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Abstract
Objective: To investigate the effect of previous concussion on sport-specific skill performance
in youth ice hockey players.
Methods: In total, 596 participants [525 males and 71 females, ages 11-17, representing elite
(upper 30% by division of play) and non-elite (lower 70% by division of play)] were recruited
from minor ice hockey teams in Calgary, Alberta over three seasons of play (2012-2015).
Primary Outcome Measure: On-ice skill performance was based on the Hockey Canada Skills
Test (HCST) battery which included forward agility weave, forward and backward speed skate,
forward to backward transition agility, and a 6-repeat endurance skate.
Results: There were no significant differences in the adjusted odds ratios or the mean scores
between those with and without a history of concussion for all HCST components.
Conclusions: Youth ice hockey players with a history of concussion have similar HCST
performance scores to those that do not.
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Chapter One: Introduction
1.1 Problem Statement
Ice hockey is one of the most popular winter sports in Canada with 634,892 registered
players during the 2013-2014 hockey season.1 Unfortunately, the sport of ice hockey has a high
incidence of injury. Between 1990 and 2003, ice hockey accounted for an estimated 172,128
injuries that presented to United States emergency departments alone.2 Within Canada, research
indicates that 10% of all youth sport-related injuries are in ice hockey.3,4 Concussion,
specifically, is a major concern for all youth sport participants, but youth ice hockey players may
be at an even higher risk compared with other sports. In a systematic review, Koh et al. (2003)
found that ice hockey had the highest concussion incidence rates in male high school athletes
among team sports (American Football, ice hockey, rugby, and soccer).5 Additionally, Emery &
Meeuwisse (2006) concluded that concussion is the most common specific injury type in youth
(ages 9-16) ice hockey accounting for 18% of all injuries; although, more recent youth ice
hockey studies suggest this is higher and may be anywhere from 25-66%.6–8 Adding to the
severity of this issue, those who incur a concussion are at an increased risk of incurring a future
concussion or injury.6,7,9,10
Though the incidence of injury is high, there is a paucity of research that has examined
the impact of injury, particularly concussion, on sport-specific skill performance in youth ice
hockey players. Most of the studies that have investigated injury and performance are either
based on sports other than ice hockey or focused on professional athletes.11–13 Nevertheless,
knowledge gained from these studies may be relevant for youth ice hockey players and can help
inform studies involving youth. In such a popular sport with a high incidence of injury, further
research is needed involving injury and performance, especially in youth ice hockey players.
1

Hockey Canada has recently developed and released a series of tests designed to measure the onice hockey-specific skills that are essential to the sport, called the Hockey Canada Skills Test
(HCST). These tests may be instrumental in detecting changes in performance post-injury. It is
important to build the knowledge between injury and performance in order to better inform the
development of injury risk reduction and concussion management strategies.
1.2 Research Purpose
The purpose of this study was to examine the association between history of previous
concussion and on-ice sport-specific skill performance in youth ice hockey players, as measured
using components of the HCST. Additionally, the purpose was to determine the association
between on-ice sport-specific skill performance (Hockey Canada Skills) and the number of
previous concussions sustained, the time since the last concussion, and the length of recovery
period following the most recent concussion in youth ice hockey. Additionally, the 10-day test
retest reliability of the HCST was evaluated.
1.3 Background
1.3.1 Ice Hockey
1.3.1.1 Participation
The sport of ice hockey is one of the most popular sports in the world and continues to
grow in popularity globally. The International Ice Hockey Federation (IIHF) annual Survey of
Players, a survey that tracks the number of registered ice hockey players of 68 countries, found
that the number of registered players has grown to 1, 779, 911 in 2014 up 8.47% from the year
before.14 Canada leads the world in registration numbers with nearly 550, 000 male and 90, 000
female players.1,14 The next largest country in participation is the United States with over
500,000 total players.15 Interestingly, non-traditional hockey countries have had the biggest five2

year growth in registration numbers with Hong Kong increasing 796%, followed by the United
Arab Emirates with 350%. Of the more-traditional hockey countries, Belarus (153%), Hungary
(119%), Great Britain (96%), Lithuania (53%), Canada (44%), and Slovakia (30%) have had the
remaining largest five-year growths.14
1.3.2 Injury and Concussion in Youth Ice Hockey
A significant issue that the sport of ice hockey faces is the large number of injuries that
occur; 10% of all youth sport-related injuries occur in ice hockey.3,4 The overall injury rate in
youth ice hockey was found to be 30.02 injuries per 100 players per season (95% CI 27.17 to
32.99), or 4.13 injuries per 1000 player hours (95% CI 3.67 to 4.62).4 Ice hockey accounted for
the largest proportion of injuries (53.6%) sustained by paediatric athletes presenting to the US
emergency departments from 1990-2003, over lacrosse and field hockey.2 Recent research has
found consistent risk factors for injury and concussion in ice hockey. Participation in games
compared with practices was associated with an increased risk of injury (incidence rate ratios
ranging from 2.45 to 6.32).6,10,16–18 In a systematic review including a meta-analysis, playing in a
league allowing body checking increases the risk of all game related injuries (summary rate ratio:
2.45; 95% CI 1.7-3.6) and concussion (summary odds ratio: 1.71; 95% CI 1.2-2.44).10
Additionally, those with a history of injury (including concussion) are at an increased risk of
incurring a future concussion or injury.6,7,9,10 Players that are lighter in body weight may also be
at an increased risk of injury.7,17,19 Other risk factors for injury may also exist such as age, level
of play, and player position, yet the research remains inconclusive.10
Of all injuries, concussion is a significant problem in youth ice hockey. The highest
concussion incidence rate in male high school team sports is in ice hockey, and concussion is the
most common specific injury type for youth ice hockey players.5,6 Once reported to represent
3

18% of all injuries,6 more recent youth ice hockey studies suggest this may be higher.7 In a
separate Canadian study, concussion accounted for 32% of all injuries in Pee Wee (11-12 years
old) players playing with body checking, and 25% in a league not allowing body checking.7 This
research was further supported by a landmark study by Emery et al. (2010) that compared a Pee
Wee (ages 11-12) league that allowed body checking (Alberta) to a league that did not (Quebec),
and found that the league allowing body checking had a 3.26-fold (95% CI 2.31-4.60) greater
risk of injury and 3.88-fold (95% CI 1.91-7.89) greater risk for concussion.7 This compelling
research informed Hockey Canada in making an evidence-based policy change in 2013 to delay
body checking from Pee Wee (11-12 years old) until the Bantam level (13-14 years old)
nationally. In addition to making the game safer, this policy change may also allow more time
for players to focus on skill development and improvement.
1.3.3 Concussion
1.3.3.1 Definition
According to the Consensus Statement on Concussion developed at the 4th International
Conference on Concussion in Sport held in Zurich, November 2012, concussion is a: “brain
injury and defined as a complex pathophysiological process affecting the brain, induced by
biomechanical forces. Several common features that incorporate clinical, pathologic and
biomechanical injury constructs that may be utilised in defining the nature of a concussive head
injury include:
1. Concussion may be caused either by a direct blow to head, neck, face, or
elsewhere on the body with an “impulsive” force transmitted to the head.
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2. Concussion typically results in the rapid onset of short-lived impairment of
neurological function that resolves spontaneously. However, in some cases,
symptoms and signs may evolve over a number of minutes to hours.
3. Concussion may result in neuropathological changes, but the acute clinical
symptoms largely reflect a functional disturbance rather than a structural injury
and, as such, no abnormality is seen on standard structural neuroimaging studies.
4. Concussion results in a graded set of clinical symptoms that may or may not
involve loss of consciousness. 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.”20
This definition is currently the most recent definition released by the Concussion in Sport
Group (CISG) of the consensus statement, and reflects the culmination of years of research and
clinical expertise. Previously, other terms have also been used to describe concussion in the
sporting context and literature including mild traumatic brain injury (mTBI) and commotio
cerebri. Some literature has used the term mTBI interchangeably with concussion; however,
some authors, including the Concussion in Sport Group, use these terms to represent different
injury constructs. The CISG states that a concussion is a subset of TBI.20
1.3.3.2 Symptoms and Signs of Acute Concussion
The signs and symptoms of concussion may be unique to the individual, so diagnosis
should involve the assessment of various domains including clinical symptoms, physical
symptoms, cognitive impairment, neurobehavioral features, and sleep disturbance. In addition, it

5

is important to have a detailed concussion history of the individual as part of the evaluation
process and when conducting a pre-participation examination.20
(4th International Concussion Consensus Statement, 2012) “A suspected diagnosis of
concussion can include one or more of the following:
1. Symptoms- somatic (e.g., headache), cognitive (e.g., feeling like in a fog) and/or
emotional symptoms (e.g., lability);
2. Physical signs (e.g., loss of consciousness (LOC), amnesia);
3. Behavioural changes (e.g., irritability);
4. Cognitive impairment (e.g., slowed reaction times);
5. Sleep disturbance (e.g., insomnia)
If any one or more of these components are present, a concussion should be suspected and the
appropriate management strategy instituted.”20
1.3.3.3 Effects of Concussions in Non-Sport Specific Functional Outcomes
Concussions are a specific injury type that has the potential to reduce functional
performance, either from neurocognitive, psychomotor, psychological, or as yet unknown
perspectives. In the acute post-injury period, there are many studies that have investigated the
effect of concussions on neuropsychological and balance performance. Using a prospective casecontrol study, Echemendia et al. (2001) found that college athletes suffering a sports-related mild
traumatic brain injury (mTBI) scored significantly lower than matched controls (matched on age,
gender, sport played, and ethnicity) on a battery of neuropsychological tests at 2-hours postinjury and 48-hours post-injury.21 Specifically, injured athletes at the 2-hour post injury mark
scored significantly worse in areas of working memory, attention and concentration, and verbal
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learning than non-injured controls, and at the 48-hour mark, injured athletes scored significantly
lower in areas testing working memory, divided attention, and speed of information processing.21
In a case-control study design, Guskiewicz et al. (2001) compared balance changes after
concussion in collegiate athletes. Thirty-six concussed athletes were matched to controls on age,
height, weight, and amount of time played on the day the concussed athletes were injured.
Repeated-measures ANOVA showed a significant group-by-day interaction for two different
postural stability tests, the Sensory Organizational Test (SOT) and the Balance Error Scoring
System (BESS). Tukey post hoc analysis showed that on the first day post-injury concussed
athletes demonstrated significantly decreased postural stability on both tests when compared to
both their preseason baseline as well as to controls.22
In a cohort study, McCrea et al. (2003) found that collegiate football players who
suffered a concussion (n=94) reported more severe symptoms on the Graded Symptom Checklist
(GSC) (mean GSC score 20.93 [95% CI 15.65-26.21], points higher than controls), more
cognitive impairments on the Standardized Assessment of Concussion (SAC) (mean SAC score
2.94 [95% CI 1.50-4.38], points lower than controls), and balance deficits on the BESS (5.81
[95% CI -0.67-12.30], points higher than non-injured matched controls (n=56; matched on age,
years of education, and baseline performance on concussion assessment measures).23 Further,
McCrea et al. (2003) reported that cognitive functioning improved to baseline levels within 5 to
7 days and balance deficits dissipated within 3 to 5 days after injury.23 The time to recovery, and
subsequently return to play, from cognitive dysfunction and postural instability may also vary
based on the individual. Most concussions (80-90%) will resolve in a period of 7-10 days,
although the recovery period may be longer in youth and adolescents.20,24
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Although these studies did not directly measure changes in sport-specific skill
performance associated with concussion, they suggest that a concussion could decrease sportspecific skills through deficits in cognition, balance, reaction time, and memory. Considering
that these impairments generally resolve within a few days, it is unclear if players that have a
history of concussion, but have already returned to play, will have deficits in sport-specific skill
performance over time.
1.3.4 Measurement of Sport-Specific Skills for Ice Hockey
1.3.4.1 Hockey Canada Skills Test
At the 1999 Molson Open Ice Summit on Player Development held in Toronto, Ontario,
it was recommended that Hockey Canada develop a nationally organized program to test and
recognize skill acquisition and skill improvement in youth ice hockey players.25 In response,
Hockey Canada developed a program called the National Skills Standards and Testing Program
in order to measure skills in minor hockey players with the goal of providing individual feedback
throughout the entire season. This feedback would allow for the development of the fundamental
skills required to play the game at the minor level.25 The National Skills Standards and Testing
Program is commonly referred to and named hereafter as the Hockey Canada Skills Test
(HCST). The HCST allows for the ability to measure the hockey-specific skills of the players,
which may be a better indication of performance than traditional point based performance
measures.
A component of the HCST is based on previously developed test measures. Specifically,
the 6-repeat endurance skate, also known as the Reed Repeat Sprint Skate (RSS), has been
reported as a valid and reliable test of anaerobic capacity in hockey players.26,27 Reed et al.
(1979) first reported that drop-off time, a component of the RSS, correlated with off-ice test
8

measures that related to anaerobic lactic fitness measurements, and had a test-retest reliability of
0.78.26 The RSS was further investigated by Watson and Sargeant (1986), who reported a testretest correlation of 0.96.27 Although the test-retest correlations are fairly strong, a limitation of a
correlation is that it does not show the level of agreement between the methods. Further, both the
study populations included collegiate and Junior A players, which may not generalize to younger
aged populations. Despite these limitations, however, the RSS is a reasonable standard of
practice for examining hockey-specific standardized endurance. Other components of the HCST
such as the forward agility weave, transition agility, and forward/backward sprint skate, have not
yet been previously validated.
1.4 Research Rationale
There is a paucity of research examining the association between injury, specifically
concussion, and sport-specific performance outcomes. This lack of research is especially true in
ice hockey. Since concussions represent a high proportion of total injuries in ice hockey, the
scarcity of research in this area highlights the need for continued focus and evaluation.
Understanding whether or not concussions have a long-term effect on sport-specific skill
performance is important as youth ice hockey players who sustain a concussion or other injury
are at a greater risk of incurring another concussion or injury.4,7,9,10 As such, the impact of
previous concussion on reducing sport-specific skills performance may be related to this risk.
More specifically, a player who has sustained a concussion that has not yet resolved may present
with hockey-specific skill deficits, which in turn may impair their ability to adjust to the high
demands of the game. This inability to adjust to the demands of the game may predispose the
player to a future risk of concussion or injury. Alternatively, regardless of prior concussion,
those with poor skill performance may simply be at an increased risk for incurring a concussion
9

or other injury. Regardless, by using these skill performance scores, it may be possible to predict
which players are at a higher risk of injury compared with other players. This information may
then be used to inform injury risk reduction protocols. Performance outcomes may also be useful
to coaches, parents, trainers, and health practitioners in injury and concussion management and
return to play protocols. Finally, skill performance information can be valuable to coaches and
players to assist with skill development/improvement programs.
1.5 Research Question and Specific Objectives
Research Questions
What is the association between a previous history of concussion, the number of previous
concussions sustained, the time since most recent concussion, the length of recovery after the
most recent concussion and on-ice sport specific skill performance in youth ice hockey?
Secondly, what is the 10-day test-retest reliability of the HCST?
Preliminary Objective
1. To determine the 10-day test re-test reliability of the HCST in youth ice hockey
players.
Primary Objective
1. To determine the difference in HCST component scores between youth ice hockey
players (aged 11-17) who report a previous history of concussion and those who do
not.
Exploratory Objectives
2. To examine the association between the number of previous concussions and HCST
component scores in youth ice hockey players (aged 11-17).
10

3. To examine the association between the time since most recent concussion and HCST
component scores in youth ice hockey players (aged 11-17).
4. To examine the association between the length of recovery following most recent
concussion and HCST component scores in youth ice hockey players (aged 11-17).
5. To examine potential effect modifiers and confounders on the relationship between
previous history of concussion, the number of previous concussions sustained, the
time since last concussion, and the length of recovery after the most recent
concussion and on-ice sport specific skill performance in youth ice hockey.
1.6 Research Significance
Recovery from injury and return to full function is desired to ensure there are no lasting
effects in the developing athlete, and to increase the likelihood of long term participation in sport
with all of its known benefits. As such, the HCST may be instrumental in showing whether a
previous concussion has an effect on sport-specific skill performance. Hockey Canada intends to
implement the HCST nationally across minor hockey leagues as a way to measure skill
acquisition and development in ice hockey players. It is important for hockey coaches, parents,
and players to be aware of the importance of skill development and the need to establish a
system to measure these skills. By increasing knowledge in the area of concussion and skill
performance, injury prevention and concussion management strategies can be developed and
evaluated in the future.
1.7 Summary of Thesis Format
This thesis contains seven chapters, including an introduction, literature review, methods,
main results, exploratory results, discussion, and conclusions. Chapter one introduces the thesis
and contains the purpose, research question and specific objectives, rationale, along with a
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summary of the thesis format. Chapter two is a literature review examining the association
between injury and sport-specific skill performance. It includes the background, limitations of
the current body of literature, and highlights the significance and need for more research in this
area. Chapter three describes the methodology used for this research study, including the study
design, study population, procedures, statistical methods, and a statement of ethical
considerations. Chapter four reports the study population and the preliminary and main results of
the study. This includes the test retest reliability of the HCST and the association between HCST
components and previous history of concussion. Chapter five reports the exploratory results of
the study. This includes the association between the number of previous concussions, the time
since last concussion, and the length of recovery following most recent concussion and the
HCST components. Chapter six includes a discussion on the results and study limitations and
strengths. Chapter seven concludes the thesis and discusses future directions for research in this
area. Finally, appendices serve to supplement the chapters of this thesis and include a sample
size calculation, a full description of the HCST design and recording sheets, the questionnaire
used in this study, and parent consent and player assent forms.
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Chapter Two: Injury and Sport-Specific Skill Performance: A Review of the Literature
2.1 Introduction
Although concussions have received a great deal of attention in the media and sporting
world over the last few years, there is a paucity of literature examining the relationship between
concussion and sport-specific performance in ice hockey as the current body of knowledge is
virtually non-existent. Research investigating concussion in sports other than hockey and
performance has seen minimal development. The objective of this review is to examine the
quality and quantity of research that has investigated injury and sport-specific skill performance.
Finally, a critical appraisal of the current literature in injury and skill performance is used to help
evaluate and summarize the current body of knowledge in this area. Due to the paucity of
knowledge surrounding injury and skill performance, this review of the literature will provide an
important base of knowledge for this thesis.
2.2 Methods
2.2.1 Data Sources
Seven electronic databases were searched for relevant research articles during October
and November 2014, from: Medline (OVID) (1946-present), PubMed (1960-present),
SPORTDiscus (1960-present), CINAHL Plus (1960-present), Web of Science (1900-present),
ProQuest (1960-present), and Google Scholar (1900-present). Bibliographies of selected articles
were also searched to find additional relevant publications. Databases were reviewed again in
June 2015 to update the review with any new articles published.

