highest rates of concussion at 4.18, 1.20 and 0.53 per 1000 athlete exposures.ss The lowest
incidence rates were shown to occur in volleyball, baseball and cheerleading at 0.03, 0.06 and 0.07
per 1000 athlete exposures respectively.s34 It is possible that low incidence of concussion creates a
blinding effect whereby participants are unaware of the signs and symptoms leading to poorer
overall management of the injury. This in turn can lead to poorer prognostic outcomes.ss For
example, concussions within the sport of cheerleading most frequently occur in practice were
athletic therapists may not be available to screen for injuries.ss An increased number of days from

injury to first BCTT was also shown to be significantly associated with increased days to recovery

14



in model 3. It is important to note that exercise has a dose dependant response on patients with
concussion. Excessive or above threshold exercise can increase time to recovery, while minimal
or no exercise can also have detrimental effects.4o It is recommended that after 48 hours of rest
patients begin to gradually increase cognitive and physical activity in a symptom limited capacity.1
When performed at sub-symptomatic levels exercise even at the acute stage of a concussion has
been shown to reduce time to recovery.s1 An increase in days between injury and first attempt
BCTT may indicate delayed use of therapeutic exercise which can increase overall recovery time.
Finally, number of total SOAP notes (3=3.147, 95%CI=2.191, 4.103) and number of total BCTT’s
performed (R=1.879, 95%CI1=-2.509, 6.266) was shown to be significantly associated with days
from injury to recovery after adjusting for all covariates. This relationship is unsurprising as
patients who required more care are likely to take longer to receive recovery clearance by their

attending practitioners.

Limitations

Selection bias exists due to the homogenous nature of participants utilizing multi-discipline
community clinics for concussion care. Only patient data with definite dates of injury and recovery
were extracted. As a result, participants lost to follow up or without complete recovery were not
captured. Information bias may also exist in the unlikely possibility participants performed a prior
BCTT before attending a CCMI clinic and from the differing practitioners diagnosing concussion
(medical doctor, physiotherapist, chiropractor). This was minimized by excluding patients with a
PCSS score of < 7 and following the CISG diagnostic criteria for concussion.1 However, Parachute
Canada Concussion in Sport guidelines outlines this diagnosis can be provided by only medical

doctors and nurse practitioners.42 Participants in this sample received concussion care which may
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improve recovery time following concussion and presents as confounding bias. Knowledge of
passed or failed BCTT exposure result may also influence the outcome of days to recovery as
practitioners were unblinded to this result. It is possible that the for-profit nature of
multidisciplinary clinics may result in unnecessary follow-up and repeat care. The average number
of patient visits recorded within our sample was 3.48 which is clinically reasonable for a
concussion. Finally, patient heart-rate data for each first attempt BCTT was extracted from the

CCMI database but was unanalyzed.

CONCLUSION

This study found a failed first attempt BCTT performed between 10-21 days after injury was
significantly associated with increased days to recovery when compared to a passed result after
adjusting for patient, injury and assessment characteristics. In an event where heart rate
measurement equipment is unavailable, the use of a crude BCTT result might still prove helpful
in the clinical assessment of days to recovery following adolescent SRC. Future studies which look
at concussion recovery time should use the first attempt BCTT result as a covariate for adjustment
if available. Currently this relationship has only been examined in an adolescent sample with SRC

and should also be examined in other age groups with different mechanisms of injury.
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FIGURE 1: DATA EXTRACTION AND PARTICIPANT EXCLUSION FLOWCHART

1,279 Extracted from
CCMI database

424 cases excluded
- 201 cases with symptom
severity score <7
- 33 cases with > than 3
concussions
> - 80 cases with ADHD
- 84 cases with learning disorder
- 102 cases with anxiety disorder
- 17 with red flag
symptoms
- 13 with sleep disorder

\4

855 (100%) included in the

684 (80%) passed 171 (20%) failed
first attempt first attempt
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Table 1. Sample characteristics and relationship with outcome of days from injury to

recovery using simple linear regression.

