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Abstract

Objective: To determine the extent to which aspects of the Sport Concussion
Assessment Tool 3 (SCAT3) or Child SCAT3 (C-SCAT3), and the King-Devick Test
(KDT) predict Three-Dimensional Multiple Object Tracking (3D-MOT) speed.
Participants: A sample of 304 healthy, non-concussed participants with a sporting
history (101 females, 203 males) ranging in age from 7-29 years (mean age = 16.05 +/-
4.36) were included in the analysis. Methods: Participants completed the SCAT3, KDT
and 3D-MOT in a single visit. Data Analysis: A regression analysis was performed to
determine the extent to which aspects of the SCAT3 (immediate memory (IM),
coordination (COOR), delayed recall (DR)), and the KDT predicted 3D-MOT speed.
Results: Using the stepwise method, it was found that KDT, DR and COOR explain a
significant amount of the variance in the speed of the 3D-MOT (F(3, 256)) = 11.82, p <
.000 with an R? = .12. The analysis shows that KDT (Beta = -0.01, p < .000), DR (Beta =
0.07, p<.02), and COOR (Beta = .23, p < .03), were significant predictors of 3D-MOT
speed. Conclusions: This study suggests that the KDT, DR, and COOR significantly
account for 12% of the 3D-MOT scores, however, there is a large portion of variability
unaccounted for by the SCAT3 or C-SCAT3 and KDT. This shows that 3D-MOT likely
accounts for central cognitive functions above and beyond the SCAT3 or C-SCAT3 and
KDT. Future studies should examine this relationship at baseline, post-injury, and
through concussion recovery. This could provide valuable information to better inform
clinicians responsible for making return to play determinations. Keywords: Concussion,
Mild Traumatic Brain Injury, 3D-MOT, King-Devick Test, Sport Concussion Assessment
Tool 3, Child Sport Concussion Assessment Tool 3.
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Chapter 1: Introduction and Literature Review

Introduction

Concussions, also known as mild traumatic brain injury (mTBI), are a significant
concern in modern society and have recently achieved a high profile in the news media
in the wake of movies such as “Head Games” (James & Sheridan, 2012), and
“Concussion” (Landesman et al., 2015). It is estimated that 5-9% of sports injuries in the
United States are concussions (Langlois, Rutland-Brown, & Wald, 2006), with an
estimated incidence of over 4 million per year (McCrory et al., 2013). Despite the
upswing in media attention and public awareness, a significant number of concussions
go unreported (Hunt & Asplund, 2010) which poses a significant public health concern.
The majority of concussions (80 to 90%) characteristically resolve spontaneously within
7-10 days in adults, but symptoms can be prolonged even longer in children and
adolescents (Kuczynski, Crawford, Bodell, Dewey, & Barlow, 2013; McCrory et al.,
2005, 2013). Evaluation and monitoring of post-concussion recovery relies heavily on
the subjective nature of self-reported symptoms (Balasundaram, Sullivan, Schneiders, &
Athens, 2013), however, the presence of concussion-like symptoms have also been
reported in non-concussed individuals at rest (lverson & Lange, 2003; Zakzanis &
Yeung, 2011), and after activity (Alla, Sullivan, & McCrory, 2012; Gaetz & Iverson,
2009). Normal post-exertional symptom production leaves athletes vulnerable to false
positives when diagnosing concussions (Balasundaram et al., 2013). In addition to the
threat of false positive testing, the actual physiological recovery from a concussion was
unknown because it was based on the assumption that recovery was complete once

subjective self-reported post-concussion symptoms had resolved. Recently, however, it



was identified that complex perceptual deficits have shown to persist beyond the
resolution of post-concussion symptoms for up to three months after mTBI (Brosseau-
Lachaine, Gagnon, Forget, & Faubert, 2008). Therefore, research is necessary to find
objective measures to differentiate between post-concussion impairments and
concussion-like symptoms that are not the result of a concussion, as well as identify
impairments beyond the resolution of self-reported symptoms to decrease the chances
of false positives and premature return to play. To that end, the Government of Canada
has recently invested 1.4 million dollars in research with the goal of developing and
implementing a standardized evidence-based approach to preventing, managing and

increasing concussion awareness within Canada (Government of Canada, 2016b).

Concussions are complex injuries which are difficult to diagnose as there are few
objective, scientifically validated, and quantitative measures that can be applied during
an assessment. Further, sideline evaluation for concussion can be difficult because of
the variability, subjectivity, and elusiveness of symptoms (Putukian et al., 2013). The 4"
Annual Consensus Statement for Concussion in Sport describes a concussion as a
disturbance in brain function, rather than structure, caused by a direct or indirect force
to the head which typically manifests as a rapid onset of neurologic dysfunction and
symptoms. Further, it is a complex pathophysiological process affecting the brain,
induced by biomechanical forces (McCrory et al., 2013). The gold standard for
concussion evaluation is the Sport Concussion Assessment Tool 3 (SCAT3) which
includes a subjective self-symptom report, a brief neuropsychological test battery that
assesses attention and memory function, along with balance and coordination (McCrory

et al., 2013). In addition, visual problems are experienced by nearly 30% of athletes



during the first week post-injury (Kontos et al., 2012). Some of the visual impairments
experienced post-concussion include deficits in visual attention, accommodation,
convergence, saccades, pursuits, higher order and reading deficits (Barnett & Singman,
2015; Kontos, Sufrinko, Elbin, Puskar, & Collins, 2016). With these visual disorders
having been identified in both adult and adolescent populations (Master et al., 2016),
this presents as a significant limitation of the current gold standard test for concussion
identification due to the lack of visual testing within the SCAT3 and C-SCATS.
Contrastingly, the King-Devick Test (KDT) has been used to assess visual deficits after
a concussive event. The KDT tests for symptoms that correlate with suboptimal brain
function such as impairment of eye movement, attention, and language (Heitger et al.,
2009). Several studies have examined the KDT as a potential concussion screening tool
in sports such as football, hockey, soccer, boxing, and rugby (Galetta, Barrett, et al.,
2011; Galetta, Brandes, et al., 2011; King, Gissane, Hume, & Flaws, 2015; King, Hume,
Gissane, & Clark, 2015). In those studies, the KDT was shown to accurately identify
impairments with a high degree of sensitivity and specificity. Thus, the addition of the
KDT to current gold standard testing, such as the SCAT3 and C-SCAT3, can improve
the ability to detect concussed athletes. While the KDT appears successful at testing for
the impairments noted above, it does not assess other ocular motor functions such as
pursuit, convergence, and accommodation, all of which have been implicated in mTBI
as important indicators of dysfunction (Capo-Aponte, Urosevich, Temme, Tarbett, &
Sanghera, 2012; Ciuffreda et al., 2007). This lack of a comprehensive visual
assessment tool leads researchers to consider other possible tools, with the potential to

measure visual deficits above and beyond those currently assessed by the KDT. Three-