13

2.2.1.1 Search Terms
Table 2.1 Medical subject headings and text words used for article extraction
Medical subject headings (MeSH)

Text words (tx)

(also used as text words in each search)
1. “Wounds and Injuries”

7. “Injury”

2. “Athletic Injuries”

8. “Concussion”

3. “Brain Concussion”

9. “Performance”

4. “Athletic Performance”

10. “Skills”

5. “Hockey”

11. “Ice Hockey”

6. “Sports”

12. “Youth”

2.2.1.2 Search Strategy
A. Athletic performance: 4 or 9 or 10
B. Athletic performance and athletic injuries: A and (1 or 2 or 3 or 7 or 8)
C. Athletic performance and athletic injuries and sport: B and 6
D. Athletic performance and athletic injuries and hockey: B and (5 or 11)
E. Athletic injuries and athletic performance and youth: B and 12
Each medical subject headings “MeSH” or text word “tw” was searched using the electronic
databases to obtain the total number of articles in the area of study. If the search strategies A-E
yielded fewer than 200 articles, the study titles and abstracts were reviewed with the selection
criteria (Chapter 2.2.2) in order to identify potentially relevant studies. If the search strategies
yielded greater than 200 articles, the search was narrowed using each subsequent step (A-E). If a
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study articles’ title was of interest but no abstract was found, the full article was retrieved in
order to ensure that no potentially relevant study was missed.
2.2.2 Study Selection Criteria
Initial abstract screening criteria:
•

English language abstracts

•

Peer reviewed abstracts

•

Included some measure or analysis of injury (including concussion) and skill
performance

Inclusion criteria for all articles were:
•

Investigated injury and/or concussion

•

Investigated athletic performance

•

Study designs were randomized controlled trials, quasi-experimental, pre-experimental,
cohort, case-control, cross-sectional, case series, or systematic review

Exclusion criteria for all articles were:
•

Case studies

•

Non-English language

2.2.3 Data Extraction
Data were extracted from all articles that met the study inclusion criteria. Study design,
study population, and results of the study specific to injury and performance were extracted.
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2.2.4 Data Synthesis
Due to differences in objectives, methodology, and statistical analysis in the included
studies, meta-analysis was not appropriative for this review. Instead, the extracted data are
summarized in Tables 2.2-2.6.
2.3 Results
2.3.1 Included Studies
Articles were identified from electronic databases after title and abstract review.
Additional articles were identified from electronic databases in June 2015. A total of 18 articles
met the inclusion criteria for this review.
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Table 2.2 Studies examining injury and sport-specific performance in basketball
Study (year)

Study Design

Study
Population
24 National
Basketball
Association
players

Namdari et al.
(2009)

Case-control

Cerynik et al.
(2009)

Case-control

24 National
Basketball
Association
players

Busfield et al.
(2009)

Case-control

27 National
Basketball
Association
players

Injury

Results of the Study

Microfracture Sixteen (66%) injured players returned to play in the
surgery
NBA. Post-operative players had less minutes played
(p=0.014), points scored per game (p=0.002),
rebounds per game (p=0.018), assists per game
(p=0.027), and rebounds per 40 minutes of play
(p=0.004) than pre-operative. However, after
correcting for multiple comparisons, the only
statistically significant difference was points scored
per game. When compared with controls, cases
experienced a significant decline in points per game
(p=0.013).
Microfracture Seventeen (71%) players returned to play in the NBA.
surgery
Compared to pre-injury, cases played fewer minutes
per game the first season back (p<0.05) and PER
performance were also significantly lower (p<0.001).
Compared with controls, cases played significantly
fewer minutes per game (p<0.001) and had decreased
performance (p<0.01).
Anterior
Twenty-one (78%) players returned to play following
cruciate
injury. Of those that did return, 44% had decreases in
ligament
PER performance by more than 1 point (12 players),
although changes were not statistically significant
compared with controls. The number of games played,
field goal percentage, and number of turnovers was
significantly lower from pre to post-injury (p<0.05).
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Amin et al.
(2013)

Case-control

18 National
Basketball
Association
players

Achilles
tendon

Yeh et al.
(2011)

Descriptive
epidemiological

128 National
Basketball
Association
players (129
meniscal tears)

Isolated
meniscal
tears

Eleven (61%)players returned to play. Player
performance after return was significantly reduced in
both the first (4.57 points; p=0.003) and second
season (4.38; p=0.01) compared to pre-injury.
Compared with controls, PER was significantly lower
for cases in the first (p=0.038) and second (p=0.081)
season after return.
One hundred three (80%) players returned to play. For
those that did return, there was no statistical
difference in PER from their post-injury performance
to their pre-injury performance (p>0.05).
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Table 2.3 Studies examining injury and sport-specific performance in baseball
Study (year)

Study Design

Study Population

Injury

Results of the Study

Gibson et al.
(2007)

Case-control

68 Major League
Baseball pitchers

Ulnar collateral
ligament

Erickson et al.
(2013)

Case-control

179 Major League
Baseball pitchers

Ulnar collateral
ligament

Jiang &
Leland (2014)

Case-control

38 Major League
Baseball pitchers

Ulnar collateral
ligament

Fifty-six (82%) pitchers returned to play in the MLB.
There was no significant change in ERA (p=0.14) and
WHIP (p=0.83) post-injury compared to pre-injury.
Although the mean innings pitched per season was
significantly lower from pre to post-injury (p=0.003),
this was not significantly different when compared
with controls (p=0.02).
One hundred forty-eight pitchers (83%) were able to
return to play in the MLB. After surgery, pitchers
showed significantly improved performance from preinjury in fewer losses (p<0.001), losing percentage
(p=0.001), ERA (p<0.001), hits given up (p=0.001),
home runs given up (p=0.002), walks (p<0.001), and
WHIP (p<0.001), after adjusting for multiple
comparisons. Compared with controls, cases had
significantly fewer losses (p=0.003), losing percentage
(p<0.001), ERA (p=0.001), and WHIP (p<0.001).
Thirty players (78.9%) were able to return to play in
the MLB. There was a small but statistically significant
reduction in pitch speed velocity for fastball (1.3 mph;
p<0.001) and changeup (1.2 mph; p=0.02) in the first
year after return, and curveball velocity (1.0 mph;
p=0.03) in the second year. These decreases in velocity
were not significantly different than controls (p>0.05).
There were no differences between cases and controls
in mean ERA, WHIP, batting against average, walks
per 9 innings, or strike outs per nine innings (p>0.05).
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Makhni et al.
(2014)

Case-control

147 Major League
Baseball pitchers

Ulnar collateral
ligament

Wasserman et
al. (2015)

Case-control

66 concussive
injuries in Major
League Baseball
players

Concussion
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One hundred eighteen (80%) returned to pitch at least 1
MLB game. Of established pitchers (those that
appeared in >10 games/season), 67% returned to the
same level of competition post-injury. Post-injury
performance was significantly decreased in ERA
(p=0.027), batting average (p=0.046), WHIP
(p=0.029), percentage of pitches thrown in the strike
zone (p<0.001), innings pitched (p=0.001), percentage
of fastballs thrown (p<0.001), and average fastball
velocity (p=0.023). These differences, however, were
not statistically different when compared with agematched controls (p>0.05).
In the 2 weeks after return to play, concussed players’
batting performance was significantly lower for batting
average (p=0.005), on-base percentage (p=0.01),
slugging percentage (p=0.004), and on-base slugging
(p=0.003) relative to controls. In weeks 4-6 after leave,
these metrics were slightly lower in concussed players,
but not statistically significant (p>0.05).

Table 2.4 Studies examining injury and sport-specific performance in American and Australian football
Study (year)
Carey et al.
(2006)

Study
Design
Casecontrol

Study Population

Injury

Results of the Study

31 running backs and
wide receivers playing
in the National
Football League (33
ACL injuries)

Anterior
cruciate
ligament

Twenty-six (79%) players returned to play in the
NFL. Post-injury performance, as measured by their
power rating per game played, decreased from 9.9±
1.1 to 6.5 ± 0.9. This change in power rating per game
was statistically significant compared with the change
in performance in control players (p=0.002). There
were not, however, any statistically significant
differences in power rating between post-injury cases
and controls (p>0.05).
Of the 138 concussive injuries assessed, 127 players
returned to play without missing a game (92%). The
ratio of disposal rates (a performance metric) between
pre and post-concussion were not significantly
different from their pre-injury performance for both a
3-game average (ratio 1.04; 95% CI 0.99 to 1.10) and
a single game (1.08; 95% CI 0.99 to 1.11). Similarly,
the ratio of concussed players’ disposal rates to the
ratio of control players disposal rate found concussed
players had a small increase in disposal rates for both
the 3-game average (1.04; 95% CI 0.97 to 1.12) and a
single game (1.20; 95% CI 1.03 to 1.38).
Fifty-five percent of players missed no games. Postinjury ProFootballFocus performance scores were
similar to pre-injury scores in players without any
games missed (0.16 vs. 0.33; p=0.129) and players
that missed at least 1 game (-0.06 vs. 0.10; p=0.219).

Makdissi et al.
(2009)

Prospective 97 elite Australian
casefootball players (138
control
concussive injuries)

Concussion

Kumar et al.
(2014)

Casecontrol

Concussion

124 National Football
League players (131
concussive injuries)
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Table 2.5 Studies examining injury and sport-specific performance in ice hockey
Study (year)
McDonald et
al. (2014)

Erickson et al.
(2014)

Study
Design
Case-control

Study Population

Injury

Results of the Study

17 professional
hockey players
(National Hockey
League or American
Hockey League)

Femoroacetabular
impingement and
microfracture
surgery

Case-control

36 National Hockey
League players (37
ACL injuries)

Anterior cruciate
ligament

Fourteen (82%) players returned to play. The only
statistically significant difference between pre and
post-injury was a reduction in shots (p=0.024);
games played, goals, assists, and points were not
statistically different (p>0.05). Although there were
no significant differences in performance between
cases and controls (p>0.05), there was a trend
towards cases playing fewer games and having
fewer points post-injury than to controls.
Thirty-five (97%) players returned to play in the
NHL and the other 1 player returned to play
professionally in the KHL. Post-injury performance
was not statistically different than pre-injury
performance (p>0.01). When compared with
controls, cases had significantly more goals
(p=0.009), points (p=0.009), even-strength goals
(p=0.007), power-play goals (p=0.004), shots
(p=0.007), shooting percentage (p=0.007), and time
on ice (p=0.007).
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Emery et al.
(2011)

Cohort study

140 teams from
Alberta (n=2081) and
137 teams from
Quebec (n=2081) Pee
Wee (ages 11-12) and
Bantam (ages 13-14)

Musculoskeletal
injury and
concussion

Eliason et al.
(2014)

Crosssectional

131 elite Bantam and
Midget ice hockey
players (ages 13-17)

Musculoskeletal
injury and
concussion
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Alberta players suffered 451 game-related injuries,
of which 121 were concussions (27%). Quebec
players suffered 280 injuries, of which 62 were
concussions (22%). For game-related injuries, the
IRR between players from teams with more than
50% of wins and players with less or equal to 50%
of wins was 0.78 (95% CI 0.64 to 0.95) for all
injuries, 0.75 (95% CI 0.52 to 1.08) for concussions,
0.64 (95% CI 0.47-0.88) for injuries resulting in
time loss of more 7 days, and 0.74 (95% CI 0.391.40) for concussions resulting in time loss of more
than 10 days, after adjusting for clustering by team
and important risk factors (province, age, level of
play, pervious injury, weight, and position).
Exploratory analysis by comparing 95% confidence
intervals suggested that there was no difference
between the mean scores of sport-specific skills on
the HCST between those with a history of
concussion, those with an injury within 6 weeks, or
those with an injury within the last 1 year, and those
without.

Table 2.6 Study examining injury and return to play performance
Study (year)

Study Design

Study Population

Injury

Results of the Study

Ardern et al.
(2014)

Systematic
review

69 articles (7556
participants) reporting
number of patients
returning to play after
ACL reconstruction
surgery

Anterior
cruciate
ligament

On average, 81% of people were able to return
to sport. Of those, 65% returned to their preinjury level of sport and 55% returned to their
competitive level after surgery.
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2.3.2 Musculoskeletal Injury and Sport-Specific Performance
2.3.2.1 Basketball
A majority of the research investigating injury on performance has been in the sport of
basketball and focuses on musculoskeletal injury. Namdari et al. (2009) examined professional
athletes playing in the National Basketball Association (NBA) who required microfracture
surgery to treat chondral defects of the knee. Using a case-control study design, cases were
identified from team injury reports, press releases, and player profiles. Twenty-four cases were
identified and two controls were matched for every case (48 controls). Controls were matched on
age, position, body mass index (BMI), and experience in the league (years played). Player
performance metrics including games played, field goal percentage, points, assists, blocks, and
steals were compared within-group (pre to post-surgery) and between matched controls. Those
who required surgery were at risk of not returning to sport. Specifically, they were 8.15 times
less likely to remain in the NBA than controls (p=0.005). When comparing performance from
pre to post-injury, injured players had reduced minutes per game (mean difference 6.00; 95% CI
1.38 to 10.59; p=0.014), points per game (mean difference 3.89; 95% CI 1.72 to 6.06; p=0.002),
rebounds per game (mean difference 1.04; 95% CI 0.21 to 1.88; p=0.018), rebounds per 40
minutes (mean difference 2.44; 95% CI 0.86 to 4.02; p=0.004) and assists per game (mean
difference 0.62; 95% CI 0.86 to 1.16; p=0.027). However, after accounting for multiple
comparisons using a Bonferroni correction, the only statistically significant difference from preinjury was points per game. When the cases were compared with healthy matched controls, cases
experienced a significant decline in points per game (p=0.013).28
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Other researchers have also investigated the association of microfracture treatment and
performance outcomes. Cerynik et al. (2009) compared 24 NBA players after microfracture
comparing their performance from pre to post-injury as well as to matched controls (matched on
position and years of experience) using the Player Efficiency Ratings (PER) system. The PER
system rates players by summing positive performance metrics, such as points, rebounds, and
steals, and compares them to negative performance metrics, such as turnovers and fouls. This
rating system is an objective and standardized method for assessing a players performance, and
allows for comparisons of player performance across different seasons.29 In order to minimize
the effect of team or playing time variables, the PER is adjusted to a per-minute basis and there
are allowances for team pace and playing style to represent a players overall team contribution.30
Cerynik et al. (2009) also found that players that underwent microfracture treatment were less
likely to return to competition (21% did not return to competition), and pre-injury PER was
significantly decreased compared to post-injury PER (15.5 vs. 12.0; p<0.01).31 Players that
returned also had a decrease in minutes played per game the first season back after injury (mean
of 4.9 minutes; p< 0.05). When compared with matched controls, a multivariable comparison
found that during the 2 years after surgery injured athletes power rating (a calculation from the
PER) was significantly lower (decrease of 3.1 points; p=0.0007), and had significantly reduced
minutes played per game (decrease of 5.2 minutes; p<0.001).
The PER system has also been used to compare performance changes after other
musculoskeletal injuries in basketball. Busfield et al. (2009) compared PER between NBA
players that underwent anterior cruciate ligament (ACL) reconstruction surgery and matched
controls. Controls matched on demographics (age, height, weight, and years of NBA experience)
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as well as offensive productivity and defensive statistics. In addition, standard basketball
performance statistics were compared from pre to post-injury. Of the 27 players included in the
study, 6 players did not return to competition after ACL surgery (22%). Of those that did return,
PER performance decreased from pre-injury by more than 1 PER point in 44% (12 players), yet
there were no statistically significant differences in PER between cases and controls. When
comparing traditional basketball performance statistics from pre to post-injury, the number of
games played, field goal percentage, and number of turnovers was significantly lower from pre
to post-injury (p<0.05). It should be noted that a decrease in turnovers from pre to post-injury
actually represents a positive performance change, and PER actually increased post-injury in
15% of the players (4 players).32
Amin et al. (2013) compared PER in 18 NBA players who required surgical repair of
complete Achilles tendon ruptures over a 23-year period (1988-2011). Injured players (n=18)
were also matched with healthy controls in: playing position, number of seasons played in the
league, and similarly rated career performance statistics. These researchers also found that a
large proportion that underwent Achilles repair surgery did not return to play in the NBA (7
players; 39%), and those that did had significant reductions compared to pre-injury performance
in minutes played per game in first season back (5.11; 95% CI 0.99 to 9.23; p=0.01) and PER
performance (4.57; 95% CI 1.72 to 7.42; p=0.003). Similarly, post-injury performance was also
significantly worse than pre-injury performance in their second year post-return in both minutes
played per game (4.42; 95% CI -0.01 to 8.86; p=0.003) and PER (4.38; 95% CI 0.92 to 7.84;
p=0.01).33 Additionally, when comparing PER from cases to controls, injured players also
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showed significant decreases in their first season (p=0.038) and second (p=0.081), although these
were compared using a higher than traditional alpha level of 0.10.
Finally, Yeh et al. (2012) examined 129 isolated meniscal tears in NBA athletes over 21
seasons, also comparing PER the season before the injury to the first full season back from injury
(full season defined as having played in at least 75% of games). Although 25 players (19.4%) did
not return to sport, paired sample t-tests found no statistically significant differences in PER
performance between pre-injury (14.1 ± 4.6) and post-injury return (13.4 ± 4.4) (p>0.05).34
These studies suggest that professional basketball players incurring select types of MSK
injury are at risk of not returning to sport. 28,31–33 Of those that are able to return, their playing
performance may decrease compared to their pre-injury performance and healthy controls,
although this may depend on the type of injury sustained.
2.3.2.2 Baseball
Gibson et al. (2007) investigated pitching performance of pitchers playing in Major
League Baseball (MLB) after ulnar collateral ligament reconstructive surgery. Ulnar collateral
ligament (UCL) surgery, commonly called “Tommy John surgery”, was conducted on 68 MLB
pitchers between 1998 and 2003. Commonly used pitching performance metrics such as innings
pitched, earned run average (ERA), and walks hits innings pitched (WHIP) were calculated for
each reconstructed pitcher during 7 consecutive seasons. ERA represents the average number of
earned runs allowed per 9 innings pitched (one complete game); an earned run is any run that is
scored for which the pitcher is responsible (a run that is scored not as a result of fielding errors).
WHIP is calculated by taking the sum of walks and hits allowed divided by the number of
innings pitched. The averages of these pitching performance metrics were compared between the
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three consecutive years previous to the injury year to the three consecutive years after injury.
Control players were selected by taking every fifth player from an alphabetical list of all pitchers
playing during the 2001 season (n=112). Pitchers with a history of UCL injury were excluded
before control selection. Fifty-six players (82%) returned to play professional baseball after UCL
surgery. Of those that returned, pre-injury performance was similar to post-injury performance in
mean ERA (4.12 vs. 4.21; p=0.14) and WHIP (1.362 vs. 1.356; p=0.83). Mean innings pitched
was significantly lower between pre-injury and post-injury in reconstructed players (97.10 to
70.17; p=0.003), however, this was also seen in control players between pre and post-index years
(94.73 to 79.29; p=0.02). Compared with controls, there were no statistically significant results
in either reconstructed pitchers ERA or WHIP in any of the three post-index seasons.35
In a similar study, Erikson et al. (2014) evaluated performance changes pre-post UCL
surgery as well as to matched controls in MLB pitchers. One hundred seventy-nine pitchers with
UCL tears were matched to controls on sex, age, BMI, years of experience in the MLB, pitching
performance in the MLB, year of injury, pitching position, and handedness. Eighty-three percent
of pitchers returned to play in the MLB (n=148), and of those, performance was statistically
better post-surgery for losses (4.40 vs. 3.08, p<0.001), losing percentage (19.3 vs. 14.1;
p=0.001), ERA per season (5.67 vs. 4.18; p<0.001), hits given up (77.1 vs. 57.8; p=0.001), home
runs given up per season (8.73 vs. 6.70; p=0.002), walks given up per season (30.3 vs. 21.6;
p<0.001), and WHIP per season (1.60 vs. 1.39; p<0.001), after adjusting for multiple
comparisons using a Bonferroni correction. However, since pitcher’s post-surgery also had
significantly less innings pitched per season than pre-surgery (77.4 vs. 58.7; p=0.001), it could
be argued that it is only appropriate to compare performance statistics that adjust for innings
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pitched such as ERA and WHIP. When comparing with controls, cases had significantly fewer
losses per season (3.08 vs. 4.30; p=0.003), losing percentage (14.1 vs. 22.8; p<0.001), ERA per
season (4.18 vs. 6.36; p=0.001), and WHIP per season (1.39 vs. 1.70; p<0.001), while innings
pitched per season was not significantly different (58.7 vs. 65.3; p=0.358).36
In addition to comparing common pitching performance metrics, Jiang & Leland (2014)
also compared pitch velocity for 4 commonly thrown pitches (fastball, changeup, curveball, and
slider) between pitchers pre post-UCL surgery as well as with controls. Controls were active
MLB pitchers with no history of UCL injury and similar career statistics before the index year.
In the first season after return, reconstructed pitchers had a small but significant decrease in their
average fastball (mean decrease 1.3 miles per hour [mph]; p<0.001; 95% CI 0.78 to 1.88 mph)
and changeup velocity (mean decrease 1.2 mph; p=0.02; 95% CI 0.25 to 2.19 mph). In their
second year after return to play, post-injury players’ curveball also became significantly slower
(mean decrease 1.0 mph; p=0.03; 0.13 to 1.76 mph). However, when the differences in mean
change in velocity were compared with controls, there were no statistically significant
differences in any season for any pitch type. There were also no performance differences
between cases and controls in mean ERA, batting against average, walks per 9 innings, or WHIP,
although controls did pitch more innings than cases in their first year after return.37
This research is contrary, however, to Makhni et al. (2014) who compared pitchers that
required UCL surgery to randomly selected age-matched controls. Of the 147 pitchers that
required UCL surgery and were included in this study, 118 (80%) were able to return to play in
at least 1 MLB game. Sixty-seven percent of established pitchers (those that appeared in greater
than 10 games during the course of a single season) were able to return to established play after
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surgery. When comparing reconstructed pitcher’s performance from pre to post-injury,
performance decreased in ERA (4.23 vs. 4.63; p=0.027), batting average against (0.249 vs.
0.257; p=0.046, WHIP (1.368 vs. 1.432; p=0.029), percentage of pitches thrown in the strike
zone (51.9% vs. 49.6%; p<0.001), innings pitched (94.3 vs. 77.3; p=0.001), percentage of
fastballs thrown (63.9% vs. 59.0%; p<0.001), and average fastball velocity (91.2 vs. 90.8 mph;
p=0.023). When cases were compared with controls, however, these declines were not
statistically different.38
The change in performance from pre to post-UCL injury in performance remains unclear,
as the studies presented are in contradiction to each other. However, they are similar in that each
suggests that performance is equal to the performance level of control players.
2.3.2.3 American Football
Carey et al. (2006) investigated 33 ACL injuries in 31 players over the course of 19982002 in running backs and wide receivers playing in the National Football League (NFL),
comparing their performance from pre to post-injury with control players. Controls were other
running backs and wide receivers without an identified ACL injury that competed in the 2000
playing season. Performance was measured using the players’ power rating. Power rating is a
weighted sum of total yards and touchdowns (equal to total yards/ [10 + 6 x touchdowns]), which
can be argued to be the two most important statistics for running backs and wide receivers. The
use of power rating as an indication of player performance in NFL running backs and receivers
appears to be valid and reliable performance tool.39 The test re-test reliability had an intraclass
correlation coefficient (ICC) of 0.835, and although this represents a good ICC value, a
limitation with ICCs is that they are influenced by the variability of the data.40 Concurrent
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criterion-oriented validity was assessed using a 2-sided t-test comparing Power Ratings by Pro
Bowl selection for each season of the running backs and wide receivers studied. For the seasons
not associated with Pro Bowl selection the mean power rating was 76.2 ± 2.1, and for seasons
associated with Pro Bowl selection the mean power rating was 198.1 ± 6.1. This difference was
statistically significant (p<0.0001), and suggests, although crudely, that calculating performance
using power ratings is reliable and valid.
Of the players injured, 7 (21%) did not return to play in the NFL again. When comparing
the change in performance per season from pre to post-injury return, performance decreased
from 138.3 ±16.7 to 64.1 ± 13.2 (mean change per season: -74.2; 95% CI -112.0 to -36.3),
which was statistically significant when compared with the change in controls (p=0.0012). By
comparison, the mean change in power rating per season for the control group was -14.8 (95%
CI -28.2 to -1.3).39 Further, when comparing the change in power rating per game played,
performance in injured players decreased from 9.9 ± 1.1 pre-injury to 6.5 ± 0.9 post-injury. This
mean change in performance (-3.4; 95% CI -5.9 to -1.0) was also significantly different when
compared with controls (p=0.002). By comparison, the mean change in power rating per game
for the control group was 0.1 (95% CI -0.7 to 0.9).39 Although this analysis did not directly
compare the performance change from pre to post-injury, the magnitude of the decrease was
approximately one-third after return to play. When compared with controls, each of the three
seasons after the injured players returned had a decrease in mean power rating, but these were
not statistically different. However, for the 2 seasons immediately preceding the ACL injury, the
mean power-rating for ACL-injured players was greater than the mean of the controls (2 seasons