Unstandardized

N (%) Mean (SD) 3 (SE) 95% ClI R Square

BCTT Test Result

Pass 684 (80%) Ref.

Fail 171 (20%) 15.05 (2.149) 10.832, 19.267 0.054
Participant Characteristics
Age (Years)*

<9 Years 27 (3.2%)

10to 11 Years 83 (9.7%)

12 to 13 Years 188 (22.0%)

14 to 15 Years 330 (38.6%)

16 to 17 Years 227 (26.5%)  14.05 (2.106) 1.282 (0.418) 0.463, 2.102 0.011
Sex

Male 480 (56.1%) Ref.

Female 375 (43.9%) 3.758 (1.777) 271, 7.245 0.005
Previous Concussions*

0 475 (55.6%)

1 260 (30.4%)

2 88 (10.3%)

3 32 (3.7%) .62 (.816) 3.236 (1.078) 1.121,5.352 0.01
Injury Specific Variables
Loss of Consciousness

No 804 (94%) Ref.

Yes 51 (6%) -4.825 (3.728) -12.143, 2.493 0.002
Type of Amnesia

None 710 (83.0%) Ref.

Anterograde 75 (8.8%) 1.999 (3.138) -4.16, 8.158

Retrograde 70 (8.2%) 2.797 (3.238) -3.558, 9.151 0.001
Sport Injured

Hockey 394 (46.1%) Ref.

Football/Rugby 128 (15%) 1.083 (2.614) -4.048, 6.214

Soccer/Basketball 152 (17.8%) 2.978 (2.453) -1.837,7.793

Volleyball/Cheer/Skiing 73 (8.5%) 11.653 (3.274) 5.227, 18.079

Other 108 (12.6%) 1.477 (2.791) -4.001, 6.954 0.015
Symptom Severity Score*

<21 331 (38.7%)

2210 37 275 (32.2%)

3810 55 163 (19.1%)

>55 86 (10.1%)  30.54 (18.366) 1.81 (0.48) 0.088, 0.275 0.017
Assessment Specific Variables
Days from Injury to Assessment*

<7 648 (75.8%)

8to 14 185 (21.6%)

>15 22 (2.6%) 5.30 (3.827) 0.464 (0.231) 0.012, 0.917 0.005
Days from Injury to 1st BCTT*

10 to 15 568 (66.4%)

16to 21 287 (33.6%)  14.04 (3.228) 1.508 (0.269) 0.979, 2.036 0.035
Treatment Specific Variables
Number of SOAP Notes Total*

1to3 511 (59.8%)

>4 344 (40.2%) 3.48 (2.075) 4.284 (0.4) 3.498, 5.069 0.118
Number of SOAP's with Vis/Vest*

Otol 723 (84.6%)

>2 132 (15.4%) .63 (1.350) 3.892 (0.641) 2.633,5.15 0.041
Number of BCTT Performed*

1to2 828 (96.8%)

3t05 27 (3.2%) 1.22 (.506) 12.014 (1.699) 8.68, 15.348 0.055

*Analyzed as continuous variable in linear regression analysis
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Table 2. Model Specifications for the impact of the BCTT on days from injury to recovery with sequential adjustment for

specific of covariates

Model 1.

Participant characteristics

Model 2.
Model 1 + Injury + Assessment

Model 3.
Model 2 + BCTT Result

Model 4.
Model 3 + Treatment

Unstandardized 95% ClI Unstandardized 95% ClI Unstandardized 95% ClI Unstandardized 95% ClI
B (SE) B (SE) B (SE) B (SE)
Participant Characteristics
Age (years) 1.051 (0.421) 225,1.877  0.749 (0.425) -0.84, 1.583 0.723 (0.416) -.093, 1.538 0.512 (0.403) -.279,1.302
Sex

Male Ref. Ref. Ref. Ref.