Dimensional Multiple Object Tracking (3D-MOT), is a quantitative objective measure
which requires the participant to maintain multi-focal attention on several moving targets
at the same time. Evidence suggests that 3D-MOT speed thresholds are an indicator of
high-level brain function (Legault & Faubert, 2012; Vartanian, Coady, & Blackler, 2016).
The 3D-MOT elicits high-level mental resources, such as complex motion integration
and working memory, which are known to be affected by concussion (Brosseau-
Lachaine et al., 2008; Faubert & Sidebottom, 2012). The 3D-MOT has been used for
performance enhancement, reducing the risk of injury, and has been hypothesized to
provide a baseline reference for return to play post-concussion (Kolb, Beauchamp, &
Faubert, 2011). The a3D-MOT is quantitative objective measure eliciting high-level
mental resources, such as complex motion integration and working memory, which are
known to be affected by concussion (Brosseau-Lachaine et al., 2008; Faubert &
Sidebottom, 2012) and as such can test components of vision beyond the capabilities of
the KDT and SCATS3. Though researchers continue to strive for enhanced approaches
to diagnosing and document concussions, there are opportunities for improvement in
objective quantifiable measurements of cognitive deficits caused by concussive events.
The current study sought to determine the extent to which aspects of the SCAT3 or C-

SCATS3, and the KDT predict 3D-MOT speed.

This next section will provide an in-depth review of previous literature which
established the foundation for the current research project focusing on defining a
concussion, identifying the incidence of concussion and the concern for public health,

reviewing the evolution concussion assessment tools, and finally, exploring two newer



concussion assessment tools in addition to the gold standard tool for concussion

assessment.

Literature Review

What is a concussion?

Though the notion of an altered mental state dates back over a thousand years
(Williams & Danan, 2016), the definition of concussion continues to evolve. The current
definition of a concussion describes this phenomenon as a disturbance in brain function,
rather than physical structure, caused by a direct or indirect force to the head which
typically manifests as a rapid onset of neurologic dysfunction and symptoms. The 4t
Annual Consensus Statement for Concussion in Sport (2013), further defines
concussion as a complex pathophysiological process affecting the brain, induced by
biomechanical forces (McCrory et al., 2013). The majority of concussions (80 to 90%)
characteristically resolve spontaneously within 7-10 days but symptoms can be
prolonged for an average of 21 days in children and adolescents (Kuczynski et al.,
2013; McCrory et al., 2005, 2013). The impact forces may result in elongation of white
matter axons and produce axonal injury leading to concussion symptoms (Atkins,
Newman, & Biousse, 2008; Pinto, Meoded, Poretti, Tekes, & Huisman, 2012). In
addition, animal studies indicate concussions can produce a neurometabolic cascade
that results in blood flow changes, ionic shifts, mitochondrial changes, and neuronal
excitotoxicity (Giza & Hovda, 2001; Pinto et al., 2012). The combination of axonal injury
and neurometabolic dysfunction create the signs and symptoms common in concussion.
In humans, the onset of signs and symptoms are usually rapid; however, they can also

be delayed, becoming evident in a time period that can span a number of days post-



injury (McCrory et al., 2013; Raftery, Kemp, Patricios, Makdissi, & Decq, 2016). Given
the elusiveness and variability of symptom presentation, evaluation of a concussion is
often challenging both on the sidelines of a sporting event and in the clinical
environment. A non-exhaustive list of common concussion signs and symptoms include:
headache, pressure in the head, neck pain, nausea or vomiting, dizziness, blurred
vision, unstable walking/balance problems, sensitivity to light/noise, feeling slowed
down/in a fog, difficulty concentrating/remembering, fatigue or low energy, changes in
sleep patterns/drowsiness, emotional changes (irritability, sadness), loss of
consciousness , amnesia (anterograde and/or retrograde), general
confusion/disorientation, and/or behavior or personality changes (Guskiewicz, Weaver,
Padua, & Garrett, 2000; McCrory et al., 2013). Concussions may present with any
combination of these symptoms, as symptoms are an individualized phenomenon which
can vary from person to person and from concussion to concussion. Further
confounding definition and diagnosis, these typical signs and symptoms are not specific
to concussions and may appear in individuals for a host of other reasons. Loss of
consciousness as a result of a concussion is rare, occurring in less than 10% of all
concussion injuries (Guskiewicz et al., 2000; Laker, 2015; McCrory et al., 2013). The
symptoms most reported post-concussion are headaches (85%), dizziness and balance
problems (77%) (Guskiewicz, 2003). The severity and the number of symptoms have
great variability between individuals and are influenced by many factors. This variability
led early researchers to establish grading systems that they felt captured all ranges of a
concussion. There have been twenty-five different grading systems introduced to aid in

the diagnosis and management of concussions to date (Johnston, McCrory, Mohtadi, &



Meeuwisse, 2001; Mccaffrey, Mihalik, Crowell, Shields, & Guskiewicz, 2007), but all
were later abandoned due to lack of empirical support (Aubry et al., 2002). As
previously defined, a concussion is currently considered an alteration in brain function
rather than brain structure as the injury occurs at the cellular and subcellular levels and
therefore does not appear on conventional imaging (McCrory et al., 2013). Newer
approaches in imaging such as Functional Magnetic Resonance Imaging, Diffusion
Tensor Imaging, and Magnetic Resonance Spectroscopy have all shown promise
(McCrory et al., 2013), however the sideline evaluation is still based on recognition of
injury, assessment of symptoms, cognitive and cranial nerve function and balance
(Putukian et al., 2013). Clinical management and return to play decisions remain a
judgment from a qualified medical professional on an individualized basis (McCrory et

al., 2013).