32

prior: 133.7 ± 20.5 vs. 97.6 ± 6.1; p=0.042; 1 season prior: 146.8 ± 20.1 vs. 98.1 ± 5.7;
p=0.0027),39 which suggests that this may not been a valid comparison group.
The extent of investigations into the relationship between MSK injury and performance
in American football is quite limited. This single study suggests that although performance after
an ACL tear may be reduced in comparison to their pre-injury performance, this decrease was
not significantly different compared with control players.39
2.3.2.4 Systematic Review of ACL Injuries
In a systematic review of ACL reconstruction surgery and return to sport, Ardern et al.
(2014) found that out of 69 published articles (n=7556), on average, 81% (95% CI 74-87%) of
people that required ACL surgery returned to sport. Of those that did return, 65% of those (95%
CI 59-72%; I2=95%) returned to their pre-injury level of sport. For those that returned to
competitive sport after surgery, 55% (95% CI 46-63%) returned to sport.41
2.3.2.5 Ice Hockey
Two studies were identified that investigated the effects of musculoskeletal injury on
performance in ice hockey, and one that investigated risk of injury and concussion with team
performance. The first, by McDonald et al. (2014), investigated performance metrics in
professional hockey players playing in either the National Hockey League (NHL) or the
American Hockey League (AHL), following arthroscopic treatment of femoroacetabular
impingement and microfracture of the hip. Using a case-control study design, performance
characteristics were compared pre post-injury as well as to age, years of experience, games
played per season, average time on ice, and all-star selection matched controls (2 controls
matched for every case). Performance metrics for forwards and defenceman included games
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played, goals, assists, points, shots, and shooting percentage. Goalie performance metrics
included wins, losses, goals, shots against, and goals against percentage. Seventeen players
underwent surgery, of which 14 (82%) returned to play and were included for analysis. The only
statistically significant difference from pre to post-injury was a reduction in shots by non-goalie
players (n=10) (157 vs. 140; p=0.024). There were no statistically significant differences
between cases and controls in all performance metrics analyzed, although there was a trend
towards cases having less games played and fewer points.42
The other study investigating MSK injury in ice hockey is Erickson et al. (2014), who
investigated ACL reconstruction in NHL players. Thirty-six players were identified from 19902013 and included in the study, and were matched to healthy controls on sex, age, BMI, years of
experience in the NHL, position, and performance variables (such as goals, assists, and time on
ice). The performance metrics compared were mainly traditional point based metrics such as
goals, assists, points, plus/minus, shots, and shooting percentage. Of the injured players, 34
(97%) were able to return to play in the NHL, and the other 1 player returned to play
professionally in the Kontinental Hockey League (KHL). Of those that returned to play in the
NHL, post-injury performance was similar to pre-injury performance on all performance
measures. When compared with controls, post-injury players scored statistically better in mean
goals (13.9 vs. 6.82; p=0.009), points per season (32.5 vs. 18.3; p=0.009), mean power-play
(4.43 vs. 1.84; p=0.004) and even-strength (10.3 vs. 5.20; p=0.007) goals per season, mean shots
(138 vs. 87.1; p=0.007), and shooting percentage (9.94 vs. 6.96; p=0.007), even after accounting
for multiple comparisons using a Bonferroni correction. However, cases also had significantly
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more time on ice per season than controls (1172 vs. 860 mins; p=0.007),43 which increases the
likelihood of getting more points.
Emery et al. (2011) investigated the association between risk of individual injury and
concussion associated with team performance based on win-loss record. Based on a secondary
data analysis from a 2-year cohort study in Alberta and Quebec over the 2007-2008 (Pee Wee)
and 2008-2009 (Bantam) seasons, estimated incidence rate ratios (IRRs) for game-related
injuries were compared between teams with more than 50% wins to teams with less than 50%
wins. The estimated IRR’s were calculated using Poisson regression for game-related injury and
concussion and were adjusted for cluster by team and risk factors such as province, age, level of
play, previous injury, weight, and position. A total of 451 game-related injuries occurred in
Alberta (121 concussions; 27%) and 280 (62 concussions; 22%) in Quebec. For game-related
injuries, the IRR between players from teams with more than 50% wins and players on teams
with less than or equal to 50% wins was 0.78 (95% CI 0.64 to 0.95) for all injuries, and 0.75
(95% CI 0.47 to 0.88) for concussions, 0.64 (95% CI 0.47-0.88) for injuries resulting in a time
loss greater than 7 days, and 0.74 (95% CI 0.39 to 1.40) for concussions resulting in a time loss
greater than 10 days. This suggests that teams that perform better (win more than 50% of their
games) have a 22% lower injury rate and a 25% lower concussion rate in Pee Wee and Bantam
ice hockey.44
The two studies investigating MSK injury and performance suggest that there is little
change after injury and individual performance may actually improve following treatment.42,43
Additionally, teams seem to perform better (based on winning percentage) when they have fewer
injuries.44
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2.3.3 Limitations of the Literature between Musculoskeletal Injury and Sport-Specific
Performance
Although there are a number of studies that have investigated the association between
MSK injury and sport-specific performance, the literature is mainly limited to investigations of
UCL, ACL, and microfracture injuries. Moreover, most of these studies examined sports other
than ice hockey. Based on the literature presented, MSK injuries have the potential to decrease
performance, but this may be both injury and sport-specific. This is understandable given some
MSK injuries are more severe than others and may require a longer recovery time, and different
sports require different skills and movements. There are, however, numerous limitations to the
studies presented that should be addressed.
A common problem observed in many of these studies was either a failure to correct for
multiple comparisons or a lack of power. Many studies did not correct for multiple
comparisons.28,32,33,35,37–39,42 This increases the risk of committing a type I error (finding a
difference when one actually does not exist). Further, one study did not even report the number
of comparisons conducted, which makes it difficult to appraise.34 Additionally, some of the
studies used relatively small sample sizes that increase the potential for type II error (the failure
to see a difference when one actually exists). These issues make it difficult to understand the
relationship between the MSK injury and athletic performance. Further, most of these studies
used their injury data from publicly available data, such as from media reports and online
databases. Although this method of subject selection has been used in many sports medicine
studies, there is the potential from this selection method to miss cases. If this were true, these
missed cases could have performed worse on performance outcomes after their return, which
would ultimately underestimate the true association of MSK injury and performance. However, it
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could also be argued that the opposite is also likely in that missed cases could have performed
equal or better in performance outcomes after return.
It is difficult to compare the proportion of players that return to play in different
professional sports due to some sports having guaranteed contracts and others not. Since players
in the NFL are not on guaranteed contracts, they may be less inclined to return than other sports,
such as hockey, where their salary is being paid regardless of injury.
Most of these studies relied on the quantification of performance through traditional
point-based performance statistics. Although not necessarily a limitation, the issue with
traditional performance measures is that point performance can fluctuate from year to year
regardless of the health of the player. Many additional factors contribute to a players point-based
performance such as the quality of the teammates, the coaching style, or the tactical system used
by the coach. Further, player performance in ice hockey is a combination of many factors both
with and without the puck, which can be difficult to measure. Therefore, potentially other sport
characteristics in more appropriate context would be a better measurement. For instance,
measuring the fundamental sport-specific skills might be a better measure of performance, and
could better represent the association between injury and skill performance. Moreover, although
some of these research papers report statistically different results in performance after an MSK
injury, it is unclear if these differences are practically relevant.
It is important to note that injured players may differ from control players on other
important characteristics. As such, there is the potential for effect modification and/or
confounding to be an important consideration. Players may have a characteristic that increases
the likelihood of injury and results in reduced performance, independent of injury. This
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highlights the need for additional cohort studies to examine the association between injury
history and skill performance.
Finally, all but one of the studies only investigated professional adult male athletes.
Again, although not necessarily a limitation, there are many differences between adult and youth
competitors including the demands placed on the athlete, mechanisms of injury, age, physique,
and physical and mental strength, which suggest these findings may not even be generalizable to
a youth ice hockey population. Further, it is unlikely that MSK injuries and performance have
much relation to the association between concussion and performance outcomes, which further
questions the relevance of this research to the current thesis topic.
2.3.4 Concussion on Sport-Specific Performance
Although the relationship between musculoskeletal injury and sport performance has
received some interest, there is a paucity of research that has investigated the relationship
between concussion and sport performance. Only three published studies and one abstract were
found that have investigated this association, and each involved different sporting activities.
2.3.4.1 Australian Football
Makdissi et al. (2009) investigated the effect of concussion on a sport-specific skill
performance measure in Australian Football. Using a prospective cohort design, this study
followed professional Australian Football players playing in the Australian Football League
(AFL) over four seasons of play (2000-2003) (aged 16-36 years, males). Players that incurred a
physician diagnosed concussion (138 concussions in 117 players) were matched to uninjured
controls and compared on their performance of “disposals”, the skill of moving the ball by hand
or foot to facilitate team scoring. Disposal rates were compared between pre and post-injury
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concussed players and between the concussed and the control group for both a single game and
three games prior to and after returning from injury. When comparing the ratio of disposal rates
per hour per match time in the concussed group, disposal performance level on their return to
playing was not significantly different from their pre-injury rates for both a single game (1.08;
95% CI 0.99 to 1.11), and three games (1.04; 95% CI 0.99 to 1.10). Additionally, when
comparing the ratio of disposal rates between the concussed group and the control group,
performance level of concussed players was actually higher than the rates for the control group
in a single game (1.20; 95% CI 1.03 to 1.38) and similar over three games (1.04; 95% CI 0.97 to
1.12). This suggests that Australian football players returning to play after a concussion have no
deficits in one sport-specific skill performance metric.11
2.3.4.2 American Football
Kumar et al. (2014) compared the on-field in-game performance pre and post-concussion
in professional football players playing in the National Football League (NFL). Using a casecontrol study design, concussed players (131 concussions in 124 players; 7 players sustained a
second concussion that met inclusion criteria) were identified through Internet searches of
weekly injury reports from sports news media. Players were separated into those that returned to
play within 7 days (missed no games due to injury; 72 players) and players that missed at least
one game (returned to play was greater than 7 days; 59 players). On-field performance (player
ratings) was determined through ProFootballFocus (PFF) performance scores, which are
position-specific ratings that are calculated through analysis of the players’ individual
performance on each play of every game. The scores utilize position-related performance metrics
and are unrelated to play outcome or performance of teammates or opponents. Performance
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ratings for each player are normalized across the specific position, with a score of 0.0
representing average performance with a standard deviation of 0.5. Players needed to have
played in four games prior to and post-concussion within the same playing year in order to be
included in this study. Fifty-five percent of the concussed players missed no games and 45%
missed at least 1 game. Pre-injury performance scores were similar to post-injury performance in
players with no games missed (0.16 vs. 0.33; p=0.129) and players with at least one game missed
(-0.06 vs. 0.10; p=0.219). Further, correlation analysis using univariate linear regression found
that factors such as age at injury (estimate=0.01, p=0.647), body mass index (estimate=0.04,
p=0.095), career year at injury (estimate=0.01, p=0.787), career games played at injury
(estimate=0.00, p=0.596), games played before injury within injury season (estimate=0.371,
p=0.371), and previous concussion (estimate=0.24, p=0.178) did not have a statistically
significant correlation to changes in on-field performance.12 These results suggest that there are
no differences in football player performance measures after concussion whether the player miss
a game or not before return.
2.3.4.3 Baseball
Wasserman et al. (2015) compared different batting performance metrics between players
that suffered a concussion and non-injured controls that were away for paternity or bereavement
leave during the same time period, for players playing professionally in the MLB. Using a
retrospective cohort design, concussed players (n=66) were identified from 2007-2013 through
MLB’s online league disabled-list (DL) records and Baseball Prospectus databases. During the
same time period (2007-2013) players that were away for either paternity leave or bereavement
leave (n=68) were identified through DL list. Various batting performance metrics such as
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batting average (hits per official at-bats), on-base percentage ([hits + walks + hit-by-pitch]/[atbats + walks + hit-by-pitch +sacrifice fly-outs]), slugging percentage ([singles + (2xdoubles) +
(3xtriples) + (4xhome-runs)]/[official at-bats]), on-base percentage plus slugging percentage,
walk percentage (walks per plate appearances), strikeout percentage (strikeouts per at-bats), and
home run percentage (home runs per at-bats) were compared between the two groups. The
various batting performance metrics were compared between the two groups for the two weeks
after returning to sport (post-leave), as well as 4-6 weeks after return (long-term post-leave). In
the two-weeks after return to sport, concussed athletes scored significantly worse in batting
average (0.235 vs. 0.266, p=0.005), on-base percentage (0.294 vs. 0.326, p=0.010), slugging
percentage (0.361 vs. 0.423, p=0.004), and on-base percentage plus slugging percentage (0.650
vs. 0.749, p=0.003) than non-injured players on leave. After controlling for pre-batting
performance, number of days missed, and position, concussed players scored significantly worse
on base plus slugging percentage in the two weeks post-leave than non-injured players (0.650 vs.
0.749, p=0.45).13
2.3.4.4 Ice Hockey
To our knowledge, the only research that has examined the effect of previous concussion
on sport-specific skill performance in ice hockey is a pilot study conducted by Eliason et al.
(2014). This study included ten elite Bantam and Midget teams (n = 131, male and female, ages
13-17, top 20% by division of play) over the 2012-2013 playing season, using self-reported
previous concussion history. Rather than measuring performance based on traditional point
systems, this study measured performance based on the ability of the players to complete
fundamental on-ice skills tests in a controlled environment. This pilot study was conducted in
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order to determine the feasibility, methodology, and logistical issues associated with conducting
on-ice skills testing in such a study in youth ice hockey. By comparing the 95% confidence
intervals, the exploratory analysis suggested that there was no difference between the mean
scores of sport-specific skills on the components of the Hockey Canada Skills Testing protocol
between: those with a history of concussion and those without; those with an injury within 6
weeks and those without; or those with an injury within 1 year and those without.45
2.4 Discussion
2.4.1 Critical Appraisal of the Current Body of Knowledge
The major strength of the studies reviewed is that they are the first to investigate the
association between concussion and performance in their respective sports and have started a
foundation on which future research should build. The body of literature evaluating concussion
history and sport-specific performance is sparse. Only four studies were found that have
investigated this association, and only one of those investigated ice hockey.45 Much like the
weaknesses of the studies that investigated the association between MSK injury and
performance, there are common limitations to these studies. Two of the four studies classified
cases from publicly available data such as from media reports or online databases.12,13 There is
the possibility from this classification system to miss cases which, depending on their
performance outcome on return, may influence the results of the study. Potentially, missed cases
could have performed worse on performance outcomes after their return, which would ultimately
underestimate the true association of concussion and performance. Additionally, three of the four
studies had professional male athletes as the study population,11–13 which may not generalize to
youth due to a myriad of differences. Two of these studies were limited by using traditional
42