Female 4,027 (1.777) .538,7.515  1.522(1.905) -2.217,5.262 1.127 (1.866) -2.535, 4.789 0.295(1.809)  -3.256, 3.845
Previous concussion 3.117 (1.09) 977,5.256  3.397 (1.073) 1.292, 5.503 2.913 (1.053) .846,4.979 2.88 (1.019) .881, 4.880
Injury Specific Characteristics
Loss of consciousness (yes/no) -5.205 (3.756) -12.577,2.168 -5.27(3.676)  -12.486,1.946  -5778(3.552)  -12.75,1.195
Presence and Type of Amnesia

None Reported Ref. Ref. Ref.

Anterograde Amnesia 2.491 (3.102) -3.599, 8.580 2.707 (3.037) -3.253, 8.667 3.464 (2.935)  -2.298,9.225

Retrograde Amnesia 2.858 (3.257) 3.535,9.251 2.879 (3.188) -3.377,9.136 4.408 (3.085)  -1.647,10.464
Sport Injured

Hockey Ref. Ref. Ref.

Football/Rugby 0.015 (2.585) -5.058, 5.088 -0.235 (2.53) -5.2,4.731 0.17 (2.446) -4.632,4.971

Soccer/Baskethall 2.192 (2.471) -2.658, 7.043 0.769 (2.43) -4.00, 5.537 0.976 (2.351)  -3.639,5.590

Volleyball/Cheerleading/Skiing 10.761 (3.299)  4.285,17.237 8.757 (3.245)  2.387,15.127  7.773(3.139)  1.612,13.933

Other 1.242 (2.809) -4.271, 6.754 0.428 (2.752) -4.973, 5.830 0.948 (2.669)  -4.292,6.188
Symptom Severity Score at Initial 0.108 (0.05) 0.11, .205 0.085 (0.049) -.010, .181 0.053 (0.047) -.040, .145
Assessment Specific
Characteristics
Days from injury to initial 0.134 (2.44) -.344, 613 -0.023 (0.24) -.494, .448 0.305 (0.237) -.160, .770
assessment
Days from injury to first BCTT 1.253 (0.29) .683,1.822 1.298 (0.284) .741,1.856 0.791 (0.284) .235,1.348
Treatment Specific Characteristics
Total number of SOAP's 3.147 (0.487) 2.191,4.103
Number of SOAP's with visual or 0.496 (0.685) -.850, 1.841
vestibular rehab
Number of BCTT's Performed 1.879 (2.235) -2.509, 6.266
BCTT Test result 13173 (2.138)  8.977,17.369  6.588 (2.717) 1.254,11.92
R Square 0.025 0.078 0.118 0.18
R Square Change 0.025 0.053 0.04 0.006

19



CHAPTER 3: EXPANDED DISCUSSION

Despite the significant scientific attention to SRC and persistent concussion symptoms over the
last decade, concussion remains a clinical diagnosis based on subjective symptom reporting.1

Current clinical management for SRC includes the removal of an athlete from play, followed by a
stepwise return to sport.1 Outside these practice guidelines, the use of prevention-based strategies
and rehabilitation approaches for persistent symptoms have also been explored and implemented
into clinical use. Although significant strides have been made in concussion management, an
objective diagnostic marker remains elusive. If found, this would present as a giant leap forward
in concussion management. The hope is to pair current evidence-based prevention and treatment

strategies with future objective diagnostic techniques to reduce the overall burden SRC.