Some researchers have argued that concussions are best considered to be a
subset of traumatic brain injury (TBI) (McCrory et al., 2013), however, there continues to
be opposition to the use of this terminology as those outside of sport use the
terminology to describe different injury constructs of traumatic brain injury (McCrory,
2001; McCrory et al., 2013). The Glasgow Coma Scale (GCS), was initially proposed to
distinguish mild, moderate, and severe brain injury six hours post trauma (Jennett &
Bond, 1975). The GCS evaluates impaired levels of consciousness through the
summation of scores based on 1) eye-opening, 2) motor response, and 3) verbal

response. GCS evaluation is shown in Figure 1.



n Glasgow coma scale (GCS)

Best eye response (E)

No eye opening

Eye opening in response to pain
Eye opening to speech

B W N =

Eyes opening spontaneously

Best verbal response (V)
No verbal response
Incomprehensible sounds
Inappropriate words
Confused

Oriented

L

Best motor response (M)
No motor response
Extension to pain
Abnormal flexion to pain
Flexion/Withdrawal to pain
Localizes to pain

Obeys commands

[ L B

Glasgow Coma score (E + V + M) of 15

GCS should be recorded for all athletes in case of subsequent deterioration.

Figure 1. A depiction of the Glasgow Coma Scale from the Sport Concussion
Assessment Tool 3.
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Figure 2. A depiction of the Glasgow Coma Scale proposed to visually explain the
traumatic brain injury spectrum. A clinical scale has evolved for assessing the depth
and duration of impaired consciousness and coma. A mild head injury has been defined
with a score of 13 to 15, moderate head injury with a score of 9 to 12, and severe head
injury with a score of 8 or less (Ruijs, Keyser, & Gabreéls, 1994; Teadsale & Jennett,
1974).



As you can see in Figure 2, although there may be an overlap between sports
concussion and the mild brain injury scale, most concussions fall outside the GCS in the
minimal category (Teadsale & Jennett, 1974). Researchers, therefore, consider the
GCS an inappropriate measure for the determination of all variations of concussion
(McCrory, 2001), however, it remains within the assessment protocol to rule out brain
injuries that fall within the GCS. Though the 4" Annual Consensus Statement for
Concussion in Sport has identified concussion as a subset of mTBI (McCrory et al.,
2013), further discussion and additional study is required in this area. With this notable
difference in opinions surrounding the terminology, many American publications have
used the terminology interchangeably. To that end, concussion and mTBI will be used

synonymously in this study.

Incidence rates for concussions in Canada and the United States of America.
There appears to be an increase in the frequency of sport-related concussion,
which has had a corresponding increase in concern within the sporting and healthcare
communities, and those who are responsible for the development of public policy
(Government of Canada, 2016). Guskiewicz and colleagues (2000), attributed the
apparent increase in the frequency of concussion to the sensationalized and high-profile
cases reported in the news media. Whether positive or negative, this has had the
definitive effect of increased public awareness which has in turn initiated scientific
research to establish and implement concussion education tools within the sporting
community. Further, as a result of this increase in awareness, there has been an
increase in the presence medical professionals on the sporting sidelines. These

professionals are better educated and equipped with current and more effective
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identification tools allowing for improved recognition of a concussive event which leads
to the immediate removal of athletes from play post-concussive event and immediate
sideline assessment. Despite this increase in attention, the true incidence of concussion
remains unknown as most estimates are derived from emergency room visits rather
than clinical or sideline presentations. Therefore, the assumption is that the data
represents only the most severe concussion-related injuries (Morrish & Carey, 2013).
The incidence of concussion reported in the hospital emergency departments in the
lower mainland of British Columbia, Canada, in 2011 was 16,888, of which 18.3% were
sports-related (BC Injury Research and Prevention Unit, 2016). This is consistent with
previous literature from the Centers for Disease Control and Prevention which had
reported that of the 1.7 million concussions reported per year, 20% were also sports-
related (Faul, Xu, Wald, & Coronado, 2010; National Center for Injury Prevention and

Control, 2003).

There is also a concern that a concussion can alter a child’s developmental
trajectory (BC Injury Research and Prevention Unit, 2016), however, the long-term
effects of concussions have yet to be adequately elucidated. It is widely accepted that
the majority of adults who sustain a concussion will recover naturally without
intervention within 7-10 days (McCrory et al., 2013), however, a small percentage of the
population may suffer from long-term impairments causing difficulty returning to routine
or daily activities (such as work or school) for many weeks or months. In contrast,
evidence suggests that children and youth are at greater risk of concussion (BC Injury
Research and Prevention Unit, 2016) because they are in a constant state of

development and respond differently after a concussion. The most prominent age-
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based difference is second impact syndrome. Second impact syndrome, a potentially
catastrophic physiological response which can cause death, may occur when a second
concussion is sustained before the previous concussion has fully resolved (McCrory et
al., 2013). Second impact syndrome is an extremely rare phenomenon (lverson, Gaetz,
Lovell, & Collins, 2004; McCrory et al., 2013), and mostly occurs among youth (age 13 -
18 years). This indicates a vulnerability for this age group (lverson et al., 2004). In
addition, males tend to account for more concussion-related hospitalizations than
females, with males being at higher risk in the adolescent and older adult age groups
(Morrish & Carey, 2013). Fall-related concussion hospitalizations were highest among
0-4 years old, whereas sport-related concussion rates among 10-19 years old were
higher than for the 0-9 years old. In addition to the medical and individual ramifications,
concussions are a costly injury with $2.4 million dollars spent on concussion-related
hospitalizations alone in British Columbia, Canada, in 2016 (BC Injury Research and

Prevention Unit, 2016).