performance metrics,12,13 which may not be the ideal way to measure performance postconcussion. An issue in measuring performance through traditional point-based statistics is that
these numbers can fluctuate from year to year due to a variety of reasons.
Each of the studies also had specific limitations. Although the study by Makdissi et al.
(2009) was sufficiently powered to detect differences in performance, the low number of injuries
observed increases the potential for type II error. It is also important to realize that this study
only looked at one sport-specific skill performance metric, and it is unclear if other performance
metrics, which may be more sensitive, would show different results. Kumar et al. (2014) reports
that because the PFF performance score is calculated by multiple metrics it provides an objective
view of performance.12 However, the validity and reliability of the PFF was not stated and many
of the categories used to calculate the PFF are obtained from a subjective film study component.
No information was provided about who or how these components were rated. Wasserman et al.
(2015) did not correct for the number of statistical tests used, and based on the large number of
tests conducted, some of the statistically significant results reported may be due simply from
chance (type I error). There was also no mention of a sample size calculation for this study, so
this study may have also been underpowered. Further, the authors did not account for the time
spent on rehabilitation assignment in the minor leagues for players who went on the DL, which
may have large implications on the players’ performance when they return. Finally, even though
the authors found statistically significant differences, it is unclear if these are clinically
significant differences. Lastly, the pilot study by Eliason et al. (2014) was not sufficiently
powered, and therefore, inferential statistics could not be employed so future investigations may
yield different results.
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Despite these shortcomings, understanding of the relationship between injury/concussion
and performance is growing. The studies presented have provided a framework on which to build
future studies. Because injury and performance has not received substantial attention yet, this
highlights the need for future investigations in this area.
2.4.2 Recommendations for Future Research
There is a paucity of published research investigating the association between injury,
particularly concussion, and athletic performance. The current body of knowledge would greatly
benefit from more methodologically and statistically rigorous studies that are appropriately
powered, in order to better understand the complexity of measuring player performance and
understanding the relationship between injury and performance.
2.5 Conclusions
There is a need for further research in the areas of injury, mainly concussion, and skill
performance as the current body of knowledge is quite limited. Although select MSK injuries
and performance have had some investigations, there are many other MSK injuries that have not.
The association between concussion and performance has only been examined by few studies.
Further evidence and clarification is needed in order to determine the association between
concussion and performance, which may help to better inform future injury prevention and
concussion management strategies. A better understanding of the association between
concussion and performance in ice hockey will help to inform future studies.
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Chapter Three: METHODS
3.1 Study Design
A cross-sectional study design was used. Data on demographics, concussion history
including the number, date, and length of recovery of all previous concussions were collected
using a baseline questionnaire that was distributed to elite and non-elite ice hockey players. In
addition, players sport-specific skill performance was measured using components of the HCST.
3.2 Study Population
Our estimated sample size was calculated based on the proportion of those with and
without a previous history of concussion that fell in the upper 25th percentile (the slowest
players) on the HCST component forward agility weave without the puck.45 This component was
chosen because it demonstrates fundamental skating skills, and may show the largest difference
between those with and without a history of concussion. The size required for each separate
sample (those with a history of concussion and those with no history of concussion) was 259
participants (N = 518). This calculation was based on an alpha level of 0.05 and 80% power to
detect a difference of approximately 12% in the proportion in the highest 25th percentile of the
HCST. The calculations are the customary ones based on the normal approximation to the
binomial distribution. Although the sample size was calculated based on statistical significance,
our results may also aid in the determination of clinical relevance. For full sample size
calculations including exact proportions used, see Appendix A.
Hockey teams from Calgary, Alberta were targeted for participant recruitment for this
study. The study population included males and females, aged 11-17 years.
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Inclusion criteria for recruitment were any:
1. Pee Wee, Bantam, or Midget team registered with Hockey Calgary.
2. Bantam or Midget team playing for Edge School in Calgary, Alberta.
Exclusion criteria for recruitment were:
1. Refusal to participate.
2. Incomplete or missing player assent form, parent consent form, or HCST scores.
3. Players that entered the study at time of concussion.
This study used a convenience sample comprised of teams in 2012-2013 that was
recruited by Hockey Canada, and teams in 2013-2014 and 2014-2015 seasons that were recruited
by self-selection from a larger longitudinal cohort study. The methods used to collect the data in
2012-2013 were identical to the methods used to collect the 2013-2014 and 2014-2015 data.
The 2012-2013 data are comprised of seven elite male teams from the northwest zone of
Calgary, and three female elite teams composed of players from all over the city of Calgary (top
20% by level of play). Both the male and female teams played within Hockey Calgary. Male
teams were recruited from Bantam AA, Bantam AAA, Midget 15 AAA, Midget AA, and Midget
AAA levels. Female teams were recruited from Bantam AAA and Midget AAA levels. For
Bantam and Midget, “AAA” is the most elite category of play followed by “AA” and then house
league tiers (1-7). Both male and female Bantam players were between the ages of 13 to 14,
while male and female Midget players were between the ages of 15 to 17.
All Pee Wee and Bantam teams that were recruited to participate either in the 2013-2014
or 2014-2015 season were registered with Hockey Calgary or played for the Edge School in
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Calgary, Alberta. The Pee Wee teams represented the various districts and community
associations throughout the city, were recruited from all levels of play (tiers 1 through 12), and
were between the ages of 11 and 12 years old. Elite Pee Wee teams were defined as the upper
30% by division of play (tiers 1-3). Non-elite Pee Wee teams were defined as the lower 70% by
division of play (tiers 4-12). The Bantam teams also represented various districts and community
associations throughout the city, were recruited from all levels of play (AAA, AA, and tiers 1
through 7), and were between the ages of 13 and 14 years old. Elite Bantam teams were defined
as the upper 30% by division of play (AAA, AA, and tier 1). Non-elite Bantam teams were
defined as the lower 70% by division of play (tiers 2-7). At the Pee Wee and non-elite Bantam
level, Hockey Calgary divides the city into different community districts that are further
designated to local Community Hockey Associations. At the elite Bantam level, male teams were
divided into four zones based on living address, and female teams were made up of players from
all over the city. Twenty-six players were represented in more than one year in the study and
were treated as independent subjects.
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Figure 3.1 Subject recruitment flow chart by year

3.3 Procedures
3.3.1 Data Collection
3.3.1.1 Study Questionnaire
Players completed a self-reported baseline questionnaire regarding any and all previous
concussions they had sustained prior to the start of their recruitment season (either the 20122013, 2013-2014, or 2014-2015 season). The questionnaire included details regarding
demographics (including date of birth and sex), playing history, and the date(s) and length of
recovery time of any previous concussion. Specifically, players were asked “have you ever had a
concussion or been ‘knocked out’ or had your ‘bell rung’?” The players did not have to be
officially diagnosed by a doctor, seek medical attention, or require time loss in order to report
having a previous concussion. Additionally, players were asked if they had any other injury
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requiring medical attention or at least one day of missed participation from sport or physical
activity in the past 12 months.
3.3.1.2 Injury Report Forms
Because players may have sustained a concussion between the time that they completed
the preseason baseline questionnaire and the time of HCST, injury data, including concussion,
were recorded during the season for players that consented to participate in the study. This
information was entered prior to the analysis to allow for a more complete and accurate
concussion history of the players prior to completing HCST.
3.3.1.3 Hockey Canada Skills Test (HCST)
3.3.1.3.1 Equipment
The equipment needed to run the HCST stations included: 6 pucks, 1 tape measure, 1 can
of spray paint, 4 hand stop watches, 14 pylons, and 4 clipboards and pens. Each test station
required 2 timing personnel: one person to measure the times of the players and the other to
record the times on the recording sheets (Appendix B).
3.3.1.3.2 Procedure
Research assistants were trained by Hockey Canada personnel on how to properly set up
and measure the HCST components. The HCST testing was done at various arenas throughout
the city of Calgary. Prior to the beginning of each testing session, research assistants measured
and marked with spray paint the location of the cones for the drills. The spray paint allowed the
cones to be replaced in the exact same location every time a cone got knocked out of position. To
prevent ruts in the ice during the transition and forward agility weave, multiple sets of dots were
measured and marked approximately one metre apart. This allowed each group of players a fresh
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patch of ice that was rut free. If multiple teams were tested on the same night and on the same
sheet of ice, then the area on the ice where the stations are located was rotated for every new
team. This allowed the teams to have a different location for the stations in order to reduce the
number of ruts formed.
All of the four skill testing stations were completed during one ice session (either 60 or
75 minutes). Three of the testing stations, the agility weave, agility transition skate, and speed
skate (both forwards and backwards) were administered simultaneously at the beginning of the
ice session. These three tests were measured twice, once with a puck and once without. The final
station, the 6-repeat endurance skate, was run after the other three tests were completed. The 6repeat indicates a players endurance and was measured only once, and without a puck. Timing
personnel using a hand stopwatch (accurate to one-hundredth of a second) measured each test.
For a full description of the drill set up and protocol of each drill see Appendix C.
Players, including goaltenders, were divided evenly between three groups (typically
based alphabetically by last name). Each group started at one of the three beginning stations and
participated in that drill. Players remained at that station until each player in that group had a
time recorded for that station. Only when each player had a time recorded were they allowed to
proceed to the next testing station. If a player fell, stumbled, or lost the puck during a drill, they
had the option of either continuing the drill or start the drill over again. If a player knocked a
cone out of place during a trial his/her time was only allowed if he/she continued the drill
properly. If timing personnel deemed a player did not correctly complete the drill, the player was
instructed to start the drill over again. A maximum of three attempts was allowed on any one
testing station. If a player was unable to finish the drill in three attempts they received a “no
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time” on that station. If during the final station, the 6 repeat, a player was unable to complete a
lap in the maximum allotted time of 30 seconds, or the player stopped on their own accord, they
received a no time for that lap and any additional lap(s) remaining. Testing sheets can be found
in Appendix B. Testing was administered once and occurred either over the 2012-2013, 20132014, or 2014-2015 playing season. Players that completed HCST testing over both the 20132014 and 2014-2015 season were treated as independent subjects. Players that entered the study
at time of concussion were excluded from analysis. The date of testing depended on team,
research assistant, and arena ice time availability.
3.3.2 Outcome Measures
The primary outcome measure of interest was the time (in seconds) on the HCST
components: forward agility weave (Figure 3.2), forward/backward speed skate (Figure 3.3),
transition agility (Figure 3.4), and the 6-repeat endurance skate (Figure 3.5). Forward agility
weave without the puck was our primary outcome and all other test components were secondary.
Figure 3.2 Forward Agility Weave
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Figure 3.3 Forward/Backward Speed Skate

Figure 3.4 Transition Agility

Figure 3.5 6-Repeat Endurance Skate
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3.3.3 Exposure Variables
The self-reported history of concussion was considered the exposure variable in this
study, and was collected on a paper baseline questionnaire (Appendix D). This form contained
demographics including age, sex, position, as well as history of previous concussion.
Specifically, the question asked was “have you ever had a concussion or been ‘knocked out’ or
had your ‘bell rung’?” The questionnaire was filled out by the player or their parent and was
competed prior to on-ice testing. Previous history of concussion was dichotomized as those with
no history of concussion “0” and history of concussion “1”. The number of previous concussions
sustained was categorized into those with none, one, two, or three or more. The time since last
concussion and completing HCST and length of recovery following the most recent concussion
were measured in whole number days.
3.4 Statistical Methods
All statistical analyses were carried out using STATA 13 (Statacorp, College Station,
TX). Descriptive statistics were used to describe baseline characteristics (sex, age, history of
MSK injury within the last year, experience, height, and weight) by history of concussion using
either medians and ranges, or means and 95% CI’s. A preliminary analysis was first conducted in
order to assess the test re-test reliability of the HCST. Intraclass correlation coefficients (ICCs)
and Bland & Altman plots with 95% Limits of Agreement (LOA) were used to examine
reliability.
3.4.1 Primary Objective
A crude and adjusted odds ratio (adjusted for relative age, sex, level of play, position,
whether the player was elite or non-elite, and previous MSK injury within the last year, while
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accounting for clustering by team) was calculated using logistic regression for each HCST
outcome (forward agility weave without and with puck, transition agility without and with puck,
forward/backward speed without and with puck, and 6-repeat drop-off time), in order to
determine if those that scored in the upper 25th percentile (the slowest players) by sample of each
test were more likely to have a previous history of concussion. The 25th percentile was decided
as our cut-off point as similar risk factor analyses in this population have used the same
strategy,7,9 and have shown meaningful differences. Relative age was measured continuously and
was calculated from the players’ date of birth to September 1st of the season they entered the
study at. Sex was coded as either female (“0”) or male (“1”). Level of play was defined and
coded as either Pee Wee (11-12 years old; “0”), Bantam (13-14 years old; “1”), or Midget (15-17
years old; “2”). Playing positions were defined and coded as either forward (“0”), defensemen
(“1”), goaltender (“2”), or “missing” (“3”) if not entered on the baseline questionnaire. Elite
level of play was defined and coded as the upper 30% by division of play (“0”), while non-elite
was defined as the lower 70% by division of play (“1”). Finally, previous MSK injury within the
previous year was coded as either no (“0”) or yes (“1”). As a general guideline, it has been
suggested that multivariable statistical models should not exceed 10% of the number of patients
in the least frequency outcome category (in this analysis, those with a history of concussion).46
Given the sample size of this study, the number of covariates included in the models are below
this 10% “rule of thumb”.46
The mean scores of each HCST outcome were then compared using t-tests between those
with and without a previous history, stratified by sex and level of play. In order to account for
multiple comparisons, a Bonferroni correction was used (0.05/18=0.0028).
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3.4.2 Exploratory Objectives
A multiple linear regression was then conducted controlling for cluster by team using
previous history of concussion (0=no; 1=yes) as the exposure and the various HCST scores as
continuous outcomes. Other independent variables included in the multiple linear regression
model included: relative age, sex, level of play, playing position, previous MSK injury within the
last year, and whether the player was elite or non-elite. The multiple linear regression models
required a baseline group to be referenced to; those with no history of concussion or MSK injury,
forwards, females, and elite were selected to be the baseline. The assumptions of the multiple
linear regression (the conditional mean is a linear combination of the predictor variables, the
conditional variance is constant, independence of errors, the conditional distribution is normally
distributed, and a lack of multicollinearity) were checked first to ensure that they were not
violated. Multicollinearity between variables was assessed using the variance inflation factor
(VIF). As a general guideline, it has been suggested that a VIF value greater than 10 suggests
high multicollinearity.47 A Bonferroni correction was used in order to account for the number of
multiple linear regression models (0.05/9=0.0056).
Effect modification occurs in a study when a third variable influences the magnitude or
direction of the causal association between a study exposure and outcome.48 Potential effect
modifiers that were included in the analysis were relative age and sex, as it was hypothesized
that these variables may modify the effect of concussion on HCST times. There was no evidence
to suggest, nor reason to believe, that the exposure variable would be modified by the other
independent variables (e.g., level of play, previous MSK injury within the last year, playing
position, and whether the player was elite or non-elite). Therefore, effect modification was not
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assessed for these variables. Because the multiple linear regression models were adjusted for
clustering by team, effect modification was assessed using an a-priori alpha level of 0.05 based
on the Wald test.
Confounding is a distortion in the magnitude of the true effect of a study exposure on a
study outcome due to mixing of effects between the exposure and an extraneous factor.48 It is
unknown whether the listed variables will be confounders, and therefore, all covariates were
treated as potential confounders. Confounders were assessed based on a change of 10% or more
in the β of the main exposure.
Additionally, multiple linear regression models were fit to assess the number of previous
concussions, time since last concussion, and length of recovery following most recent concussion
and all HCST outcomes, while controlling for clustering by team. Due to the small number of
players reporting a history of 3 previous concussions, those with 2 and 3 previous concussions
were combined into a two or more category. Therefore, history of concussion was compared
between those that had no history (0), one previous concussion (1), and two or more previous
concussions (2+). Those with no history (0) were selected as the baseline group for this outcome.
For those with a previous history of concussion, the time since their last concussion and length of
recovery following their most recent concussion were treated as continuous variables, and were
measured in whole number days. In order to account for the number of multiple linear regression
models, a Bonferroni correction was used for each outcome separately (i.e., 0.05/9=0.0056).
These models also included the variables relative age, level of play, playing position, previous
MSK injury within the last year, and whether the player was elite or non-elite. Potential effect
modifiers that were included in these analyses were relative age and sex, and were assessed using
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an a-priori alpha level of 0.05 based on the Wald test. All covariates were added to the model as
potential confounders and assessed based on a change of 10% or more in the β of the main
exposure.
3.4.3 Inclusion
The number of players that were included in the primary final analysis depended on a)
the number of players that completed, signed, and handed in the player assent form (Appendix
E); b) the number of parents that completed, signed, and handed in the parent consent form
(Appendix F); and c) the number of players that completed, signed, and handed in the preseason
baseline questionnaire regarding any and all previous concussions they had sustained prior to the
start of the year the team was recruited. Of those players who complied, only those that
participated in the on-ice testing were included in the final analysis. If players did not complete
any of the required forms or on-ice testing, they were considered a listwise deletion and were not
included in the final analysis. Players with missing covariate data were excluded from the
adjusted models. Due to the small amount of missing covariate data, imputation techniques were
not warranted. Players that completed more than one year of on-ice testing were included as
independent subjects.
3.5 Ethical Considerations
The proposal for this study was approved by the Office of Medical Bioethics, University
of Calgary, CHREB on October 2, 2012 and August 21, 2014, and was an extension of two
original approvals for the project received August 4, 2011 and April 17, 2007 (Ethics ID# 24026
Title: Evaluation of a Neurocognitive Tool in Youth Ice Hockey Players Before and After a
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Sport-Related Concussion; Ethics ID# 20252 Title: The Risk of Injury Associated with Body
Checking among Paediatric Ice Hockey Players).
This study did not inflict or increase the risk of harm to any players. Having players
complete components of the HCST did not increase the risk of injury greater than the risk of a
normal practice. All eligible teams and players were allowed to perform the HCST. Players were
required to give assent since they were under the age of 18, and parents must have given consent
in order to be included in the final analysis of our study. Some players wished to participate in
the HCST without consenting to be included in the final analysis. These players were allowed to
participate in the testing and their scores were given to them, but their results were not retained.
Coaches received a copy of the scores of all players that performed the HCST and were informed
that the scores should only be used for skill development purposes, and that the results should
not influence ice time or any other tactical decisions. For those that wished to be included in the
study, their information was kept private and confidential. The questionnaire and HCST results
were entered into REDCap, with subjects only identifiable by a unique study identification
number. REDCap is a secure on-line web application for building and managing research study
databases. It is only assessable by study personnel, each with a unique password. All data files
that contained identifying information were entered onto a secure and encrypted server on a
password protected computer and network. Preseason baseline questionnaires and hard copy
HCST information have been stored in a locked file folder in secure room B2215 within the
Sport Injury Prevention Research Centre at the University of Calgary. Only research team
members with necessary ethics approval were allowed to access the study information. No
information was, or will be, disclosed to anyone other than project personnel for any purpose.
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Chapter Four: RESULTS
4.1 HCST Test Re-Test Reliability
4.1.1 Study Participants
Three elite Bantam ice hockey teams (n=46; ages 13-14; AA, AAA; top 20% by division
of play) were recruited to participate in the test re-test reliability portion of the study. Of those
recruited, 23 players were included for final analysis (50%). Players were excluded from final
analysis if they did not complete both testing sessions (n=23). Participant characteristics are
summarized in Table 4.1. Male and female participants accounted for 60% and 40% of the total
sample population, respectively.
Table 4.1 Baseline characteristics of test re-test participants (n=23)
Characteristic
Age-years (median, range)
Height-cm (median, range)
Weight-kg (median, range)
Experience-years played
(median, range)

Male (n=14)
13.85 (13.02-14.55)
172.7 (157.5-188)
62.14 (49.9-93)
9 (7-11)

Female (n=9)
13.83 (13.16-14.34)
162.6 (160-165.1)
52.7 (47.3-59.1)
8 (5-10)

The mean difference between the times from testing session 2 and 1, as well as the 95%
limits of agreement, and the intraclass correlation coefficients are presented in Table 4.2. The
Bland Altman plots for each HCST outcome are presented in Figures 4.1-4.9.
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Table 4.2 Mean difference, Bland and Altman Limits of Agreement (LOA), and Intraclass
Correlation Coefficients (ICCs) by HCST components
HCST
Component
Fwd Agility
Weave
Without
Puck
Fwd Agility
Weave With
Puck
Transition
Agility
Without
Puck
Transition
Agility With
Puck
Fwd Speed
Without
Puck
Fwd Speed
With Puck
Bwd Speed
Without
Puck
Bwd Speed
With Puck
Drop-off
Time