Concussion prevention

A variety of prevention strategies have been under study for SRC. A 2016 systematic review and
meta-analysis of prospective studies evaluated the preventive effect of protective equipment (ie,
helmets, face shields, mouthguards), education, or training programs on the incidence of
concussion.as Of the 15 studies included, only 8 (7 on protective equipment and 1 on education)
were included in the meta-analysis. The relative risk of concussion for participants wearing
protective equipment relative to standard equipment showed no effect of the intervention
(RR=0.82, 95%CI=0.56, 1.20).43 However, the relative risk of superficial head injury was
significantly reduced for participants wearing protective equipment relative to those that did not
(RR=0.41 95%CI1=0.31, 0.56).43 Therefore, prospective studies indicate protective equipment can

prevent superficial head injury but do not protect against concussion. Perhaps the strongest
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evidence for prevention of SRC comes from sport rule changes. A prime example of this can be
seen in adolescent hockey leagues and the elimination of body checking. In 2011, Ontario
provincial policy disallowed body checking in non-elite Pee Wee (ages 11-12) leagues.s4 The
effect of this ban on concussion was analyzed by comparing 281 non-elite Pee Wee hockey players
from Ontario in the year 2011-2012 to 590 non-elite Pee Wee hockey players in Alberta during
2011-2012 where body checking was permitted. Participants in Alberta were approximately 3
times more likely to receive a concussion when compared to participants in Ontario (IRR=2.83,

95% Cl=1.09, 7.31).44

Persistent symptom management

Although strategies to prevent of concussion have become more accepted within youth sporting
organizations, management of symptoms for athletes who sustain concussions is also of priority.
Most concussions resolve in approximately 10-14 daysz; however, it is important to seek additional
assistance and care if symptoms become persistent. Approaches such as cervical and vestibular
rehabilitation, symptom limited aerobic exercise protocol and/or management through
psychological approaches have been useful at reducing time to recovery. For example, Schneider
et al. randomized 31 individuals diagnosed with SRC to individually designed combinations of
cervical spine and vestibular physiotherapy or non-provocative range of motion exercises between
November 2010 and October 2011. Patients randomized to treatment were more likely to receive
clearance to return to sport at 8 weeks when compared to control (OR=3.91, 95%CI=1.34, 11.34).45
Leddy et al. randomized 113 participants with SRC to a treatment group of 20 minutes daily sub
symptomatic aerobic exercise at 80% of heart rate achieved at symptom exacerbation or daily

stretching. Participants randomized to the aerobic exercise group were shown to have a median

21



recovery of 13 days (IQR= 10,18.5) while those randomized to the control group had a median
recovery of 17 days (IQR=13,23) (p=0.009).5 Very few, if any randomized controlled trials exist
relating to the use of psychological rehabilitation strategies to reduce recovery time following
SRC. This presents as an area for further research. However, this literature does exist in the general

mild traumatic brain injury literature and has shown to improve symptoms.as,47

Biomarkers of Concussion

If found, an objective biomarker for concussion would allow for timely removal of an athlete from
play, differentiation of SRC from other conditions and provide assurance that neurobiological
recovery has occurred when athletes return to play. The use of biomarkers currently remains
investigational and more information is needed before integrating these novel approaches into
future clinical practice. Diffusion Tensor Imaging (DTI) is a non-invasive imaging technique
which measures the quantity and direction of water molecule diffusion.sas Commonly used DTI
measures include fractional anisotropy (FA) which relates to the directionality of diffusion and
mean diffusivity (MD) which relates to total diffusion within a voxel or region.s9 Changes in FA
and MD are used to detect micro-structural changes to white matter following concussion and may
correlate with longstanding-concussion symptoms.so A 2016 systematic review which aimed to
review DTI parameters as a diagnostic tool and predictor of PCS showed common findings of
decreased FA in concussed individuals when compared to healthy controls in 7 out 10 ten included
studies.s1 However, 3 of the included studies showed no significant changes in FA when compared
to healthy controls.s1 The challenge for the use DTI as a biomarker for concussion is that the
changes which occur to FA and MD after concussion is not consistent between studies.