Although the prevalence of concussion has been documented, there are an
astounding number of concussions that go unreported (Hunt & Asplund, 2010), which
poses a significant public health concern (Rizzo et al., 2016). An athlete’s decision to
report an injury can be motivated by the relationships with coaches and their peers. For
example, a player may be more willing to report an injury when they see their coach
equating success to working hard, teamwork and cooperation vs a coach who stresses
winning at all cost. Further, most athletes aim to achieve acceptance and respect within
the team environment and fear being labeled as soft or weak due to injury. Research

has shown that among high-school-aged athletes, underreporting may occur due to
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peer acceptance (Ommundsen, Roberts, Lemyre, & Miller, 2005), coaching mindset
(Miller, Roberts, & Ommundsen, 2004), or simple lack of injury awareness. In 2013, an
incident of second impact syndrome took the life of a 17-year-old female high school
rugby player in Ontario, Canada. A coroner’s inquest was performed into the nature of
her injury, which led to the identification of 49 recommendations for improved
concussion awareness and management (Government of Canada, 2016a). In response,
Ontario became the first Canadian province to impose concussion legislation in 2016.
Rowan’s Law, named after the late Rowan Stringer, was established to ensure greater
awareness and better treatment for concussion-related injuries. Further, Bill 149
recommends the implementation of a mandatory curriculum for coaches and players to
identify and manage concussions (Government of Canada, 2016a). The Government of
Canada has recognized the impact of concussion on athletes and public health and has
recently provided $1.4 million in funding to develop and implement a standardized
evidence-based approach to preventing, managing and increasing concussion

awareness within Canada (Government of Canada, 2016b).

The Evolution of Concussion Assessment Tools

The lack of consensus regarding the definition of a concussion resulted in
uncertainty for the diagnostic process and records indicate this was recognized even
prior to 1966 (Congress of Neurological Surgeons, 1966). The first consensus
statement defining a concussion was proposed by the Committee of Head Injury
Nomenclature of the Congress of Neurologic Surgeons (CHINCNS) and was introduced
in 1966. The CHINCNS defined concussion as a clinical syndrome characterized by the

immediate and transient post-traumatic impairment of neuronal function such as
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alteration of consciousness, disturbance of vision or equilibrium due to brainstem
involvement (Congress of Neurological Surgeons, 1966). In an evidence-based review
of sport-related concussion performed in 2001, the authors acknowledged the definition
of concussion in its current form remained unsatisfactory for the sporting community
(Johnston et al., 2001). Further, the authors identified twenty-five sport-related
concussion grading scales previously used and again determined that none satisfied the
validity and practicality needs of the clinician (Johnston et al., 2001). Shortly thereafter,
the first International Symposium on Concussion in Sport, held in Vienna, aimed to
provide a working document with recommendations for the health a safety of athletes
participating in ice hockey, football (soccer), and other sports who suffer from
concussive injuries (Aubry et al., 2002). The Concussion in Sport Group (CISG)
established a protocol which contained a list of items including; clinical history,
evaluation, neuropsychological testing, imaging procedures, research methods,
management and rehabilitation, prevention, education, future directions and medical-
legal considerations. With the establishment of this protocol, a concussion was defined
as a complex pathophysiological process affecting the brain, induced by traumatic
biomechanical forces (Aubry et al., 2002). This protocol was developed for all
individuals involved in the care of athletes such as; doctors, therapists, health
professionals, and coaches. This includes athletes of all levels whether recreational,
elite, or professional (Aubry et al., 2002). The CISG identified the limitations of the
CHINCNS definition established in 1966 as it did not account for many common
symptoms of a concussion, nor recognize physical and/or cognitive symptoms caused

by minor impacts. The CISG, therefore, proposed a revised definition of concussion
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and, in addition, were in unanimous agreement to abandon all prior concussion grading
systems (Aubry et al., 2002). In 2004, the same group, with the addition of many more
qualified members, held the 2" International Symposium on concussion in Sport in
Prague, Czech Republic. The CISG sought to further develop the conceptual
understanding of concussions and build on the principles outlined in the original
document (McCrory et al., 2005). This updated version established a sideline
assessment tool (Sport Concussion Assessment Tool 2), with a pocket-sized summary
card for use by clinicians (McCrory et al., 2005). The definition of concussion remained
unchanged during the 2004 meeting however; it was noted that concussive symptoms
may be prolonged or persistent in some cases post-injury. The CISG did, however,
identify a new classification system whereby concussions may be categorized for
management purposes as simple or complex (McCrory et al., 2005). This classification
terminology was short-lived as it was later abandoned during the 3 International
Conference on Concussion in Sport held in Zurich in 2008, where the CISG agreed that
the terminology did not fully encompass all aspects of a concussive injury (McCrory et
al., 2009). Later, the 4™ International Conference on Concussion in Sport, held in Zurich
in 2012, built on the three previous consensus documents with minor revisions to the
definition of concussion and revised the SCAT2 to the Sport Concussion Assessment
Tool 3 (SCAT3), the Child SCAT3 (C-SCAT3), and the Concussion Recognition Tool
(CRT) for the lay person (McCrory et al., 2013). The SCAT3 is currently the most widely
accepted evidence-based sideline assessment tool which has been adopted by many
amateur and professional organizations such as World Rugby, the National Football

League, the National Hockey League, and the Canadian Football League. Moreover,
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several national and provincial injury prevention organizations such as Parachute, the
BC Injury Prevention and Research Unit, as well as, professional health organizations
such as the Canadian Athletic Therapist Association and Sport Physiotherapist
Association have also adopted this tool. The SCAT3 is designed for the youth and adult
populations (age 13 and up), which includes; Glasgow Coma Scale (GCS), Maddocks’
guestions (Maddocks, Dicker, & Saling, 1995), Post-Concussion Symptom Scale,
Standardized Assessment of Concussion (McCrea, 2001), neck examination, and a

modified Balance Error Scoring System (Furman et al., 2013; McCrory et al., 2013).