Mean
Difference
(seconds)
0.099

95% LOA
(seconds)

ICC (95% CI)

0.303

-1.897-2.507 0.85 (0.74-0.97)

0.117

-1.193-1.427 0.92 (0.85-0.98)

-0.397

-3.892-3.098 0.74 (0.56-0.93)

0.019

-0.520-0.558 0.82 (0.68-0.95)

0.033

-0.664-0.729 0.75 (0.58-0.93)

0.001

-0.723-0.726 0.81 (0.67-0.95)

0.072

-0.604-0.748 0.86 (0.76-0.97)

0.200

-1.480-1.881 0.50 (0.19-0.80)

-1.257-1.454 0.89 (0.81-0.98)
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Figure 4.1 Bland Altman plot of forward agility weave without puck

Figure 4.2 Bland Altman plot of forward agility weave with puck
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Figure 4.3 Bland Altman plot of transition agility weave without puck

Figure 4.4 Bland Altman plot of transition agility weave with puck
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Figure 4.5 Bland Altman plot of forward speed skate without puck

Figure 4.6 Bland Altman plot of forward speed skate with puck
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Figure 4.7 Bland Altman plot of backward speed skate without puck

Figure 4.8 Bland Altman plot of backward speed skate with puck
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Figure 4.9 Bland Altman plot of drop-off time

Intraclass correlation coefficients ranged from 0.50-0.92. Transition agility without the
puck showed the highest ICC value of 0.92 (95% CI 0.85-0.98), whereas 6-repeat drop-off time
showed the lowest ICC of 0.50 (95% CI 0.19-0.80) (Table 4.2). The mean difference between the
scores ranged from 0.001 seconds (backward speed without the puck) to -0.397 seconds
(transition agility with the puck). Bland Altman 95% LOA suggests that the second score will
fall within approximately one second of the score from the first test session for most HCST
components. In addition to having the largest mean difference, the component transition agility
weave with the puck also had the largest 95 % LOA ranging from -3.892 to 3.098 seconds.
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4.2 Previous History of Concussion
Five hundred and ninety-six players from 65 teams were recruited to participate from
three levels of play (Pee Wee, Bantam, and Midget). Five hundred twenty-five (88%) of the
participants were male, and seventy-one (12%) were female. Two hundred two players reported
a history of concussion (34%), and three hundred ninety-four (66%) reported no history of
concussion. Four players (0.7%) indicated they had a previous history of concussion but did not
indicate the number, date, or time loss associated with the concussion(s). Therefore, these
players were only included for previous history of concussion analysis. Participant characteristics
are summarized in Table 4.3.
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Table 4.3 Baseline characteristics of participants, by level of play and history of concussion (n=596)
Characteristic

Pee Wee (n=348)
No Concussion
History
(n=246)

Bantam (n=175)
Concussion
History
(n=102)

No Concussion
History
(n=108)
86 (79%)
22 (21%)

Sex

Male
234 (95%)
Female 12 (5%)

99 (97%)
3 (3%)

Age (years)

11.53
(10.68-13.13)
Male
40.80
(25.4-82.2)
Female 36.5
(30.8-42.9)

11.48
(10.69-13.2)
40.4
(28.1-61.2)
47.6
(47.6-47.6)

Male

151.92
(150.53-153.3)
Female 147.62
(141.8-153.43)
Years’ experience
6.35
(6.15-6.55)

149.69
(147.6-151.8)
156.5
(112.0-201.0)
6.39
(6.07-6.70)

Previous
MSK injury
within last
year

Weight (kg)

Height (cm)

Midget (n=73)
Concussion
History
(n=67)

No Concussion
History (n=40)

Yes

7 (3%)

4 (4%)

58 (87%)
26 (65%)
9 (13%)
14 (35%)
Median (Range)
13.67
13.86
15.91
(10.2-15)
(11.67-17.83) (13.85-17.61)
56.75
54.5
74.1
(34-93)
(39-81.6)
(56.8-93.2)
50.0
54.5
59.1
(42.2-70.3)
(45.4-63.5)
(50-67.3)
Mean (95% Confidence Interval)
168.95
168.16
179.84
(166.6-171.2)
(165.5-170.8) (177.2-182.5)
163.3
162.46
167.3
(161.9-164.8)
(156.6-168.3) (164.5-170.0)
7.70
8.15
9.53
(7.34-8.05)
(7.73-8.57)
(8.67-10.38)
Proportion (95% CI)
15 (20%)
8 (17%)
10 (25%)

No

227 (97%)

91 (96%)

60 (80%)

Number of Previous
Concussions

1x: 88
2x: 13
3x: 1

39 (83%)
1x: 56
2x: 8
3x: 2
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30 (75%)

Missing
(#)
Concussion
History
(n=33)
22 (67%)
11 (33%)

0

16.27
(13.93-17.59)
78.4
(59.1-97.7)
65.9
(54.5-70.5)

3

19 (58%)

130
6

179.31
(176.8-181.8)
170.4
(167.7-173.1)
9.76
(8.94-10.58)

130

14 (42%)
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1x: 28
2x: 3
3x: 2

8
6

4

4.2.1 Univariate and Adjusted Logistic Regression Analysis
Preliminary univariate analyses were conducted in order to determine if players
with a history of concussion were more likely to fall in the upper 25th percentile (i.e., the
slowest players) than those without a history of concussion. Crude odds ratios (ORs) and
ORs adjusted for relative age, sex, position, level of play, elite/non-elite, and previous
MSK injury within the last year, while accounting for clustering by team were estimated
and presented in Table 4.4.
Table 4.4 Crude and adjusted odds ratios from univariate logistic regression models
predicting HCST performance and previous history of concussion
HCST component

Crude OR (95% CI)
(n=595)
0.66 (0.45-0.96)*

Adjusted OR** (95%
CI) (n=453)
0.80 (0.48-1.32)

Fwd Agility Weave
Without Puck
Fwd Agility Weave With 0.73 (0.50-1.08)
0.89 (0.52-1.54)
Puck
Transition Agility
0.77 (0.52-1.14)
0.97 (0.62-1.51)
Without Puck
Transition Agility With
0.76 (0.51-1.11)
1.09 (0.68-1.76)
Puck
Fwd Speed Without Puck 0.93 (0.62-1.38)
1.08 (0.69-1.68)
Fwd Speed With Puck
0.79 (0.54-1.17)
0.94 (0.61-1.45)
Bwd Speed Without Puck 0.71 (0.48-1.04)
0.90 (0.56-1.45)
Bwd Speed With Puck
0.68 (0.46-0.99)*
0.77 (0.50-1.18)
Drop-off Time
0.90 (0.60-1.35)
0.91 (0.53-1.55)
*statistically significant at p<0.05
**adjusted for relative age, sex, playing position, level of play, elite/non-elite, previous
MSK injury within the last year, while accounting for clustering by team
Based on the crude models, the only statistically significant results were for the
components forward agility weave without the puck and backward speed with the puck
(p<0.05). Based on the direction of these ratios, this suggests that having a history of
concussion puts you at decreased odds of falling in the upper 25th percentile. In other
words, those with a history of concussion were faster on the components forward agility
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weave without the puck and backward speed with the puck. However, the remaining
crude ORs as well as all of the adjusted odds ratios included the null value of 1.0,
indicating no evidence of a difference in the odds of being slow between those without
and without a history of previous concussion.
4.2.2 Mean HCST Performance
The mean scores by level of play and sex for each HCST component for those
with and without a history of concussion are presented in Tables 4.2, 4.3, and 4.4, and
presented graphically in Figures 4.1, 4.2, and 4.3. There were no statistically significant
differences for any HCST component between those with and without a history of
concussion for males or females in any level of play.
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Table 4.5 Mean Pee Wee scores on HCST components, by sex and history of concussion (n=348)
HCST Component
Fwd Agility Weave
Without Puck

Fwd Agility Weave
With Puck

Transition Agility
Without Puck
Transition Agility
With Puck
Fwd Speed Without
Puck
Fwd Speed With Puck

TStatistic
1.2210

History of Concussion
(mean, 95% CI)
13.87 (13.54-14.20)

Mean Difference
(95% CI)
0.28 (-0.17-0.72)

Female 14.16 (13.11-15.22)

17.56 (7.75-27.37)

-3.40 (-6.43- -0.37) -2.4215

0.0308

Male

15.94 (15.27-16.61)

0.24 (-0.56-1.05)

0.5931

0.5536

Female 16.38 (14.28-18.48)

20.32 (9.41-31.23)

-3.94 (-8.81-0.94)

-1.7451

0.1045

Male

17.43 (17.13-17.73)

17.05 (16.67-17.42)

0.38 (-0.14-0.91)

1.4370

0.1517

Female 18.18 (16.44-19.91)

20.92 (12.94-28.90)

-2.74 (-6.66-1.17)

-1.5136

0.1541

Male

20.69 (20.11-21.28)

19.97 (19.25-20.70)

0.72 (-0.29-1.73)

1.3954

0.1638

Female 22.38 (19.84-24.92)

28.31 (11.75-44.88)

-5.93 (-12.22-0.35) -2.0392

0.0623

Male

5.69 (5.62-5.80)

5.58 (5.50-5.66)

0.11 (-0.01-0.24)

1.7813

0.0758

Female 5.79 (5.38-6.19)

6.44 (5.48-7.39)

-0.65 (-1.49-0.19)

-1.6689

0.1190

Male

6.01 (5.91-6.12)

5.89 (5.72-6.07)

0.12 (-0.08-0.32)

1.2084

0.2278

Female 6.06 (5.57-6.55)

6.56 (5.23-7.89)

-0.50 (-1.53-0.53)

-1.0453

0.3149

Male

No History of Concussion
(mean, 95% CI)
14.15 (13.89-14.41)

16.19 (15.74-16.63)
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Pvalue
0.2230

Bwd Speed Without
Puck
Bwd Speed With Puck

Male

7.69 (7.56-7.82)

7.50 (7.32-7.68)

0.19 (-0.03-0.42)

1.6634

0.0972

Female 7.95 (6.93-8.96)

8.40 (6.28-10.53)

-0.46 (-2.56-1.64)

-0.4712

0.6453

Male

8.07 (7.82-8.33)

0.35 (0.03-0.67)

2.1702

0.0307

8.51 (6.43-10.59)

0.11 (-1.94-2.17)

0.1198

0.9065

-0.01 (-0.46-0.45)
-0.41 (-2.56-1.74)

-0.0171
-0.4089

0.9863
0.6893

8.42 (8.25-8.60)

Female 8.62 (7.63-9.61)
Drop-off Time

Male
3.43 (3.21-3.65)
3.43 (2.94-3.92)
Female 3.37 (2.43-4.30)
3.77 (-0.88-8.43)
*statistically significant at 0.0028 (0.05/18=0.0028) using Bonferroni correction
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Table 4.6 Mean Bantam scores on HCST components, by sex and history of concussion (n=175)
History of Concussion
(mean, 95% CI)
12.67 (12.24-13.10)

Mean Difference
(95% CI)
0.16 (-0.34-0.67)

TStatistic
0.6448

Pvalue
0.5201

Female 13.53 (12.71-14.35)

13.34 (11.58-15.10)

0.18 (-1.42-1.79)

0.2379

0.8136

Male

14.10 (13.70-14.51)

13.90 (13.38-14.42)

0.21 (-0.44-0.89)

0.6372

0.5250

Female 15.00 (13.80-16.23)

14.76 (12.04-17.48)

0.24 (-2.19-2.67)

0.2024

0.8410

Male

15.49 (15.14-15.85)

15.35 (14.84-15.87)

0.14 (-0.46-0.74)

0.4664

0.6416

Female 16.24 (15.35-17.14)

16.19 (13.64-18.75)

0.05 (-1.93-2.03)

0.0518

0.9591

Male

17.23 (16.78-17.68)

17.18 (16.56-17.80)

0.04 (-0.70-0.78)

0.1190

0.9055

Female 18.76 (17.46-20.07)

18.81 (14.67-22.94)

-0.04 (-3.10-3.12)

-0.0289

0.9771

Male

5.17 (5.07-5.27)

5.14 (5.02-5.26)

0.03 (-0.13-0.18)

0.3255

0.7453

Female 5.25 (4.86-5.64)

5.49 (4.84-6.14)

-0.24 (-0.93-0.46)

-0.7038

0.4874

Male

5.38 (5.28-5.48)

5.31 (5.16-5.46)

0.07 (-0.10-0.24)

0.7772

0.4383

Female 5.58 (5.30-5.86)

5.52 (4.79-6.25)

0.06 (-0.53-0.66)

0.2162

0.8304

HCST Component
Fwd Agility Weave
Without Puck

Fwd Agility Weave
With Puck

Transition Agility
Without Puck
Transition Agility
With Puck
Fwd Speed Without
Puck
Fwd Speed With Puck

Male

No History of Concussion
(mean, 95% CI)
12.84 (12.54-13.14)

72

Bwd Speed Without
Puck

6.58 (6.43-6.72)

6.50 (6.28-6.72)

0.08 (-0.17-0.33)

0.6174

0.5380

Female 6.71 (6.40-7.02)

7.03 (5.89-8.17)

-0.32 (-1.11-0.48)

-0.8193

0.4193

Male

6.92 (6.75-7.10)

6.80 (6.57-7.02)

0.12 (-0.16-0.40)

0.8742

0.3835

Female 7.11 (6.76-7.46)

7.29 (6.78-7.54)

-0.18 (-1.03-0.67)

-0.4320

0.6690

Male
2.94 (2.61-3.26)
3.03 (2.68-3.38)
Female 3.82 (3.42-4.21)
3.70 (2.84-4.56)
*statistically significant at 0.0028 (0.05/18=0.0028) using Bonferroni correction

-0.09 (-0.58-0.39)
0.11 (-0.66-0.89)

-0.3796
0.3025

0.7050
0.7646

Bwd Speed With Puck

Male

Drop-off Time
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Table 4.7 Mean Midget scores on HCST components, by sex and history of concussion (n=73)
History of Concussion
(mean, 95% CI)
11.65 (11.12-12.19)

Mean Difference
(95% CI)
-0.21 (-0.94-0.52)

TStatistic
-0.5846

Pvalue
0.5617

Female 12.56 (11.80-13.32)

12.62 (11.91-13.32)

-0.06 (-1.06-0.95)

-0.1204

0.9052

Male

12.50 (11.82-13.19)

12.64 (11.95-13.33)

-0.14 (-1.09-0.81)

-0.2919

0.7717

Female 13.42 (12.47-14.37)

13.28 (12.52-14.04)

0.14 (-1.07-1.35)

0.2426

0.8105

Male

12.97 (12.53-13.40)

12.86 (12.04-13.69)

0.11 (-0.76-0.97)

0.2469

0.8060

Female 14.74 (13.80-15.68)

15.13 (14.27-15.99)

-0.39 (-1.63-0.85)

-0.6552

0.5188

Male

14.67 (13.98-15.37)

14.22 (13.15-15.29)

0.46 (-0.76-1.67)

0.7572

0.4541

Female 16.66 (15.74-17.58)

16.70 (15.85-17.55)

-0.04 (-1.26-1.18)

-0.0743

0.9414

Male

4.60 (4.50-4.70)

4.52 (4.40-4.64)

0.08 (-0.07-0.23)

1.0680

0.2911

Female 5.08 (4.88-5.29)

5.23 (4.96-5.51)

-0.15 (-0.47-0.17)

-0.9778

0.3384

Male

4.74 (4.61-4.86)

4.59 (4.45-4.73)

0.14 (-0.04-0.33)

1.5973

0.1172

Female 5.10 (4.88-5.32)

5.28 (4.99-5.58)

-0.18 (-0.52-0.16)

-1.0951

0.2848

HCST Component
Fwd Agility Weave
Without Puck

Fwd Agility Weave
With Puck

Transition Agility
Without Puck
Transition Agility
With Puck
Fwd Speed Without
Puck
Fwd Speed With Puck

Male

No History of Concussion
(mean, 95% CI)
11.44 (10.93-11.96)
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Bwd Speed Without
Puck

5.55 (5.34-5.75)

5.47 (5.29-5.66)

0.07 (-0.20-0.35)

0.5509

0.5843

Female 6.12 (5.79-6.44)

6.22 (5.78-6.65)

-0.10 (-0.60-0.40)

-0.4057

0.6887

Male

5.72 (5.47-5.96)

5.62 (5.43-5.80)

0.10 (-0.21-0.41)

0.6494

0.5194

Female 6.41 (6.11-6.71)

6.46 (6.00-6.91)

-0.05 (-0.54-0.45)

-0.1930

0.8486

Male
2.77 (2.45-3.09)
2.43 (1.98-2.88)
Female 3.37 (2.83-3.91)
3.93 (3.37-4.49)
*statistically significant at 0.0028 (0.05/18=0.0028) using Bonferroni correction

0.34 (-0.18-0.87)
-0.56 (-1.31-0.18)

1.3083
-1.5635

0.1974
0.1316

Bwd Speed With Puck

Male

Drop-off Time
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Figure 4.10 Mean Pee Wee HCST scores by sex and history of concussion

76

Figure 4.11 Mean Bantam HCST scores by sex and history of concussion
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Figure 4.12 Mean Midget HCST scores by sex and history of concussion
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Chapter Five: EXPLORATORY RESULTS
5.1 Multiple Linear Regression
The model for the exploratory multiple regression analyses were derived using the
covariates relative age, sex, playing position, level of play, elite/non-elite, and previous
MSK injury within the last year (adjusting for clustering by team). Relative age was
measured continuously and was calculated from the players’ date of birth to September
1st of the season they entered the study. Sex was coded as either female (“0”) or male
(“1”). Level of play was coded as Pee Wee (“0”), Bantam (“1”), or Midget (“2”). Playing
positions were coded as either forward (“0”), defensemen (“1”), goaltender (“2”), or
“missing” (“3”) if not entered on the baseline questionnaire. Elite level of play was
defined and coded as the upper 30% by division of play (“0”), while non-elite was
defined as the lower 70% by division of play (“1”). Finally, previous MSK injury within
the previous year was coded as either no (“0”) or yes (“1”). The multiple linear regression
models required a baseline group in order to make comparisons. Those with no history of
concussion, females, Pee Wee, forwards, elite, and no previous MSK injury within the
last year were selected as the baseline.
5.1.1 Previous History of Concussion
Previous history of concussion was coded as either yes “1” or no “0”. In the
presence of the other independent variables, previous history of concussion was not a
statistically significant independent variable of any HCST outcome. Table 5.1
summarizes the estimated coefficients of the main exposure, previous history of
concussion, as well as the final model characteristics. Each regression equation
significantly predicted performance score. There was no evidence of effect modification
79

by either sex or relative age on all HCST performance outcomes. Position, level of play,
sex, and whether the player was elite or non-elite were all statistically significant
independent variables for each HCST outcome. Specifically, goalies were the slowest
position; Midget was the fastest level of play followed by Bantam then Pee Wee; males
were faster than females; and elite players were faster than non-elite players. Relative age
was statistically significant for the components forward speed with the puck and
backward speed without and with the puck. Specifically, older players were significantly
faster than younger aged players. There was no evidence of multicollinearity between
variables for each outcome. The specific equations calculated for each HCST outcome
are presented below.
For the components forward agility weave without the puck, transition agility
without and with the puck, and forward speed without the puck, previous MSK injury
within the last year and relative age were not statistically significant independent
variables. When assessing the change of the β coefficient of the main exposure (history of
concussion) when each of these variables were removed from the model, previous MSK
injury was found to confound the exposure/outcome relationship for these components,
but relative age did not. Therefore, previous MSK injury remained for these models while
relative age was removed.