Furthermore, more research is needed to establish normal values for FA and MD so differences
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following concussion are compared to a universal standard rather than a healthy control. Parallel
to the work in neuroimaging, biochemical markers for concussion are also under study. The most
frequently examined biomarker in athletes after SRC is S100B.s2 S100B is a low affinity calcium-
binding protein in astrocytes which regulates intracellular levels of calcium. After concussion
S100B is released and enters the peripheral blood stream through the Blood Brain Barrier (BBB).s3
A case-control study highlighted this effect through analysis of 36 athletes after SRC and 86
demographically matched controls. Within-patient analysis showed elevated S100B after SRC
(p=0.003, 67% of patients elevated) while a significant between-group difference was also shown
after SRC compared to controls (p=<0.001).s54 Unfortunately, S100B like other biomarkers under
study is not concussion specific and has shown to be elevated in studies in healthy individuals

during exercise.ss

Until an objective and specific biomarker for SRC exists, it is important to further understanding
of currently used outcome measures to advance current clinical practice. Our study showed a
significant relationship between a first attempt BCTT and days to recovery. Future studies should
assess this relationship in a variety of participant samples and in non-sport related concussion.

There is also a need for research into minimally clinically important differences (MCID’s)s6 for

many outcome measures of concussion, including the BCTT.
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FIGURE 2: OVERAL DISTRIBUTION OF OUTCOME VARIABLE - TIME TO
RECOVERY

Frequency

Days from injury to discharge

50

40

10

o] ] (o]
- -

w oMb
~N = O ©

colL
LLL
ccl
ol
621
85C

- NN W g o G G ~
w o~ g O w w W W o o b

Days from injury to discharge

24



REFERENCES

1)

2)

3)

4)

5)

6)

7)

8)

9)

McCrory P, Meeuwisse W, Dvorak J, et al. Consensus statement on concussion in sport—the
5th international conference on concussion in sport held in Berlin, October 2016. British Journal
of Sports Medicine 2017;51:838-847

Giza CC, Hovda DA. The new neurometabolic cascade of concussion. Neurosurgery. 2014
Oct;75 Suppl 4:S24-33. doi: 10.1227/NEU.0000000000000505. Review

Canadian Institute for Health Information. Heads-Up on sport-related brain injuries.

Haarbauer-Krupa J, Arbogast KB, Metzger KB, Greenspan Al, Kessler R, Curry AE, Bell JM,
DePadilla L, Pfeiffer MR, Zonfrillo MR, Master CL. Variations in Mechanisms of Injury for
Children ~ with  Concussion. J  Pediatr. 2018  Jun;197:241-248.e1l.  doi:
10.1016/j.jpeds.2018.01.075. Epub 2018 Apr 4. PubMed PMID: 29627189; PubMed Central
PMCID: PMC6029621

Kochanek PM. Pediatric traumatic brain injury: quo vadis? Dev Neurosci. 2006;28(4-5):244-

55. Review.

Virji-Babul N, Borich MR, Makan N, Moore T, Frew K, Emery CA, Boyd LA. Diffusion tensor
imaging of sports-related concussion in adolescents. Pediatr Neurol. 2013 Jan;48(1):24-9. doi:
10.1016/j.pediatrneurol.2012.09.005. PubMed PMID: 23290016

McLendon LA, Kralik SF, Grayson PA, Golomb MR. The Controversial Second Impact
Syndrome: A Review of the Literature. Pediatr Neurol. 2016 Sep;62:9-17.
doi:10.1016/j.pediatrneurol.2016.03.009

Iverson GL. Outcome from mild traumatic brain injury. Curr Opin Psychiatry. 2005
May;18(3):301-17. PubMed PMID: 16639155

World Health Organization The ICD-10 Classification of Mental and Behavioural Disorders:
Diagnostic Criteria for Research. Geneva: WHO; (1993)

10)APA (American Psychiatric Association). Diagnostic and Statistical Manual of Mental

Disorders. 5th. Arlington, VA: American Psychiatric Association; 2013

11)Michael J. Ellis, John J. Leddy & Barry Willer (2015) Physiological, vestibulo-ocular and

cervicogenic post-concussion disorders: An evidence-based classification system with
directions for treatment, Brain Injury, 29:2, 238-248, DOI: 10.3109/02699052.2014.965207