As described earlier, there is empirical evidence to suggest that children and
adolescents can take longer to recover than adults after a concussion (Beauchamp et
al., 2011; Verger et al., 2000). Consequently, there is a need to identify different
concussion assessment and management tools for different age groups. Early on it was
recognized that the SCAT may not address the requirements of the pediatric population,
however, it was agreed that it was suitable for assessing children (age 5-18 years old)
for concussion (Aubry et al., 2002). In 2004, there was unanimous agreement that the
tool be applied to only those children and adolescent 10 years and older (McCrory et al.,
2005). Finally, in 2014, a tool suitable for children (12 and under) C-SCAT3 was
established in addition to the SCAT3 and the CRT. There are notable differences
between the SCAT3 and the C-SCAT3 to accommodate for the adult/child differences
shown in Figures 3 and 4. The differences between the SCAT3 and the C-SCAT3 are

noted in Figures 4 and 6.
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Figure 3. A depiction of the first page of both the SCAT3 for comparison to the
Child SCAT3 shown in Figure 4.
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Figure 4. A depiction of the first page of the Child SCAT3 for comparison to
Figure 3. The child Maddocks’ questions are slightly different as it requires less
information.
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Figure 5. A depiction of page two of the SCAT3 for comparison to page two of the
Child SCAT3 shown in Figure 6.
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Figure 6. A depiction of page two of the Child SCAT3 for comparison to Figure 5.
Notable differences on page two of the SCAT3 and the C-SCAT3 include 1) the
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symptom scale is child-specific with a four-point rating scale instead of a six-point scale,
3) there is a parent rating section for the parent to rate the child’'s symptoms, 4) the
orientation questions do not include time of day, 5) the concentration starts with two
reverse digits instead of three, 6) children are asked to recite the days of the week in
reverse instead of the months of year in reverse, and finally 7) the Modified Balance
Error Scoring System does not include the single leg stance.

The 5" International Consensus Conference on Concussion in Sport was held in
Berlin in November 2016 where the CISG reviewed the latest literature to revise the
gold standard of concussion care, the SCAT3. Numerous authors have challenged the
CISG to evaluate the standard of concussion management in a more in-depth manner,
emphasizing how concussion should be evaluated as well as developing a more
comprehensive set of return to play guidelines. To aid in the advancement of
concussion surveillance and management, Raftery et al. (2016) sought to give
concussion an operational definition to 1) address the timing of concussion assessment,
2) define how the concussion diagnosis is confirmed or excluded, and 3) the content of
each point-in-time assessment. These guidelines, implemented by World Rugby in
2016, are based on the SCAT3 and include a three-step time dependant head injury
assessment protocol. The head injury assessments include an initial assessment
immediately post injury, a second assessment within three hours of injury, and a third
follow-up thirty-six to forty-eight hours post injury. This protocol standardizes sideline
and clinical assessments using components of the SCATS3 for head injury assessments
one through three, with the addition of a nonspecific cognitive assessment of the teams
choice during head injury assessment three (Raftery et al., 2016). A concussion cannot
be excluded unless all three assessments have been completed thirty-six to forty-eight

hours after injury with normal findings. However, if the symptoms are found to be
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unrelated to concussion by a team doctor, a concussion diagnosis can be overturned.
Athletes with confirmed concussion status must complete the graduated return to play
protocol as set out by the Consensus Statement on Concussion (McCrory et al., 2013;
Raftery et al., 2016). This detailed, time dependant assessment protocol may prove

useful for future research investigations as it helps to regulate concussion assessment

and allows for a more standard documentation for injury surveillance and reporting.

Despite the improvement in our understanding of the phenomenon of concussion
and the corresponding evolution of the resulting evaluation tools, there remains a
consensus within the research community that a significant amount of research is yet
required. Specifically, an important component of concussion evaluation that has not
been included within the SCAT3, is the evaluation of vision. With a large portion of the
brain's involvement in vision (Van Essen, 2004; Van Essen & Drury, 1997), and the
commonality of oculomotor impairments post-concussion (Ciuffreda, Ludlam, &
Thiagarajan, 2011), there is a need for an objective measure testing visual
performance, beyond the SCAT3 and C-SCATS3, to aid in the identification of

concussion.

Vision and concussion

The pathophysiological aspects of concussion and their contributions to post-
concussion symptoms have been under review for some time. In the acute concussion,
the brain is in a state of metabolic crisis (Giza & Hovda, 2001; Len & Neary, 2011).
Autonomic Nervous System dysfunction has been identified as the primary source of
symptom exacerbation during exercise post mTBI (Willer & Leddy, 2006). This symptom

exacerbation is caused by the uncoupling of the cardiovascular and autonomic nervous
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systems (Gall, Parkhouse, & Goodman, 2004). It has been reported that cerebral blood
flow has been compromised with mTBI due to impairment of cerebrovascular reactivity.
Specifically, cerebral blood flow decreases immediately following mTBI and can remain

lowered for extended periods of time dependent on severity (Giza & Hovda, 2001).

In addition to the metabolic crisis, a variety of visual impairments have been
reported following a concussion. With 30% of the brain circuitry along with seven of the
twelve cranial nerves involved in visual processing (Van Essen, 2004; Van Essen &
Drury, 1997), it is reasonable to expect there is a vulnerability within the system to a
concussion (Felleman & Van Essen, 1991; Ventura, Balcer, & Galetta, 2014; Ventura,
Jancuska, Balcer, & Galetta, 2015). It has been reported that visual problems are seen
in nearly 30% of athletes during the first week after injury (Kontos et al., 2012). Some of
the visual impairments seen post-concussion include deficits in visual attention,
accommodation, convergence, saccades, pursuits, higher order and reading deficits
(Barnett & Singman, 2015; Kontos et al., 2016). These problems have been found to
derive from damage to the different visual pathways and visual association areas

(Barnett & Singman, 2015).

King-Devick Test (KDT)

The KDT is a measure of processing speed, visual tracking, and saccadic eye
movements (Vartiainen et al., 2014). It was initially performed to assess saccadic eye
movements in reading as it requires the participant to read the numbers aloud from test
cards as quickly and as accurately as possible (Oride, Marutani, Rouse, & DelLand,
1986). Shown in Figure 7. The test typically takes between one and two minutes with

the final score as the total time required to complete the test in seconds. This test
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requires the use of several areas the brain including the dorsolateral prefrontal cortex
(rapid number naming), and also tests the use of the brainstem, cerebellum and
cerebral cortex (attention, language and reading) (Galetta, Barrett, et al., 2011; Galetta,

Brandes, et al., 2011).
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Figure 7. A depiction of the King-Devick Test cards. The demonstration card is
identified top left with subsequent cards I, 1, and lII.