Forward Agility without Puck: = 13.433 + [-0.046*concussion history] + [position] +
[0.909*elite/non-elite] + [0.169*previous MSK injury] + [level of play] + [-0.657*sex]
Position: defenseman (0.485), goaltenders (5.159), missing position (0.577)
Level of play: Bantam (-0.796), Midget (-1.196)
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Forward Agility with Puck: = 14.581 + [-0.032*concussion history] + [position] +
[1.621*elite/non-elite] + [0.356*previous MSK injury] + [level of play] + [-0.679*sex]
Position: defenseman (0.763), goaltenders (8.665), missing position (1.386)
Level of play: Bantam (-1.231), Midget (-1.513)

Transition Agility without Puck: = 17.031 + β1 [-0.110*concussion history] + β2
[position] + β3 [1.352*elite/non-elite] + β4 [-0.030*previous MSK injury] + β5 [level of
play] + β6 [-1.240*sex]
β2 Position: defenseman (0.321), goaltenders (5.401), missing position (0.762)
β5 Level of play: Bantam (-1.452), Midget (-2.612)

Transition Agility with Puck: = 19.899 + [-0.213*concussion history] + [position] +
[2.579*elite/non-elite] + [0.328*previous MSK injury] + [level of play] + [-1.912*sex]
Position: defenseman (0.210), goaltenders (8.779), missing position (0.309)
Level of play: Bantam (-2.209), Midget (-3.456)

Forward Speed without Puck: = 5.632 + [-0.027*concussion history] + [position] +
[0.192*elite/non-elite] + [-0.035*previous MSK injury] + [level of play] + [-0.284*sex]
Position: defenseman (0.174), goaltenders (1.308), missing position (0.306)
Level of play: Bantam (-0.467), Midget (-0.685)
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Unlike the previous components, relative age was a statistically significant
independent variable for the components forward speed with the puck and backward
speed without and with the puck. Specifically, older players were significantly faster than
younger players. Previous MSK injury within the last year was not a significant
independent variable for these HCST components, but changed the magnitude of the
main β coefficient more than 10% when removed from the model. Therefore, previous
MSK injury confounded the exposure/outcome relationship and remained for these final
models. The components backward speed without and with the puck were the only
components where defenseman were expected to score faster than forwards.

Forward Speed with Puck: = 7.443 + [-0.059*concussion history] + [position] +
[0.273*elite/non-elite] + [0.002*previous MSK injury] + [level of play] + [-0.266*sex] +
[-0.139*relative age]
Position: defenseman (0.203), goaltenders (1.734), missing position (0.182)
Level of play: Bantam (-0.189), Midget (-0.193)

Backward Speed without Puck: = 8.970 + [-0.096*concussion history] + [position] +
[0.641*elite/non-elite] + [level of play] + [-0.417*sex] + [-0.125*relative age]
Position: defenseman (-0.107), goaltenders (1.627), missing position (0.135)
Level of play: Bantam (-0.644), Midget (-0.913)

Backward Speed with Puck: = 10.366 + [-0.197*concussion history] + [position] +
[0.893*elite/non-elite] + [level of play] + [-0.444*sex] + [-0.191*relative age]
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Position: defenseman (-0.161), goaltenders (1.401), missing position (0.139)
Level of play: Bantam (-0.794), Midget (-0.981)

Lastly, for the component 6-repeat drop-off time, previous MSK injury within the
last year, level of play, and relative age were not statistically significant independent
variables. When assessed for confounding, each of these variables changed the magnitude
of the main β coefficient more than 10% when removed from the model. Therefore, each
of these variables confounded the exposure/outcome relationship and remained for the
final model.

Drop-off Time: = 3.793 + [0.009*concussion history] + [position] + [0.760*elite/nonelite] + [0.287*previous MSK injury] + [level of play] + [-0.617*sex] + [-0.050*relative
age]
Position: defenseman (0.320), goaltenders (2.514), missing position (0.320)
Level of play: Bantam (0.097), Midget (0.243)
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Table 5.1 Summary of β1 previous history of concussion coefficient
Exposure Variable
Model Characteristics
HCST
Coefficient 95% CI
P-value F-Statistic P-value
R2
Fwd Agility -0.046
-0.238-0.146 0.613
(9, 57) =
P<0.0001 0.6319
Weave
38.84
Without
Puck
Fwd Agility -0.032
-0.358-0.293 0.843
(9, 57) =
P<0.0001 0.6126
Weave With
22.20
Puck
Transition
-0.110
-0.392-0.171 0.436
(9, 58) =
P<0.0001 0.6566
Agility
80.92
Without
Puck
Transition
-0.213
-0.644-0.217 0.325
(9, 58) =
P<0.0001 0.5570
Agility With
20.96
Puck
Forward
-0.027
-0.100-0.046 0.462
(9, 58) =
P<0.0001 0.6003
Speed
46.65
Without
Puck
Forward
-0.059
-0.179-0.060 0.324
(10, 58) = P<0.0001 0.5548
Speed With
43.50
Puck
Backward
-0.096
-0.221-0.028 0.128
(9, 63) =
P<0.0001 0.6220
Speed
69.99
Without
Puck
Backward
-0.197
-0.371-0.022 0.028
(9, 63) =
P<0.0001 0.5436
Speed With
50.57
Puck
Drop-off
0.009
-0.313-0.330 0.958
(10, 56) = P<0.0001 0.1902
Time
8.76
*statistically significant at 0.0056 (0.05/9=0.0056) using Bonferroni correction
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5.1.2 Number of Previous Concussions
The categories “2 previous concussions” and “3 previous concussions” were
collapsed into a “2 or more concussions” due to the low number of players reporting 3
previous concussions or more. In the presence of the other independent variables, number
of previous concussions was a statistically significant independent variable for the HCST
component forward agility weave with the puck. Specifically, those with 2 or more
previous concussions were significantly faster than those with no previous concussions (7.317; 95% CI -11.047- -3.586). In the presence of the other independent variables,
number of previous concussions was not a statistically significant independent variable
for any other component score (Table 5.2).
Each regression equation significantly predicted HCST performance score. Again,
position, sex, and whether the player was elite or non-elite were all significant
independent variables for each HCST outcome. Goalies were the slowest position, males
were faster than females, and elite players were faster than non-elite players. Level of
play was a significant independent variable for all HCST outcomes expect for 6-repeat
drop-off time; Midget players were the fastest level of play. Older players were also
found to be faster than younger aged players. There was no evidence of multicollinearity
between variables. Each equation calculated for the various HCST outcomes are
presented below.
There was sufficient evidence to suggest that relative age modified the
relationship between number of previous concussions and performance on the component
forward agility without the puck. Specifically, players with 2+ previous concussions were
predicted to score slower as their age increases. Previous MSK injury was not a
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statistically significant independent variable but changed the magnitude of the main β
coefficient by more than 10% when removed from the model. This suggests that previous
MSK injury within the last year confounded the exposure/outcome relationship, and
remained in the final model for this component.

Forward Agility without Puck = 14.313 + [number of previous concussions] +
[position] + [0.905*elite/non-elite] + [0.185*previous MSK injury] + [Level of play] + [0.650*sex] + [-0.076* relative age] + [β8*relative age]
Number of previous concussions: 1 (0.428), 2+ (-2.771)
Position: defenseman (0.473), goaltenders (5.153), missing position (0.529)
Level of play: Bantam (-0.600), Midget (-0.881)
β8 Number of previous concussions: 1 (-0.039), 2+ (0.222)

For the component forward agility with the puck there was sufficient evidence to
suggest the presence of effect modification by both relative age and sex. Specifically, for
sex, males with a history of 2+ previous concussions were predicted to score slower than
females with the same number of previous concussions (1.147 seconds). Additionally,
players with a history of 2+ concussions were expected to score slower as their age
increases. Previous MSK injury within the last year was the only variable that did not
statistically significantly predict performance on these two components, but altered the
magnitude of the main β coefficient more than 10% when removed from the model. This
suggests that previous MSK injury confounded the exposure/outcome relationship and
remained in the final model for this component.
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Forward Agility with Puck = 15.579 + [number of previous concussions] + [position] +
[1.642*elite/non-elite] + [0.370*previous MSK injury] + [level of play] + [-0.797*sex] +
[-0.078* relative age] + [β8*relative age] + [β9*sex]
Number of previous concussions: 1 (0.673), 2+ (-7.317)
Position: defenseman (0.751), goaltenders (8.695), missing position (1.373)
Level of play: Bantam (-1.048), Midget (-1.158)
β8 Number of previous concussions: 1 (-0.074), 2+ (0.455)
β9 Number of previous concussions: males with 1 concussion (0.345), males with 2+
concussions (1.147)

Similarly, relative age and sex modified the exposure/outcome relationship for the
component transition agility without the puck. In this model, however, males with a
history of 2+ previous concussions were expected to score 2.007 seconds faster than
females with the same number of previous concussions. Further, for those with 2+
concussions, older players were expected to be faster than younger players. Previous
MSK injury was not a statistically significant independent variable on its own, but
confounded the exposure/outcome relationship when removed from the model.
Therefore, this variable was included in the final model.

Transition Agility without Puck = 18.767 + [number of previous concussions] +
[position] + [1.299*elite/non-elite] + [0.001*previous MSK injury] + [level of play] + [1.152*sex] + [-0.154* relative age] + [β8*relative age] + [β9*sex]
Number of previous concussions: 1 (-0.085), 2+ (5.314)
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Position: defenseman (0.319), goaltenders (5.400), missing position (0.723)
Level of play: Bantam (-1.099), Midget (-1.936)
β8 Number of previous concussions: 1 (0.014), 2+ (-0.299)
β9 Number of previous concussions: males with 1 concussion (-0.178), males with 2+
concussions (-2.007)

There was no evidence of effect modification by either sex or relative age on the
component transition agility with the puck. Previous MSK injury and relative age were
not statistically significant independent variables and were assessed for confounding.
Previous MSK injury within the last year confounded the exposure/outcome relationship,
but relative age did not. Therefore, the final model for this component included previous
MSK injury but not relative age.

Transition Agility with Puck = 19.859 + [number of previous concussions] + [position]
+ [2.624*elite/non-elite] + [0.319*previous MSK injury] + [Level of play] + [-1.905*sex]
Number of previous concussions: 1 (-0.055), 2+ (-1.271)
Position: defenseman (0.207), goaltenders (8.820), missing position (0.372)
Level of play: Bantam (-2.199), Midget (-3.409)

There was no evidence of effect modification by either sex or relative age on the
component forward speed without the puck. Relative age and previous MSK injury were
not statistically significant independent variables, but both confounded the
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exposure/outcome relationship when removed from the model. Therefore, both variables
were included in the final model for this component.

Forward Speed without Puck = 6.225 + [number of previous concussions] + [position]
+ [0.183*elite/non-elite] + [-0.034*previous MSK injury] + [Level of play] + [0.285*sex] + [-0.050* relative age]
Number of previous concussions: 1 (-0.025), 2+ (-0.044)
Position: defenseman (0.168), goaltenders (1.304), missing position (0.283)
Level of play: Bantam (-0.348), Midget (-0.469)

There was sufficient evidence of effect modification by sex on the component
forward speed with the puck, but not by relative age. Specifically, males with 2+ previous
concussions were expected to score 0.400 seconds faster than females with the same
number of concussions. Although not a statistically significant independent variable on
its own, previous MSK injury within the last year confounded the exposure/outcome
relationship when removed from the model. Therefore, previous MSK injury remained
for the final model for this component.

Forward Speed with Puck = 7.430 + [number of previous concussions] + [position] +
[0.273*elite/non-elite] + [0.007*previous MSK injury] + [Level of play] + [-0.240*sex] +
[-0.139* relative age] + [β8*sex]
Number of previous concussions: 1 (-0.021), 2+ (0.328)
Position: defenseman (0.204), goaltenders (1.734), missing position (0.181)
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Level of play: Bantam (-1.185), Midget (-1.199)
β8 Number of previous concussions: males with 1 concussion (-0.048), males with 2+
concussions (-0.400)

There was no evidence of effect modification by either sex or relative age on the
components backward speed without and with the puck. Although not a statistically
significant independent variable, previous MSK injury within the last year confounded
the relationship on both of these components, and therefore, was included in the final
models for these components. These were the only components where defenseman were
expected to be faster than forwards.

Backward Speed without Puck= 8.993 + [number of previous concussions] + [position]
+ [0.643*elite/non-elite] + [0.050*previous MSK injury] + [level of play] + [-0.457*sex]
+ [-0.125* relative age]
Number of previous concussions: 1 (-0.106), 2+ (-0.011)
Position: defenseman (-0.097), goaltenders (1.606), missing position (0.185)
Level of play: Bantam (-0.726), Midget (-0.938)

Backward Speed with Puck = 10.598 + [number of previous concussions] + [position] +
[0.898*elite/non-elite] + [0.088*previous MSK injury] + [level of play] + [-0.487*sex] +
[-0.208* relative age]
Number of previous concussions: 1 (-0.238), 2+ (0.160)
Position: defenseman (-0.178), goaltenders (1.388), missing position (0.156)
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Level of play: Bantam (-0.839), Midget (-0.954)

There was no evidence of effect modification by either sex or relative age on the
component 6-repeat drop-off time. Previous MSK injury within the last year, relative age,
and level of play were all not statistically significant independent variables for this
component. Additionally, these variables did not confound the exposure/outcome
relationship when removed from the model, and therefore, were not included in the final
model.

Drop-off Time = 3.301 + [number of previous concussions] + [position] +
[0.673*elite/non-elite] + [-0.630*sex]
Number of previous concussions: 1 (-0.089), 2+ (0.551)
Position: defenseman (0.286), goaltenders (2.279), missing position (0.275)
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Table 5.2 Summary of β1 number of previous concussions coefficient
Exposure Variable
HCST
Fwd Agility
Weave
Without
Puck
Fwd Agility
Weave With
Puck
Transition
Agility
Without
Puck
Transition
Agility With
Puck
Forward
Speed
Without
Puck
Forward
Speed With
Puck
Backward
Speed
Without
Puck

2+

-2.771

-5.088- -0.453

1

0.673

-2.979-4.360

2+

-7.317

1

-0.085

-11.047- 3.586
-3.119-2.949

2+

5.314

1.103-9.525

1
2+

-0.055
-1.271

-0.522-0.412
-2.308- -0.234

Model Characteristics
Modification by Relative
FP-value
P-value
Age**
Statistic
0.631
(-0.039*10.68) = -0.42
(13, 57) P<0.0001
(-0.039*17.59) = -0.68
=28.52
0.020
(0.222*10.68) = 2.37
(0.222*17.59) = 3.90
0.713
(-0.074*10.68) = -0.79
(15, 57) P<0.0001
(-0.074*17.59) = -1.30
=21.07
<0.001* (0.455*10.68) = 4.86
(0.455*17.59) = 8.00
0.956
(0.014*10.68) = 0.15
(15, 58) P<0.0001
(0.014*17.59) = 0.25
=59.22
0.014
(-0.299*10.68) = -3.19
(-0.299*17.59) = -5.26
0.815
N/A
(10, 58) P<0.0001
=22.05
0.017
N/A

1
2+

-0.025
-0.044

-0.102-0.053
-0.186-0.097

0.522
0.533

N/A
N/A

(11, 58)
=45.02

P<0.0001 0.6029

1
2+

-0.021
0.328

-0.301-0.260
-0.011-0.667

0.884
0.058

N/A
N/A

(13, 58)
=36.08

P<0.0001 0.5555

1
2+

-0.106
-0.011

-0.251-0.038
-0.301-0.278

0.147
0.939

N/A
N/A

(11, 58)
=57.35

P<0.0001 0.6331

Number of
Coefficient
95% CI
Concussions#
1
0.428
-1.349-2.206
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R2
0.6361

0.6172

0.6624

0.5599

Backward
1
-0.238
-0.422- -0.054 0.012
N/A
Speed With
2+
0.160
-0.443-0.762
0.598
N/A
Puck
Drop-off
1
-0.089
-0.322-0.144
0.448
N/A
Time
2+
0.551
-0.778-1.879
0.410
N/A
#baseline is 0 concussions
*statistically significant at 0.0056 (0.05/9=0.0056) using Bonferroni correction
**using the minimum relative age (10.68) and the maximum relative age (17.59)
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(11, 58)
=38.11

P<0.0001 0.5499

(7, 58)
=9.34

P<0.0001 0.1777

5.1.3 Time Since Most Recent Concussion
In the presence of the other independent variables, time since most recent concussion was
not a statistically significant independent variable for any HCST outcome (Table 5.3). Each
regression equation statistically significantly predicted HCST performance score. Similar to the
other exposure variables, goalies were the slowest position, males were faster than females, elite
players were faster than non-elite players, and older players were faster than younger players.
The specific equations calculated for each HCST outcome are presented below. There was no
evidence of multicollinearity between variables for each outcome.
There was insufficient evidence to suggest the presence of effect modification by relative
age or sex on the component forward agility weave without the puck. Previous MSK injury
within the last year, level of play, sex, and relative age were all non-statistically significant
independent variables in predicting performance on forward agility without the puck, and were
assessed for confounding. Each of these variables changed the β of the main exposure by more
than 10% when removed from the model, suggesting that each of these independent variables
confounded the exposure/outcome relationship. Therefore, these variables remained in the final
model for the component forward agility without the puck.

Forward Agility without Puck = 13.813 + [-0.0000162*days since last concussion] + [position]
+ [1.021*elite/non-elite] + [-0.010*previous MSK injury] + [level of play] + [-0.714*sex] + β7 [0.029*relative age]
Position: defenseman (0.406), goaltenders (5.031), missing position (0.274)
Level of play: Bantam (-0.825), Midget (-0.888)
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There was no evidence of effect modification by either sex or relative age on the
component forward agility with the puck. Previous MSK injury within the last year, relative age,
and sex were all non-statistically significant independent variables but confounded the
exposure/outcome relationship when removed from the model. Therefore, each of these variables
remained in the final model for this component.

Forward Agility with Puck = 12.534 + [0.0000358*days since last concussion] + [position] +
[1.567*elite/non-elite] + [0.240*previous MSK injury] + [level of play] + [-0.520*sex] + [0.185*
relative age]
Position: defenseman (0.318), goaltenders (7.491), missing position (0.760)
Level of play: Bantam (-1.996), Midget (-2.482)

There was no evidence of effect modification by either sex or relative age on the
component transition agility without the puck. Previous MSK injury within the last year, relative
age, and level of play were not statistically significant independent variables for this component,
but each confounded the exposure/outcome relationship when removed. Therefore, each of these
variables remained in the final model for this component.

Transition Agility without Puck = 20.633 + [-0.000036*days since last concussion] +
[position] + [1.175*elite/non-elite] + [-0.418*previous MSK injury] + [level of play] + [1.358*sex] + [-0.284* relative age]
Position: defenseman (0.028), goaltenders (4.767), missing position (0.059)
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Level of play: Bantam (-0.857), Midget (-1.297)

There was no evidence of effect modification by either sex or relative age on the
component transition agility without the puck. Previous MSK injury within the last year and
relative age were not statistically significant independent variables, and did not confound the
exposure/outcome relationship when removed from the model. Therefore, these variables were
not included in the final model for this component.

Transition Agility with Puck = 20.652 + [0.0004481*days since last concussion] + [position] +
[2.287*elite/non-elite] + [level of play] + [-2.508*sex]
Position: defenseman (-0.613), goaltenders (4.792), missing position (-0.358)
Level of play: Bantam (-2.557), Midget (-4.247)

There was sufficient evidence to suggest the presence of effect modification by sex but
not by relative age on the component forward speed without the puck. Specifically, for every day
since a male players latest concussion, their time on this component is expected to increase by
0.0001262 seconds. Previous MSK injury and relative age were not statistically significant
independent variables and did not confound the exposure/outcome relationship when removed.
Therefore, these variables were not included in the final model for this component.
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Forward Speed without Puck = 5.942 + [-0.0000871*days since last concussion] + [position] +
[0.240*elite/non-elite] + [level of play] + [-0.677*sex] + [0.0001262]*[days since last
concussion*sex]
Position: defenseman (0.147), goaltenders (0.981), missing position (0.122)
Level of play: Bantam (-0.401), Midget (-0.749)

There was sufficient evidence to suggest the presence of effect modification by sex but
not by relative age on the component forward speed with the puck. Specifically, for every day
since a male players latest concussion, their time is expected to increase by 0.0001839 seconds.
Previous MSK injury was not a statistically significant independent variable and did not
confound the exposure/outcome relationship when removed from the model. Therefore, it was
not included in the final model for this component.