25


https://www.cihi.ca/en/heads-up-on-sport-related-brain-injuries-0.%20Accessed%209%20Feb%202017
https://doi.org/10.3109/02699052.2014.965207

12)Leddy JJ, Kozlowski K, Fung M, Pendergast DR, Willer B. Regulatory and autoregulatory
physiological dysfunction as a primary characteristic of post concussion syndrome:
implications for treatment. NeuroRehabilitation.2007;22(3):199-205

13)Clausen M, Pendergast DR, Willer B, Leddy J. Cerebral Blood Flow During Treadmill Exercise
Is a Marker of Physiological Postconcussion Syndrome in Female Athletes. J Head Trauma
Rehabil. 2016 May-Jun;31(3):215-24

14)Ellis MJ, Leddy J, Willer B. Multi-Disciplinary Management of Athletes with Post-Concussion
Syndrome: An Evolving Pathophysiological Approach. Front Neurol. 2016;7:136. Published
2016 Aug 24. doi:10.3389/fneur.2016.00136

15)Leddy JJ, Hinds AL, Miecznikowski J, et al. Safety and Prognostic Utility of Provocative
Exercise Testing in Acutely Concussed Adolescents: A Randomized Trial. Clin J Sport Med.
2018;28(1):13-20. d0i:10.1097/JSM.0000000000000431

16) Leddy JJ, Baker JG, Kozlowski K, Bisson L, Willer B. Reliability of a graded exercise test for
assessing recovery from concussion. Clin J Sport Med. 2011 Mar;21(2):89-94

17)Jotwani V, Harmon KG. Postconcussion syndrome in athletes. Curr Sports Med Rep. 2010 Jan-
Feb;9(1):21-6. doi: 10.1249/JSR.0b013e3181cch55¢e

18)lverson GL, Gardner AJ, Terry DP, Ponsford JL, Sills AK, Broshek DK, Solomon GS.
Predictors of clinical recovery from concussion: a systematic review. Br J Sports Med. 2017
Jun;51(12):941-948

19) Meehan WP 3rd, Mannix RC, Stracciolini A, Elbin RJ, Collins MW. Symptom severity predicts
prolonged recovery after sport-related concussion, but age and amnesia do not. J Pediatr.
2013;163(3):721-725. doi:10.1016/j.jpeds.2013.03.012

20)Miller JH, Gill C, Kuhn EN, et al. Predictors of delayed recovery following pediatric sports-
related concussion: a case-control study.J Neurosurg Pediatr. 2016;17(4):491-496.
doi:10.3171/2015.8.PEDS14332

21)Mautner K, Sussman WI, Axtman M, Al-Farsi Y, Al-Adawi S. Relationship of Attention Deficit
Hyperactivity Disorder and Postconcussion Recovery in Youth Athletes. Clin J Sport Med.
2015 Jul;25(4):355-60

22)Morgan CD, Zuckerman SL, Lee YM, King L, Beaird S, Sills AK, Solomon GS. Predictors of
postconcussion syndrome after sports-related concussion in young athletes: a matched case-
control study. J Neurosurg Pediatr. 2015 Jun;15(6):589-98

26



23)Scopaz KA, Hatzenbuehler JR. Risk modifiers for concussion and prolonged recovery. Sports
Health. 2013;5(6):537-541. d0i:10.1177/1941738112473059

24)Esterov D, Greenwald BD. Autonomic Dysfunction after Mild Traumatic Brain Injury. Brain
Sci. 2017;7(8):100. Published 2017 Aug 11. doi:10.3390/brainsci7080100

25)Junger EC, Newell DW, Grant GA, Avellino AM, Ghatan S, Douville CM, Lam AM, Aaslid
R, Winn HR. Cerebral autoregulation following minor head injury. J Neurosurg. 1997
Mar;86(3):425-32. PubMed PMID: 9046298