Several studies examined the KDT as a potential concussion screening tool in
sports such as football, hockey, soccer, boxing, and rugby (Galetta, Barrett, et al., 2011;
Galetta, Brandes, et al., 2011; King, Gissane, et al., 2015; King, Hume, et al., 2015).
The KDT has shown high test-retest reliability, with intraclass correlations of 0.97 (95%

confidence interval [CI] 0.90, 1.0) between measurements in the absence of concussion
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(Galetta, Barrett, et al., 2011; Galetta, Brandes, et al., 2011). Further, research has
shown that a worsening of the KDT post-injury test score in relation to the baseline
score aids in the identification of concussion (Galetta, Barrett, et al., 2011; Galetta,
Brandes, et al., 2011; M. S. Galetta et al., 2013; King, Clark, & Gissane, 2012). Thus,
the addition of the KDT to current performance measure increases the ability to detect
concussed athletes. However, as previously discussed, ocular motor function such as
pursuit, convergence, and accommodation, are not assessed using the KDT, all of
which have been implicated in mTBI as important indicators of dysfunction (Cap6-
Aponte et al., 2012; Ciuffreda et al., 2007). This leads us to consider other possible

measures with the abilities to measure visual deficits above and beyond the KDT.

Three-dimensional Multiple Object Tracking (3D-MOT)

The addition of vision testing such as the KDT is an obvious step towards refining
sideline and clinical concussion evaluation, yet there remains additional visual-spatial
dysfunctions post-concussion that must be evaluated. The multiple object tracking task
was initially introduced by Pylyshyn and Storm, (Pylyshyn, 1994; Pylyshyn & Storm,
1988), to evaluate the ability to track multiple elements. 3D-MOT, such as the
NeuroTracker™, can be used for performance enhancement, reducing the risk of injury,
and used as a baseline reference for return to play post-concussion (Kolb et al., 2011).
More recently 3D-MOT has been used to enhance cognitive-perceptual abilities used for
sports performance (Parsons et al., 2014; Perico, Tullo, Perrotti, Faubert, & Bertone,
2014). The 3D-MOT is quantitative objective measure eliciting high-level mental
resources, such as complex motion integration and working memory, which are known

to be affected by concussion (Brosseau-Lachaine et al., 2008; Faubert & Sidebottom,
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2012). The technique used in this study requires 1) distributed attention on a separate
number of dynamic elements, 2) a large visual field, 3) speed thresholds, and 4)
stereoscopy (binocular depth cues) (Faubert & Sidebottom, 2012). This type of task
requires higher order cognitive functioning (e.g., dynamic visual attention, working
memory, complex motion integration), to correctly process dynamic visual setting.
Specifically, 3D-MOT trains sustained, selective, and divided attention, as well as,
inhibition, short-term and working memory, and visual information processing speed
(Parsons et al., 2014), by tracking four of eight spherical targets as they move through

3D space (Faubert & Sidebottom, 2012), see Figure 8.

Figure 8. A depiction of the five stages of 3D-MOT using the NeuroTracker™ core
mode. A) Presentation, where eight stimuli are displayed on the viewing screen for the
participant. B) Indexation, where four of the stimuli are designated as targets for
attention. C) Movement, with all targets presented as a uniform color. D) Identification,
where targets are now stationary and assigned a humerical value between one and
eight. E) Feedback, where the original targets for the trial are now illuminated to provide
feedback to the participant.

The brain is highly plastic and trainable following learning or injury (Faubert &
Sidebottom, 2012; Mahncke et al., 2006), for this reason, the brain is adaptable to
intensive functional tasks (Draganski & May, 2008). The intelligent staircase procedure
embedded in 3D-MOT pushes the participant’s speed thresholds for maximal
stimulation by eliciting performance just above and below their individual processing

threshold (Faubert & Sidebottom, 2012). This process activates relevant regions of
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brain such as 1) the visual cortex (ability to see the test), 2) frontal cortex (movement
planning, attention, saccades, smooth tracking, convergence), 3) temporal lobes
(memory of targets), and 4) parietal lobes (attention, inhibition of distractors) in addition
to the seven cranial nerves required for vision (Blumenfeld, 2010). As evidence shows
that training 3D-MOT enhances cognitive function by improving attention, visual
information processing speed and working memory (Romeas, Guldner, & Faubert,
2016). It is hypothesized that once a stable baseline has been established, any drop
from this baseline level may indicate some level of perceptual-cognitive impairment
which can aid in the identification of a concussion (Faubert & Sidebottom, 2012). The
3D-MOT gives reliable and objective information on the current perceptual state of the
athlete as the ability to track multiple objects has been identified as essential to decision
making and anticipatory response in a dynamic sports environment (Smeeton, Williams,
Hodges, & Ward, 2005). Further, it has been theorized that the baseline reference of a
healthy athlete will provide an objective reference for return to play decisions, therefore
reducing the risk of injuries and recurring concussions (Kolb et al., 2011).