Forward Speed with Puck = 7.260 + [-0.0001247*days since last concussion] + [position] +
[0.246*elite/non-elite] + [level of play] + [-0.569*sex] + [0.0001839]*[days since last
concussion*sex] + [-0.102* relative age]
Position: defenseman (0.083), goaltenders (1.323), missing position (-0.069)
Level of play: Bantam (-0.286), Midget (-0.436)

There was insufficient evidence to suggest the presence of effect modification by either
sex or relative age on the component backward speed without the puck. Previous MSK injury
and relative age were not statistically significant independent variables but confounded the
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exposure/outcome relationship when removed from the model. Therefore, both of these variables
were included in the final model for this component.

Backward Speed without Puck= 8.371 + [0.0000181*days since last concussion] + [position] +
[0.673*elite/non-elite] + [-0.101*previous MSK injury] + [level of play] + [-0.511*sex] + [0.078* relative age]
Position: defenseman (-0.123), goaltenders (1.265), missing position (-0.027)
Level of play: Bantam (-0.748), Midget (-1.011)

There was insufficient evidence to suggest the presence of effect modification by either
sex or relative age on the component backward speed with the puck. Previous MSK injury within
the last year, relative age, and sex were not statistically significant independent variables but all
confounded the exposure/outcome relationship when removed from the model. Therefore, each
of these variables was included in the final model for this component.

Backward Speed with Puck = 9.893 + [-0.0000125*days since last concussion] + [position] +
[0.947*elite/non-elite] + [-0.138*previous MSK injury] + [level of play] + [-0.372*sex] + [0.170*relative age]
Position: defenseman (-0.414), goaltenders (1.242), missing position (-0.303)
Level of play: Bantam (-0.745), Midget (-0.905)
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There was sufficient evidence to suggest the presence of effect modification by relative
age but not by sex on the component 6-repeat drop-off time. Specifically, for a given time since a
players most recent concussion, their 6-repeat drop-off time increases as their relative age
increases. Position and sex were not statistically significant independent variables but both were
found to confound the exposure/outcome relationship when removed. Therefore, these variables
remained in the final model. Level of play and previous MSK injury within the last year were
also not statistically significant independent variables and did not confound the
exposure/outcome relationship. Therefore, these variables were not included in the final model
for this component.

Drop-off Time = 5.299 + [-0.0019785*days since last concussion] + [position] +
[0.854*elite/non-elite] + [-0.899*sex] + [0.0001197]*[days since last concussion*relative age] +
[-0.115*relative age]
Position: defenseman (0.230), goaltenders (3.616), missing position (0.351)
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Table 5.3 Summary of β1 time since most recent concussion coefficient
HCST

Exposure Variable
Coefficient 95% CI
Pvalue

Model Characteristics
Modification
FP-value
R2
by Relative
Statistic
Age**
N/A
(10, 52) P<0.0001 0.6146
=15.31

Fwd
Agility
Weave
Without
Puck
Fwd
Agility
Weave
With Puck
Transition
Agility
Without
Puck
Transition
Agility
With Puck
Forward
Speed
Without
Puck
Forward
Speed
With Puck
Backward
Speed
Without
Puck

-0.0000162

-0.00030.0003

0.896

0.0000358

-0.00030.0004

0.824

N/A

(10, 52) P<0.0001 0.6501
=24.11

-0.000036

-0.00030.0003

0.803

N/A

(10, 53) P<0.0001 0.6660
=47.40

0.0004481

-0.00040.0013

0.278

N/A

(8, 57)
=20.96

P<0.0001 0.5528

-0.0000871

-0.00020.0001

0.195

N/A

(9, 57)
=51.63

P<0.0001 0.6951

-0.0001247

-0.00030.0001

0.138

N/A

(10, 57) P<0.0001 0.7050
=34.30

0.0000181

-0.00010.0001

0.769

N/A

(10, 53) P<0.0001 0.6800
=37.82

Backward
Speed
With Puck
Drop-off
Time

-0.0000125

-0.00020.0002

0.894

N/A

(10, 53) P<0.0001 0.6026
=22.52

-0.0019785

-0.0036-0.0003

0.021

0.072*10.68
(5, 49) P=0.0158 0.2333
=0.77
=3.35
0.072*17.59 =
1.27
*statistically significant at 0.0056 (0.05/9=0.0056) using Bonferroni correction
**using the minimum relative age (10.68) and maximum relative age (17.59); based on the
median time since most recent concussion (601 days)
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5.1.4 Most Recent Concussion Severity Based on Time Loss Before Full Return to Sport
In the presence of the other independent variables, severity of the most recent concussion
based on time loss before full return to sport significantly predicted performance on the
components forward agility weave without and with the puck, transition agility without the puck,
and backward speed without and with the puck (Table 5.4). Specifically, as the number of days
lost before full return to sport increased, the time on these components decreased. Based on the
coefficients calculated from the models, for every 1-day increase in time lost due to concussion a
players score is expected to decrease by 0.083 seconds (95% CI 0.131-0.036) on forward agility
without the puck, 0.107 seconds (95% CI 0.160-0.055) on forward agility with the puck, 0.01
seconds (0.018-0.004) on transition agility without the puck, 0.05 seconds (0.074-0.026) on
backward speed without the puck, and 0.06 seconds (0.097-0.032) on backward speed with the
puck.
Similar to the other exposure variables, goaltenders were the slowest position, Midget
was the fastest level of play, males were faster than females, elite players were faster than nonelite players, and older players were faster than younger players. There was no evidence of
multicollinearity between variables for each outcome. The specific equations calculated for each
HCST outcome are presented below.
For the component forward agility without the puck, there was sufficient evidence to
suggest the presence of effect modification by both relative age and sex. Specifically, for sex, for
every day lost before full return to sport males were predicted to score slower than females by
0.0095758 seconds (95% CI 0.0027923-0.0163593). Additionally, given the same number of
days lost before full return to sport, older players were predicted to be slower than younger
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players (0.0051665 seconds; 95% CI 0.0021853-0.0081476). Previous MSK injury within the
last year and level of play were the only variables that did not statistically significantly predict
performance on this component, but altered the magnitude of the main β coefficient more than
10% when removed from the model. This suggests that previous MSK injury within the last year
and level of play confounds the exposure/outcome relationship and thus remained in the final
model for this component. For every day lost before full return to sport the time on this
component is expected to decrease (get faster) by 0.084 seconds (95% CI 0.131-0.036).

Forward Agility without Puck = 15.210 + [-0.0835287*days of recovery] + [position] +
[0.904*elite/non-elite] + [-0.033*previous MSK injury] + [Level of play] + [-0.994*sex] + [0.112* relative age] + [0.0051665]*[days of recovery*relative age] + [0.0095758]*[days of
recovery*sex]
Position: defenseman (0.533), goaltenders (5.236), missing position (0.251)
Level of play: Bantam (-0.763), Midget (-0.944)

There was sufficient evidence to suggest the presence of effect modification by both
relative age and sex on the component forward agility with the puck. For every day lost before
full return to sport, males were predicted to score slower than females by 0.0123013 seconds
(95% CI 0.0039187-0.0206838). Additionally, given the same number of days lost before full
return to sport, older players were predicted to be slower than younger players (0.0067783
seconds; 95% CI 0.003526-0.0100306). Previous MSK injury within the last year was not a
statistically significant independent variable, but when removed from the model changed the
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magnitude of the main β coefficient by more that 10%. Therefore, previous MSK injury
confounded the exposure/outcome relationship and remained in the final model for this
component. For every day lost before full return to sport, the time on this component is expected
to decrease (get faster) by 0.107 seconds (95% CI 0.160-0.055).

Forward Agility with Puck = 15.040 + [-0.1074962*days of recovery] + [position] +
[1.357*elite/non-elite] + [0.231*previous MSK injury] + [Level of play] + [-0.911*sex] +
[0.017* relative age] + [0.0067783]*[days of recovery*relative age] + [0.0123013]*[days of
recovery*sex]
Position: defenseman (0.587), goaltenders (7.750), missing position (0.724)
Level of play: Bantam (-1.729), Midget (-2.278)

There was insufficient evidence to suggest effect modification by either sex or relative
age on the components transition agility without or with the puck. Relative age and previous
MSK injury within the last year were not statistically significant independent variables for both
of these outcomes, and did not confound the exposure/outcome relationship when removed from
the model. Therefore, these variables were not included in the final models for these
components. For transition agility without the puck, for everyday lost before full return to sport
the expected time on this component is expected to decrease (get faster) by 0.011 seconds (95%
CI 0.018-0.004).
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Transition Agility without Puck = 17.953 + [-0.0106422*days of recovery] + [position] +
[1.031*elite/non-elite] + [Level of play] + [-1.735*sex]
Position: defenseman (0.188), goaltenders (3.786), missing position (0.126)
Level of play: Bantam (-1.644), Midget (-2.861)

Transition Agility with Puck = 21.202 + [-0.0137863*days of recovery] + [position] +
[1.932*elite/non-elite] + [Level of play] + [-2.680*sex]
Position: defenseman (-0.201), goaltenders (6.429), missing position (-0.234)
Level of play: Bantam (-2.568), Midget (-3.944)

There was no evidence of effect modification by sex or relative age on the components
forward speed without or with the puck. Previous MSK injury within the last year and relative
age were not statistically significant independent variables but both confounded the
exposure/outcome relationship when removed from the model. Therefore, these variables
remained in the final model for these components.

Forward Speed without Puck = 6.388 + [-0.000426*days of recovery] + [position] +
[0.250*elite/non-elite] +[0.021*previous MSK injury] + [Level of play] + [-0.588*sex] + [0.044*relative age]
Position: defenseman (0.183), goaltenders (0.868), missing position (0.138)
Level of play: Bantam (-0.309), Midget (-0.548)
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Forward Speed with Puck = 6.760 + [-0.0014136*days of recovery] + [position] +
[0.247*elite/non-elite] +[0.018*previous MSK injury] + [Level of play] + [-0.435*sex] + [0.0687*relative age]
Position: defenseman (0.162), goaltenders (1.128), missing position (-0.042)
Level of play: Bantam (-0.332), Midget (-0.513)

There was sufficient evidence that relative age modified the relationship for the
components backward speed without and with the puck. Specifically, on the component
backward speed without the puck, for the same number of days of recovery an older player is
expected to score slower than a younger player (0.0032057 seconds; 95% CI 0.00162070.0047908). The modification by relative age was also seen for the component backward speed
with the puck (0.0042368 seconds; 95% CI 0.0020622-0.0064114). Previous MSK injury within
the last year was not a statistically significant independent variable for both of these components,
and did not confound the exposure/outcome relationship when removed from the models.
Therefore, previous MSK injury was not included in the final models for both of these outcomes.
For every day lost before full return to sport, the time on backward speed without the puck is
expected to decrease (get faster) by 0.050 seconds (95% CI 0.074-0.026). Similarly, for with the
puck, the time is expected to decrease (get faster) by 0.065 seconds (95% CI 0.097-0.032).

Backward Speed without Puck= 9.455 + [-0.0500434*days of recovery] + [position] +
[0.564*elite/non-elite] + [Level of play] + [-0.560*sex] + [-0.149* relative age] +
[0.0032057]*[days of recovery*relative age]
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Position: defenseman (-0.085), goaltenders (1.268), missing position (-0.074)
Level of play: Bantam (-0.619), Midget (-0.994)

Backward Speed with Puck = 10.852 + [-0.0645658*days of recovery] + [position] +
[0.799*elite/non-elite] + [Level of play] + [-0.509*sex] + [-0.226*relative age] + [0.0042368
]*[days of recovery*relative age]
Position: defenseman (-0.283), goaltenders (0.868), missing position (-0.311)
Level of play: Bantam (-0.650), Midget (-1.052)

There was no evidence of effect modification by either sex or relative age on the
component 6-repeat drop-off time. Previous MSK injury within the last year, position, level of
play, and relative age were all not statistically significant independent variables of performance
on this component. When assessed for confounding, previous MSK injury and position changed
the main β coefficient by more than 10%, suggesting these variables confounded the
exposure/outcome relationship. Therefore, these variables remained in the final model for this
component. Level of play and relative age did not change the magnitude of the main β
coefficient by more than 10%, and were therefore excluded from the final model.

Drop-off Time = 2.894 + [0.0035422*days of recovery] + [position] + [0.781*elite/non-elite] +
[0.133*previous MSK injury] + [-0.239*sex]
Position: defenseman (0.197), goaltenders (6.929), missing position (0.055)
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Table 5.4 Summary of β1 time of recovery following most recent concussion coefficient
HCST
Fwd
Agility
Weave
Without
Puck
Fwd
Agility
Weave
With Puck
Transition
Agility
Without
Puck
Transition
Agility
With Puck
Forward
Speed
Without
Puck
Forward
Speed
With Puck
Backward
Speed
Without
Puck
Backward
Speed
With Puck

Exposure Variable
Coefficient 95% CI
P-value

Model Characteristics
Modification FP-value
R2
by Relative
Statistic
Age**
0.036*10.68 (12, 50) P<0.0001 0.5751
= 0.38
=11.69
0.036*17.59
= 0.63