26)Leddy JJ, Willer B. Use of graded exercise testing in concussion and return-to-activity
management. Curr Sports Med Rep. 2013 Nov-Dec;12(6):370-6.doi:
10.1249/JSR.0000000000000008

27)Haider MN, Leddy JJ, Wilber CG, Viera KB, Bezherano I, Wilkins KJ, Miecznikowski JC,
Willer BS. The Predictive Capacity of the Buffalo Concussion Treadmill Test After Sport-
Related Concussion in Adolescents. Front Neurol. 2019 Apr 24;10:395. doi:
10.3389/fneur.2019.00395

28) Complete Concussion Management. Research. Complete Concussion Management website
https://completeconcussions.com/resources/research/. Accessed March 27, 2020.

29) Complete Concussion Management. EMR System. Complete Concussion Management website
https://completeconcussions.com/about-us/emr-system/. Accessed March 27, 2020.

30)Hunt AW, Paniccia M, Reed N, Keightley M. Concussion-Like Symptoms in Child and Youth
Athletes at Baseline: What Is "Typical"?.J Athl Train. 2016;51(10):749-757.
d0i:10.4085/1062-6050-51.11.12

31)Likert, Rensis (1932). “A Technique for the Measurement of Attitudes”. Arichives of
Psychology. 140: 1-55

32)Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 1982;14(5):377-
81. PubMed PMID: 7154893

33)Marshall CM, Chan N, Tran P, DeMatteo C. The use of an intensive physical exertion test as a
final return to play measure in concussed athletes: a prospective cohort. Phys Sportsmed. 2019
May;47(2):158-166

34)Pfister T, Pfister K, Hagel B, Ghali WA, Ronksley PE. The incidence of concussion in youth
sports: a systematic review and meta-analysis. Br J Sports Med. 2016 Mar;50(5):292-7. doi:
10.1136/bjsports-2015-094978

27



35)Corwin DJ, Zonfrillo MR, Master CL, Arbogast KB, Grady MF, Robinson RL, Goodman AM,
Wiebe DJ. Characteristics of prolonged concussion recovery in a pediatric subspecialty referral
population. J Pediatr. 2014 Dec;165(6):1207-15.doi: 10.1016/j.jpeds.2014.08.034

36)Iverson GL, Silverberg ND, Mannix R, Maxwell BA, Atkins JE, Zafonte R, Berkner PD.
Factors Associated with Concussion-like Symptom Reporting in High School Athletes. JAMA
Pediatr. 2015 Dec;169(12):1132-40

37)Abrahams S, Fie SM, Patricios J, Posthumus M, September AV. Risk factors for sports
concussion: an evidence-based systematic review. Br J Sports Med. 2014 Jan;48(2):91-7. doi:
10.1136/bjsports-2013-092734

38) Asken BM, McCrea MA, Clugston JR, Snyder AR, Houck ZM, Bauer RM. "Playing Through
It": Delayed Reporting and Removal From Athletic Activity After Concussion Predicts
Prolonged Recovery. J Athl Train. 2016;51(4):329-335. doi:10.4085/1062-6050-51.5.02

39) Daneshvar DH, Nowinski CJ, McKee AC, Cantu RC. The epidemiology of sport-related
concussion. Clin Sports Med. 2011 Jan;30(1):1-17, vii. doi:10.1016/j.csm.2010.08.006. Review

40)Leddy JJ, Haider MN, Ellis M, Willer BS. Exercise is Medicine for Concussion. Curr Sports
Med Rep. 2018 Aug;17(8):262-270. doi: 10.1249/JSR.0000000000000505. Review.

41)Leddy JJ, Haider MN, Ellis MJ, Mannix R, Darling SR, Freitas MS, Suffoletto HN, Leiter J,
Cordingley DM, Willer B. Early Subthreshold Aerobic Exercise for Sport-Related Concussion:
A Randomized Clinical Trial. JAMA Pediatr. 2019 Apr 1;173(4):319-325

42)Parachute. Canadian Guideline on Concussion in Sport. 2007. Toronto: Parachute.