The 3D-MOT contains perceptual-cognitive training abilities eliciting mental
resources known to be severely affected by concussion (Faubert & Sidebottom, 2012).
Based on the facets of the visual system elicited by the 3D-MOT, and its trainability, it is
hypothesized that the 3D-MOT may be a strong candidate to aid in the identification of
concussion impairments beyond the SCAT3 and KDT. This may prove useful for

clinicians when determining return to play/learn status post-concussion.
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Summary

Sports medicine professionals are faced with a significant challenge in the
diagnosis of concussion due to the variability in presentation, the elusiveness of
symptoms, and inadequate evaluation tools (Giza & Hovda, 2001; McCrory et al., 2013).
Extensive research has been performed in an attempt to establish effective sideline and
clinical measures to identify and care for concussions, more recently focusing on more
complex visual information processing as an additive measure (Alsalaheen et al., 2015;
Galetta et al., 2015; Mucha et al., 2014; Oride et al., 1986; Pearce et al., 2015; Ventura
et al., 2015). Given the scope of the public health issue, the lack diagnostic tools which
capture and identify all impairments of the individual’'s concussion, and the potential for
adverse consequences of an early return to play following sports-related concussions,
there is a clear need for objective measures to assess visual perception skills to
augment the current gold standard tests to aid in the understanding, diagnosis, and
management of sports concussion. Thus, the purpose of this study was to evaluate the
3D-MOT as a potential screening tool which can be an additional measure of cognitive
dysfunction post-concussion beyond the SCAT3/C-SCAT3 and KDT to aid healthcare
providers with return to play/learn decisions. This study evaluates the extent to which
the KDT, and components of the SCAT3/C-SCAT3 specifically immediate memory (IM),
coordination (COOR), and delayed recall (DR) (as shown in Figure 4), predict 3D-MOT

speed.
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Objective: To determine the extent to which aspects of the Sport Concussion
Assessment Tool 3 (SCAT3) or Child SCAT3 (C-SCAT3), and the King-Devick Test
(KDT) predict Three-Dimensional Multiple Object Tracking (3D-MOT) speed.
Participants: A sample of 304 healthy, non-concussed participants with a sporting
history (101 females, 203 males) ranging in age from 7-29 years (mean age = 16.05 +/-
4.36) were included in the analysis. Methods: Participants completed the SCAT3, KDT
and 3D-MOT in a single visit. Data Analysis: A regression analysis was performed to
determine the extent to which aspects of the SCAT3 (immediate memory (IM),
coordination (COOR), delayed recall (DR)), and the KDT predicted 3D-MOT speed.
Results: Using the stepwise method, it was found that KDT, DR and COOR explain a
significant amount of the variance in the speed of the 3D-MOT (F(3, 256)) =11.82, p <
.000 with an R? = .12. The analysis shows that KDT (Beta = -0.01, p < .000), DR (Beta =
0.07, p<.02), and COOR (Beta = .23, p < .03), were significant predictors of 3D-MOT
speed. Conclusions: This study suggests that the KDT, DR, and COOR significantly
account for 12% of the 3D-MOT scores, however, there is a large portion of variability
unaccounted for by the SCAT3 or C-SCAT3 and KDT. This shows that 3D-MOT likely
accounts for central cognitive functions above and beyond the SCAT3 or C-SCAT3 and
KDT. Future studies should examine this relationship at baseline, post-injury, and
through concussion recovery. This could provide valuable information to better inform
clinicians responsible for making return to play determinations. Keywords: Concussion,
Mild Traumatic Brain Injury, 3D-MOT, King-Devick Test, Sport Concussion Assessment
Tool 3, Child Sport Concussion Assessment Tool 3.
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1. Introduction

Sport-related concussions have become recognized as a major public health
concern with an estimated incidence of over 4 million per year (McCrory et al., 2013).
Concussions are complex and difficult injuries to manage. There are currently few
objective and quantitative measures that have been validated scientifically which can be
applied when diagnosing patients. Further, sideline evaluations for a concussion can be
difficult because of the variability, subjectivity, and elusiveness of symptoms (Putukian
et al., 2013). To address the complexity of concussion diagnosis and care, a group of
experts established the Sport Concussion Assessment Tool 3 (SCAT3), the Child Sport
Concussion Assessment Tool3 (C-SCAT3), and the Pocket Sport Concussion
Assessment Tool in 2012 (McCrory et al., 2013). These tools are intended to provide
gold standard apparatuses to assist parents, coaches and medical professionals with
the diagnosis of concussion. The SCAT3/C-SCAT3 are composed of a subjective self-
symptom report, a brief neuropsychological test battery that assesses attention and
memory function, along with balance and coordination (McCrory et al., 2013). Despite
the progress made in the development of these tests, there remain notable limitations
due to the subjective nature of the self-symptom reporting (McCrory et al., 2013) and
lack of an operational definition (Raftery et al., 2016), which can lead to false negative
diagnoses (Marinides et al., 2014). More recently, the Government of Canada has
provided $1.4 million in research funding to develop and implement an evidence-based
approach to preventing, managing and increasing awareness surrounding concussions
in Canada. As currently there is no consistent approach to concussion care, the

Canadian Government elected Parachute Canada, the leading injury prevention group,
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to standardize concussion care based on the evidence resulting from the CISG’s 5th

International Consensus Conference on Concussion in Sport in 2016.

As researchers continue to strive for enhanced approaches to facilitate the
diagnosis and documentation of concussions, there are opportunities for improvement
in objective quantifiable measurements of concussive events. One such area of
opportunity for providing a more enhanced quantitative assessment is the use of visual
spatial tasks as diagnostic indicators. Surprisingly, while it is known that sports
concussions commonly affect visual pathways, current standards do not include visual
performance testing as part of standard protocol. The King-Devick Test (KDT) has
gained recent attention due to the objective nature and speed at which it can be
administered (under two minutes). Further, the test is unique in that a layperson (parent
or coach), can successfully perform the test. This has increased the popularity and
usage of the KDT (Leong, Balcer, Galetta, Liu, & Master, 2014). The KDT test
incorporates the visual system and demands the ability to perform rapid number naming
using saccadic eye movements, as well as language function and attention, which in
addition to cognitive and balance testing, adds a critical dimension to the diagnosis of
concussion (Leong, Ventura, & Steven, 2015; Marinides et al., 2014). Recent studies
have shown that an individual's performance on the KDT correlates and objectively
measures suboptimal brain function post-concussion (Galetta et al., 2015) at a high
degree of sensitivity and specificity (Leong et al., 2014). As the complex visual circuitry
in the brain involves cognitive processing (memory, attention, and language), which
have been shown to be affected by concussion, the KDT is well suited to assist in the

assessment of concussion (Leong et al., 2015).
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Unfortunately, the KDT alone does not evaluate all aspects of this complex
cognitive/visual system. The three-dimensional multiple object tracking program (3D-
MOT), has gained traction within the sporting environment as a performance training
tool and has demonstrated the ability to improve cognitive functions in a healthy
population (Parsons et al., 2014). The 3D-MOT is a computerized testing method which
requires individuals to divide their attention visually across multiple moving targets and
distractors and provides clinicians with objective data that may aid in the detection of
suboptimal brain function (Faubert, 2013; Faubert & Sidebottom, 2012; Legault, Allard,
& Faubert, 2013). Given that similar aspects of cognitive function (i.e. dynamic visual
attention, working memory, and complex motion integration) are known to be affected
by sport-related concussions (Faubert & Sidebottom, 2012), 3D-MOT could add to the

voracity of concussion testing beyond the SCAT3/C-SCAT3 and KDT.