-0.0835287 -0.1308- 0.0362

0.001*

-0.1074962 -0.1603- 0.0547

<0.001* 0.047*10.68
= 0.5
0.047*17.59
= 0.83
0.004* N/A

(12, 50)
=62.09

P<0.0001 0.6194

(8, 55)
=22.83

P<0.0001 0.5883

-0.0137863 -0.0257- 0.0018

0.024

N/A

(8, 55)
=17.57

P<0.0001 0.6119

-0.000426

-0.00260.0017

0.695

N/A

(10, 51)
=51.85

P<0.0001 0.6527

-0.0014136 -0.00400.0012

0.276

N/A

(10, 51)
=35.82

P<0.0001 0.6642

-0.0500434 -0.0740- 0.0260

<0.001* 0.022*10.68
= 0.23
0.022*17.59
= 0.39
<0.001* 0.029*10.68
= 0.31
0.029*17.59
= 0.51
0.439
N/A

(10, 55)
=40.21

P<0.0001 0.6653

(10, 55)
=20.33

P<0.0001 0.5922

-0.0106422 -0.0177- 0.0035

-0.0645658 -0.0968- 0.0323

Drop-off
0.0035422 -0.0056(7, 49)
P=0.0707 0.3147
Time
0.0127
=2.02
*statistically significant at 0.0056 (0.05/9=0.0056) using Bonferroni correction
**using the minimum relative age (10.68) and maximum relative age (17.59); based on the
median time of recovery following most recent concussion (7 days)
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5.2 Summary of Results
Test-retest reliability of the HCST components was assessed using ICCs and Bland
Altman 95% LOA. The ICCs ranged from 0.50-0.89. The mean difference between the scores
ranged from 0.001 seconds to -0.397 seconds. Bland Altman 95% LOA suggests that the second
time will fall within approximately one second of the time from the first test session for most
HCST components.
Preliminary univariate analyses suggest that having a history of concussion puts players
at decreased odds of falling in the upper 25th percentile for the components forward agility weave
without the puck and backward speed with the puck. These differences, however, were no longer
statistically significant once adjusted for other covariates. There were no statistically significant
differences in the mean times for any HCST component between those with and without a
history of concussion, for males or females in any level of play.
Multiple linear regression analyses found that previous history of concussion was not a
statistically significant independent variable of performance for any HCST outcome. Players
reporting 2+ concussions were found to be statistically significantly faster than those with no
history on the component forward agility weave with the puck. Number of previous concussions
did not statistically significantly predict performance on any other HCST outcome. Time since a
players most recent concussion was not a statistically significant independent variable of any
HCST component. Time of recovery following most recent concussion statistically significantly
predicted performance on the HCST components: forward agility weave without and with the
puck, transition agility without the puck, and backward speed without and with the puck. For
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each of these components, for every day of recovery following a concussion a players time is
expected to get faster.
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Chapter Six: Discussion
Although studies have attempted to measure performance using off-ice protocols as a
predictor of on-ice performance, many of these studies have found little to no relationship
between the two.49–53 The validity of using such tests has been argued due to the lack of
specificity to on-ice demands, with some arguing the off-ice measurements are of limited
value.53 This highlights the need for performance testing to be specific to the sport of the athlete.
6.1 Test-Retest Reliability of the HCST
In order to accurately assess the changes in on-ice performance in those with a history of
concussion, a reliable measurement tool is required. Twenty-three players were included in the
investigation of the HCST components’ test-retest reliability, which evaluates consistency of the
HCST components’ results over time,40 by evaluating the change in the scores with repeated test
administration. To our knowledge, this is the first study to assess the reliability of this test
battery.
Test-retest reliability was traditionally reported using Pearson correlation coefficients.
One limitation associated with the correlation coefficient is that although it may show the
association between the two units of measurement, they do not show the level of agreement. In
certain situations, a correlation may show perfect association but poor reliability. Pearson
correlations were then replaced by intraclass correlation coefficients (ICCs) as the preferred
measurement of reliability, as the ICC reflects both correlation and agreement.40 The ICC ranges
from 0.00-1.00 with values closer to 1.00 representing stronger reliability. ICC values may be
interpreted as poor if less than 0.40, moderate if between 0.4 to 0.75, good if between 0.75 to
0.90, and excellent if above 90.54 However, ICCs are not without their limitations as well. Since
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the ICC is an average based on variance across all raters, non-agreement may be between all,
some, or a single rater.40 This non-agreement would lead to a poor ICC value. The other factor
that relates to an ICC value is the variance among subjects scores. The variability in the data
must be large enough to demonstrate reliability. A homogenous sample, raters either very strict
or lenient, or when the rating system falls within a restricted range can all lead to poor ICC
values.40 Even though the limitations of the ICC are discussed, they were calculated in the
present study to provide reference to other reliability studies.
6.1.1 Repeated Sprint Skating
The movements of ice hockey are typically described as high intensity, short-duration
sprints.55 With the demand of intermittent sports such as ice hockey that require both the aerobic
and anaerobic energy systems, there has been an recent increase in using repeated sprint tests to
assess players’ physical capacities.56 The use of traditional anaerobic power measurement such
as the Wingate anaerobic test has been questioned for intermittent sport athletes, and in particular
ice skaters.57,58 Additionally, these tests require specific laboratory equipment and trained
administrators, which limits the number of youth teams able to perform these tests.56 Therefore,
on-ice measurements that are easily administered by coaches are ideal for use in a youth ice
hockey population.
Reed et al. (1979) and Watson and Sargeant (1986) reported high test-retest correlation
coefficients on the 6-repeat drop-off time (r=0.78 and r=0.96, respectively).26,27 Interestingly, the
present study found that the 6-repeat drop-off time had the lowest ICC value of all HCST
components measured (0.50; 95% CI 0.19-0.80). Some authors have criticized the 6-repeat
endurance skate as being too physically exhausting on players, particularly in younger level of
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plays.59 Specifically, Power et al. (2012) argues that the 6-repeat endurance skate is ineffective in
providing a valid assessment of anaerobic performance because some players are unable to
perform the test to their maximal ability.59 These authors created a new endurance skating test,
called the Repeat Ice Skating Test (RIST), targeted for younger aged players (11-12 year olds).
This RIST consists of players skating 3 half laps around the ice surface with a 10-second rest
period between laps. After completing the first 3 laps, players take a minimum 10-minute break
and then skate the remaining 3 laps. Even though the authors reported a very high 14-day testretest reliability ICC value of 0.99 (95% CI 0.97-0.99), there are several methodological issues
with this test protocol. The authors measured the distance of the skating lap as 49 metres, yet the
actual skating path the players’ took was not determined. Players may have skated different
paths, which could have led to different distances covered. Further, the test-retest reliability of
the RIST was based on a relatively small sample size of only 14 players. The advantage of using
the 6-repeat endurance skate over the RIST is that each player skates the same pathway, and
therefore, the same distance.
6.1.2 Agility
Despite studies suggesting the importance of measuring agility on-ice,60–62 it has rarely
been tested on-ice in hockey players. One method of testing on-ice agility used in the literature
has been the cornering S-skate. Originally developed by Greer et al. (1992), it involves the
players skating an S shape-course at full speed.63 Although two studies have found this method
to have good test-retest reliability in experienced players (r=0.95 and r=0.96),63,64 one study
found much lower test-retest reliability in female players of mixed age and ability (r=0.64).62 In
the present study, the HCST component forward agility weave without the puck had an ICC of
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0.89 (95% CI 0.81-0.98), and an ICC of 0.85 (95% CI 0.74-0.97) with the puck. The cornering
S-test has been criticised in the literature as being too complex for less experienced players to
maintain balance at full speed, particularly during cornering.64 Further, Farlinger et al. (2007)
found that the cornering S-test did not differ enough from a straight sprint skate to measure
agility, and therefore, argues it is not a true measure of on-ice agility.64 Due to the relatively
simple design of the HCST forward agility weave component, it may be a better indicator of
agility than the cornering S-test.
6.1.3 Concussion Assessment Tools
Although the HCST was not designed to be a concussion assessment tool, it is important
to reference the current study’s test-retest reliability scores in the context of other concussion
literature. McLeod et al. (2006) determined the test-retest reliability of multiple concussion
assessments in youth athletes (male and female, 9-14 years old), using ICCs. The different
assessment tools all yielded varying results from the Standardized Assessment of Concussion
(0.46), Balance Error Scoring System (0.70), Trail Marking Test B (0.65), and Symbol Search
(0.83).65 When comparing the results of these reliability studies to the results of the current
study, the HCST is a very reliable assessment tool. Additionally, the HCST protocol is sportspecific to ice hockey players and thus, is ideal for use in this population. Based on the crude
representation of the ICC values, the ICCs calculated in this study vary between moderate (dropoff time and transition agility with puck), good (forward agility weave without and with puck,
transition agility with puck, forward speed without and with puck, and backward speed without
and with puck), and excellent (transition agility without puck).
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6.1.4 Bland-Altman Method
Given the limitations of both the Pearson correlation and the ICC, an ideal way to
measure test-retest reliability is the Bland Altman method. This method calculates the mean
difference between the two measurements, known as the bias, and the 95% limits of agreement.
Bland Altman 95% limits of agreement (LOA) are the expected range that approximately 95% of
the difference of scores will fall between. The limits of agreement use the measurement scale of
the instrument, which provides unique and specific information regarding the difference
expected over multiple test administrations.40 Although not specific to the LOA, it may also be
used to measure the agreement between different tests for criterion or construct validity. This
will facilitate standardized interpretation of the HCST in clinical practice. In the current study,
the mean differences were quite small, ranging from 0.001 seconds for backward speed without
the puck to -0.397 seconds for transition agility weave with the puck. The 95% LOA varied for
each HCST component, with the widest range for the component transition agility weave with
the puck at approximately ± 3 seconds. All other components were smaller and ranged
approximately ± 1 second. Transition agility weave with the puck may be arguably the most
technically difficult skill component of the HCST, which may be why it shows the largest LOA.
The transition agility tests a players ability in forwards skating, pivoting from forwards skating
to backwards, backwards skating, pivoting from backwards to forwards, and stopping, all while
maintaining control of the puck.
The LOA suggests that 95% of individuals would need a change of approximately 1-3
seconds in either direction in order to be indicative of a change greater than what would be
expected over 7-10 days in youth ice hockey players. For the HCST component transition agility
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weave without the puck (Figure 4.3), the mean difference between the two time intervals was
decreased in players who were slower, suggesting slower players’ times were more consistent
than faster players. It is not apparently clear for why this trend exists. The distribution of the
differences of scores seemed to be unrelated to the magnitude of the scores for all other
outcomes (Figures 4.1-4.3, 4.5-9).
Based on the mean difference, 95% LOA, and ICC values calculated from the current
study, the results show that the HCST is a very consistent way to measure on-ice skill
performance. This test protocol is novel in that it is specifically designed for ice hockey players
and tests different areas of skill performance, which makes it ideal for use in a youth population.
Due to the number of players recruited for HCST test-retest reliability portion, the present study
was unable to determine the reliability of the HCST components between those with and without
a history of concussion. This remains an area of future research.
6.2 Validity of the HCST
Although the HCST has been determined to be a reliable measure of on-ice performance,
the validity of the components of the protocol remains unknown. Only the 6-repeat drop-off time
has been assessed as a valid measure of a players anaerobic capacity.26 Measurement validity
may be defined as the degree to which an instrument measures what it is intended to measure.40
There are four types of measurement validity that contribute evidence to support a test’s overall
measurement validity: face validity, content validity, criterion-related validity, and construct
validity. Face validity indicates that a measurement appears to test what it is supposed to and that
it is a plausible method for doing so.40 Because experts at Hockey Canada developed the HCST,
this testing protocol has sufficient face validity to warrant its use in this study. The other
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measures of validity have not yet been assessed and remain a future direction for studies using
the HCST.
6.3 Participant Characteristics
There were a total of 596 youth ice hockey players that participated in this study. Of
those, 202 (34%) reported a previous history of concussion and 394 (66%) did not. When broken
down by level of play, 29% of Pee Wee, 38% of Bantam, and 45% of Midget players reported a
previous history of concussion. The proportions reported in the current study are slightly higher
than proportions reported in previous Canadian ice hockey studies. These studies found 18% of
Pee Wee and 32% of Bantam players reported a previous concussion history.7,9 Ice hockey is a
male-dominated sport,1 and this disparity is illustrated by the sample in the present study, where
525 players were male (88%) and 71 were female (12%). Players were separated by sex and
level of play as differences have previously been shown between these groups.45 Once separated
by level of play and sex, those with a history of concussion did not differ significantly from those
without in their age, height, weight, or years’ experience playing.
6.4 Previous History of Concussion
The way previous history of concussion was asked in the baseline questionnaire used
terms such as “sustained a concussion”, been “knocked out”, or had your “bell rung”. This
definition is inclusive of many different commonly used terms in the sporting community for a
concussion, in order to maximize the capture of concussion in this study.
Examination of the crude odds ratios (ORs) suggest those with a history of concussion
are not at higher odds of falling in the upper 25th percentile (i.e., those with a history of
concussion are not more likely to be the slowest players). In fact, those that had a previous
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history of concussion were more likely to be faster than those without, for the tests forward
agility weave without the puck and backward speed with the puck. These results may be due to a
selection bias in that those that have deficits post concussion are self-selected out by either no
longer participating in hockey, or choosing not to participate in the present study. However, it is
important to note that the crude analysis does not consider other covariates which may affect the
results. Because, after adjusting for relative age, level of play, position, elite/non-elite play,
previous MSK injury in the last year, while accounting for clustering by team, these odds ratios
were no longer statistically significant. There were no significant differences in the mean scores
between those with and without a previous history of concussion for either sex. These findings
are consistent with the results of Eliason et al. (2014).45 The 95% confidence intervals were quite
wide for female players, particularly in Pee Wee and Bantam players. This is most likely due to
the small number of female players recruited.
Based on the multiple linear regression models, previous history of concussion was not a
significant independent variable of performance for any outcome. These results are similar to the
findings by Makdissi et al. (2009) and Kumar et al. (2014) who reported no change in
performance in male athletes after concussion.11,12 Players reporting 2+ concussions were found
to be statistically significantly faster than those with no history on the component forward agility
weave with the puck (7.317 95% CI 11.047-3.586). In the presence of the other independent
variables, number of previous concussions did not significantly predict performance on any other
HCST outcome. These results suggest that number of previous concussions sustained does not
negatively influence players’ HCST performance scores. Additionally, in the presence of the
other independent variables, the time since a players most recent concussion was not a
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significant independent variable of any HCST component. This suggests that there are no
performance differences between a concussion that happened more recently compared to a
concussion that happened longer ago. Finally, in the presence of the other independent variables,
time of recovery following most recent concussion significantly predicted performance on the
HCST components: forward agility weave without and with the puck, transition agility without
the puck, and backward speed without and with the puck. For each of these components, for
every day of recovery following a concussion a players time is expected to get faster. It is
surprising to have results where participants with more prolonged recovery had better
performance. Based on the coefficients calculated from the models, for every 1-day increase in
time lost due to concussion a players score is expected to get faster by 0.083 seconds (95% CI
0.131-0.036) on forward agility without the puck, 0.107 seconds (95% CI 0.160-0.055) on
forward agility with the puck, 0.01 seconds (0.018-0.004) on transition agility without the puck,
0.05 seconds (0.074-0.026) on backward speed without the puck, and 0.06 seconds (0.097-0.032)
on backward speed with the puck. In context, compared to a player that did not require any days
of recovery following their most recent concussion, a player that had a concussion that required
10 days of recovery is expected to score approximately 0.8 seconds faster on forward agility
without the puck, 1 second faster on forward agility with the puck, 0.1 seconds faster on
transition agility without the puck, 0.5 seconds faster on backward speed without the puck, and
0.6 seconds faster on backward speed with the puck.
6.5 Strengths
This is the first study of its kind to examine the test re-test reliability of the HCST, and
the association between concussion and sport-specific skill performance in youth ice hockey
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players. Previous research in concussion and performance has mainly focused on sports other
than ice hockey, and in adult populations.11–13
The test-retest analysis employed was statistically rigorous by using Bland Altman LOA
and ICCs for comparisons to other commonly used assessment tools. These reliability
coefficients in conjunction show that the HCST is a very reliable way to measure on-ice sport
specific skill performance, and will facilitate standardized interpretation of the HCST in clinical
practice. Further, the HCST is a sport-specific test protocol and is an ideal way to measure
performance in this population. This study was unique in that it investigated previous concussion
in a multitude of unique ways by examining history, number, time since most recent, and
severity of most recent concussion. This study will serve to deepen the knowledge of concussion
in youth and performance, and will create a base that will serve to inform future research.
6.6 Limitations
This study is the first of its kind, and contributes novel information to our understanding
of concussion, but it is not without its limitations. It is a cross-sectional design; therefore,
temporality could not be determined. As a result, causality between concussion and performance
could not be evaluated. Future studies using a design where temporality could be established
(e.g., prospective cohort) should be used to determine causality. This may be useful in
determining if skill performance scores are a risk factor for injury. As described in Chapter 3,
twenty-six players were represented in more than one year in the study. Although they were
treated as independent subjects, this remains a limitation of the study.
There is the potential for survival bias in the present study, as players that completed
HCST had essentially survived and continued in sport up until completing testing. There may be
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players that suffered a concussion, and as a result of that concussion stopped playing ice hockey.
It is not known how many players have stopped playing because of this reason, or if they were to
continue playing, how their on-ice performance would influence the results of this study.
Measurement bias is also another issue in the present study. The baseline questionnaires
relied on self-report which is subject to self-report bias, recall bias and non-differential error
from missing data. Players (and their parents) may have had different understandings of the
word/phrases concussion, “knocked out”, and “bell rung”. The different interpretations could
lead to differences in whether players report a previous history of concussion. By nature of the
way the question is asked, there is the potential for misclassification bias if players are more
likely report saying yes to a previous history of concussion even if they truly didn’t. If these false
positives were more likely to be faster on the tests, then this would lead to an underestimation of
the true association.
Recall bias is also likely to have occurred if those players that suffered a concussion more
recently were more likely to report a previous concussion than those that occurred more in the
past. If the false negatives were slower on HCST then this would lead to an underestimation of
the true association.
The baseline questionnaire used in 2012-2013 and 2013-2014 seasons only had enough
room to report a maximum of 3 previous concussions. This question was modified for the 20142015 season cohort to allow a reporting of five previous concussions. Though only three players
reported 3 previous concussions over the 2012-2014 seasons, it is possible that these players may
have actually reported more if allowed. However, even if these three players all reported 4 or
more previous concussions, it would still be too small to include in the exploratory analysis.
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Although the HCST is designed with standardized measurements for the different
components, the 6-repeat endurance skate uses the entire length of ice for the test. Different
arenas have different lengths of ice, which may have impacted the players’ scores for this one
test. Teams may have completed testing on a shorter length of ice which may have decreased
their 6-repeat drop-off time. It is unlikely that those with a previous history were more or less
likely to be tested on a shorter rink, so therefore this would lead to a non-differential
misclassification bias. This would lead to dilution of the true association towards the null.
Additionally, different arenas have differences in lighting, ambient noise, temperature, and other
factors. It is unknown how these differences may influence the times of the players.
Handheld stopwatches were used to measure players’ performances. Although we are
assuming there was high consistency among the timing personnel, a limitation from using the
hand stopwatches is basic human reaction time may influence the times of the players. This may
be especially true when measuring quick duration tests such as the components
forward/backward speed skate, where the times are approximately 6-7 seconds. Although hand
stopwatches are not the ideal way to measure time on these components, they are easy to use and
practical for use on-ice. Since timing personnel were blinded to who had a previous history of
concussion, any errors from the timing personnel would lead to a non-differential
misclassification bias. This is because the errors would be similar for concussed and nonconcussed players, which would lead to a dilution of the association towards the null.
Repeated skating over the same area of ice may lead to ruts being formed which may
have negatively affected the times of participants who skated later in the group, as the ice surface
would not be as clean. Although we have tried to prevent this as best as possible by rotating the
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drills on the rink, this remains a limitation in this study. Because players were typically divided
into groups alphabetically, there is no cause to believe either concussed or non-concussed players
were more likely to be the later skaters. Therefore, this would be a non-differential
misclassification bias, which would shift the association towards the null.
The HCST data was collected over the entire 2013-2014 and 2014-2015 playing seasons;
thus, some teams completed the testing protocol much earlier in the season than others. It is
likely that teams will have had a different number of practices, games, and/or overall training
sessions before they complete the HCST, which were not controlled for in this study.
The original sample size of 518 (259 with a history of concussion and 259 without),
which was estimated to detect a difference of approximately 12% in the proportion in the upper
25th percentile between those with and without a concussion, was not achieved as too few players
with a history of concussion were recruited. Although 596 participants completed testing and
were included in final analysis, only 202 reported a previous history of concussion. This study
was not powered on a multivariate analysis and thus these analyses were exploratory. A larger
sample size with a history of concussion, particularly in females would have enabled further
comparisons and analysis. Clustering effects were taken into account for the analyses as 65
different teams participated with different numbers and demographics. Sample size calculations
can be found in Appendix A.
Finally, there are limitations to the generalizability of this study that are important to
consider. The HCST was only tested in youth hockey players in Calgary, Alberta, and therefore,
the results of this study should only be generalized to that population. Although goalies were
included in testing, the HCST components employed in this study are based on endurance, speed,
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and agility skating with and without a puck, which are not skills typically utilized by goaltenders.
This suggests that goalies may need to be looked at separately, and possibly using performance
measures more related to their position. Different countries (and leagues/age groups, etc.) play
different styles of hockey with different focuses on skill performance; they may also utilize
different return to play and concussion management programs, which may affect subsequent
performance post-injury. The population used in this study is limited to youth ice hockey players
in Calgary, Alberta, and therefore, the generalizability to other provinces, countries, adult
populations, or other leagues is unknown.
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Chapter Seven: Conclusion
7.1 Summary of Findings
This is the first study to examine the association between a history of concussion and
sport-specific skill performance in youth ice hockey players. A total of 596 youth participated in
this study, with two hundred two (34%) reporting a previous history of concussion and three
hundred ninety-four (66%) reporting no previous history of concussion.
Examination of univariate odds ratios suggests those with a history of concussion were
not more likely to be the slowest players. It was actually found that players with a previous
history of concussion were more likely to be faster on the components forward agility weave
without the puck and backward speed with the puck. However, once adjusted for other covariates
as well as controlling for clustering by team, these differences were no longer statistically
significant. There were also no statistically significant differences in the mean scores between
those with and without a previous history of concussion players for either sex, which is similar to
the finding in a previous study.45
The multiple linear regression models were exploratory in nature. Relative age, position,
level of play, previous MSK injury within the last year, sex, and whether the player was elite or
not were all variables entered into the regression models. Effect modification was assessed by
relative age and sex for all outcomes. There were no differences in all performance outcomes
between those with and without a previous history of concussion. Due to the small number of
players reporting three previous concussions (n=5), these players were combined with those
reporting two previous concussions. Differences between the number of previous concussion and
performance were seen on the component forward agility weave with the puck. Specifically,
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those with 2+ concussions were found to be significantly faster than those with no history (7.317
seconds; 95% CI11.047-3.586). Time since most recent concussion was not a statistically
significant independent variable of time on any HCST component.
Time of recovery following most recent concussion was statistically significant in
predicting time on the HCST components forward agility weave without and with the puck,
transition agility without the puck, and backward speed without and with the puck. Based on the
calculated coefficients, for every 1-day increase in time lost due to concussion a players score is
expected to get faster by 0.083 seconds (95% CI 0.131-0.036) on forward agility without the
puck, 0.107 seconds (95% CI 0.160-0.055) on forward agility with the puck, 0.01 seconds
(0.018-0.004) on transition agility without the puck, 0.05 seconds (0.074-0.026) on backward
speed without the puck, and 0.06 seconds (0.097-0.032) on backward speed with the puck.
The components of the Hockey Canada Skills Test measure one aspect of player
performance. This aspect is the technical product or outcome and is measured under ideal
practice conditions. Overall player performance, particularly in team sports, is a combination of
many factors and should be measured during real game play. The relation between HCST and ingame performance is unknown, and remains an area for future research.
7.2 Public Health Implications
Concussion is a significant problem in youth ice hockey. It has the highest concussion
incidence rate in male high school team sports and is the most common specific injury type for
youth ice hockey players.5,6 Players with a history of concussion are at an increased risk of
incurring a future concussion.6,7,9,10 There is a paucity of research examining the association
between injury, specifically concussion, and sport-specific performance outcomes. This study is
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the first to examine previous history of concussion and sport-specific skill performance. The
findings indicate that there are few differences between those with and without a previous history
of concussion on various performance skills tests. This information may help to better inform
future injury prevention and concussion management strategies.
7.3 Recommendations for Future Research
Future investigations of concussion and performance should employ stronger research
study designs such as a prospective cohort study, in order to determine temporality for the few
differences found in this study. A prospective cohort study would also allow for the assessment
of performance score and risk of injury and concussion. In addition to having a large sample size,
it is important that future studies focus on female recruitment. This will facilitate multiple linear
regression analyses to examine associations between concussion and skill performance. The
increase in sample size must be mindful of potential clustering effects by team and possible
effect modification by sex and relative age. Finally, future studies would be wise to recruit from
teams in different communities, cities, and levels of play. Doing so will allow for greater
generalization of any study results.
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This sample size calculation was determined using Professor Rollin Brant’s online
calculator at: http://stat.ubc.ca/~rollin/stats/ssize/index.html. Calculations were based on
comparing proportions for two independent samples.
Our sample size will be powered on the proportion of those with and without a previous
history of concussion that fall in the highest 25th percentile (the slowest players) on the HCST
component forward agility weave without the puck. This component was chosen as it
demonstrates fundamental skating skills.

Using an alpha set at 0.05 and a power of 0.80.
Proportion in sample 1 (no history of concussion): 0.342105263157
Proportion in sample 2 (history of concussion): 0.462686567164
The sample size (for each sample separately) is 259 participants (n = 259; N = 518).
The calculations are the customary ones based on the normal approximation to the binomial
distribution.
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