43)Schneider DK, Grandhi RK, Bansal P, et al. Current state of concussion prevention strategies:
a systematic review and meta-analysis of prospective, controlled studies. Br J Sports Med.
2017;51(20):1473-1482. doi:10.1136/bjsports-2015-095645

44)Black AM, Macpherson AK, Hagel BE, et al.Policy change eliminating body checking in non-
elite ice hockey leads to a threefold reduction in injury and concussion risk in 11- and 12-year-
old players. Br J of Sports Medicine 2016;50:55-61

45)Schneider KJ, Meeuwisse WH, Nettel-Aguirre A, et al. Cervicovestibular rehabilitation in
sport-related concussion: a randomised controlled trial. Br J Sports Med. 2014;48(17):1294-
1298. d0i:10.1136/bjsports-2013-093267

46) Thastum MM, Rask CU, Nass-Schmidt ET, et al. Novel interdisciplinary intervention, GAIN,
vs. enhanced usual care to reduce high levels of post-concussion symptoms in adolescents and

28



young adults 2-6 months post-injury: A randomised trial. EClinicalMedicine. 2019;17:100214.
Published 2019 Dec 16. doi:10.1016/j.eclinm.2019.11.007

47)Rytter HM, Westenbaek K, Henriksen H, Christiansen P, Humle F. Specialized
interdisciplinary rehabilitation reduces persistent post-concussive symptoms: a randomized
clinical trial. Brain Inj. 2019;33(3):266-281. doi:10.1080/02699052.2018.1552022

48)Mori S, Zhang J. Principles of diffusion tensor imaging and its applications to basic
neuroscience research. Neuron. 2006;51(5):527-539. doi:10.1016/j.neuron.2006.08.012

49)Le Bihan D, Mangin JF, Poupon C, et al. Diffusion tensor imaging: concepts and applications. J
Magn Reson Imaging. 2001;13(4):534-546. doi:10.1002/jmri.1076

50)Huisman TA, Schwamm LH, Schaefer PW, et al. Diffusion tensor imaging as potential
biomarker of white matter injury in diffuse axonal injury. AJNR Am J Neuroradiol.
2004;25(3):370-376

51) Khong E, Odenwald N, Hashim E, Cusimano MD. Diffusion Tensor Imaging Findings in Post-
Concussion Syndrome Patients after Mild Traumatic Brain Injury: A Systematic Review. Front
Neurol. 2016;7:156. Published 2016 Sep 19. doi:10.3389/fneur.2016.00156

52)Begaz T, Kyriacou DN, Segal J, Bazarian JJ. Serum biochemical markers for post-concussion
syndrome in patients with mild traumatic brain injury. J Neurotrauma. 2006;23(8):1201-1210.
d0i:10.1089/neu.2006.23.1201

53)Kleindienst A, Ross Bullock M. A critical analysis of the role of the neurotrophic protein S100B
in acute brain injury. J Neurotrauma. 2006;23(8):1185-1200. doi:10.1089/neu.2006.23.1185

54) Asken BM, Bauer RM, DeKosky ST, et al. Concussion BASICS 111: Serum biomarker changes
following sport-related concussion. Neurology. 2018;91(23):e2133-¢2143.
d0i:10.1212/WNL.0000000000006617

55) Straume-Naesheim TM, Andersen TE, Jochum M, Dvorak J, Bahr R. Minor head trauma in
soccer and serum levels of  S100B. Neurosurgery.  2008;62(6):1297-1306.
d0i:10.1227/01.neu.0000333301.34189.3d

56)Jaeschke R, Singer J, Guyatt GH. Measurement of health status. Ascertaining the minimal
clinically important difference. Control Clin Trials. 1989;10(4):407-415

29