Given that 3D-MOT has proven useful in sports performance training (Romeas et
al., 2016) and has also shown promise as an additional reference for post-concussion
readiness (Faubert & Sidebottom, 2012), this study sought to determine the extent to
which the gold standard of care (SCAT3/C-SCAT3) and another current concussion
measure KDT predicted 3D-MOT scores. A regression analysis was performed to
determine the extent to which components of the SCAT3/C-SCAT3 (immediate
memory, coordination and delayed recall), KDT predict 3D-MOT scores during pre-
season baseline testing in an athletic population. It was hypothesized that immediate
memory, coordination, delayed recall, and KDT will significantly predict 3D-MOT

performance at baseline. This is important because 3D-MOT may be able to identify
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impairments post-concussion above and beyond the SCAT3 and the KDT providing

healthcare professionals more information to make better decisions for return to play.

2. Methods
2.1 Participants

The current study reports on a sample of 304 participants (101 females, 203
male) between the ages of 7-29, who volunteered for this study. All participants
completed a single visit of testing in an assigned research space at the University of
Victoria or identified locations on the Vancouver Island. Participants were recruited from
Greater Victoria, British Columbia, Canada, between September 2012 and June 2016
through the local middle and high schools, sporting communities, posters, and word of
mouth. Participants were included in the study if 1) they were older than 7 years of age,
2) were not currently concussed or experiencing concussion—like symptoms within the
last three months, and 3) did not report having any health conditions affecting their
vision or report being color blind. Ethics approval was obtained from the Human
Research Ethics Board at the University of Victoria in accordance with the Canadian Tri-
Council Policy Statement: Ethical Conduct for Research Involving Humans (Certificate
12-271).
2.2 Equipment and procedures

All participants completed a short medical history questionnaire to provide
descriptive data for age, gender, concussion history and sporting history. Parental input
was necessary to complete the forms for children and youth. Each participant also
completed the Sport Concussion Assessment Tool 3 (SCAT3) or the Child SCAT3 (C-

SCAT3) based on their age. Although participants completed the entire SCAT3
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assessment, for this study, only the immediate memory (IM), coordination (COOR), and
delayed recall (DR) task scores were considered. In addition to the SCAT3, the
participant also completed the King-Devick Test and a 3D-MOT test with standardized

procedures accompanying the tools.

2.2.1 Sport Concussion Assessment Tool 3 (SCAT3)

The first task evaluated was the test of immediate memory whereby the
participants were asked to repeat the same list of words back to the tester in any order
shown in Table 1. The words were read at a rate of one per second and three trials

were completed. A point was awarded for each correct response.

Table 1.

A Depiction of the Task of Immediate Memory

List Trial 1 Trial 2 Trial 3 Alternative word list

Elbow 0 1 0O 1 0 1 Candle Baby Finger
Apple 0 1 0 1 0 1 Paper Monkey Penny
Carpet 0 1 0O 1 0 1 Sugar Perfume Blanket
Saddle 0 1 O 1 0 1 Sandwich Sunset Lemon
Bubble 0 1 0O 1 0 1 Wagon Iron Insect
Total of 4

The next task was an upper limb coordination task (COOR) where the participants were
asked to sit comfortably in a chair and perform five successive finger to nose repetitions
using their index finger to touch the tip of the nose and then return to the starting

position, as quickly and as accurately as possible. A point was awarded if the participant
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touched their nose and fully extended their elbow during the five repetitions in less than
four seconds. Finally, the participants were asked to recall and recite the words from the

list that was read to them earlier. A point for each correct response was recorded.

2.2.2 King-Devick Test (KDT)

The KDT, shown in Figure 9, was administered using a standardized procedure
provided with the test. The participants completed two trials where they read three test
cards aloud, sequentially, as quickly and as accurately as possible. The participants
were instructed to read from left to right and upon completion of the row to move down a
line to continue to read from left to right until they finished the card. For each trial,
corrective lenses or glasses were worn as required and the participants sat in a chair
holding the test card at a normal reading distance. The tester instructed the participant
to turn to test card one and begin ready the numbers when they were ready. The tester
began timing as soon as the participant read aloud the first number and stopped the
timer as soon as the participant completed the test card. The examiner then recorded
the time on the score sheet and instructed the participant to turn over to test card two
and begin reading as soon as they are ready. The examiner began timing test card two
as soon as the participant began reading numbers stopping when the test card was
completed. The process was repeated for test card three. The tester monitored the test
card recording any omission, addition or reversal errors. An error was not counted if the
participant corrected themselves during the test. The cumulative time to complete all
three test cards were recorded and the test was then repeated a second time with the

fastest time of the two tests used as their baseline time.
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Figure 9. A depiction of the King-Devick Test cards. The demonstration card is
identified top left with subsequent cares I, 1, and lll.

2.2.3 Three-Dimensional Multiple Object Tracking (3D-MOT)

Finally, three sessions of 20 trials of the 3D-MOT tool were performed using the
standard instructions. For each trial, participants sat upright, 1.6 m away, with their eyes
positioned at the center of a 60-inch 3D high definition television screen. First, the
participant was presented with eight identical yellow balls randomly placed on a
television screen (presentation phase). Second, four of the eight balls turned red and
were highlighted with a white halo for two seconds to identify the targets to track
(indexation phase). Third, the four target balls returned to yellow and all eight balls

moved and bounced around the screen for eight seconds (movement phase). Fourth,
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the balls stopped moving and the participant was asked to identify the target balls
originally identified (identification phase). Last, the participant was given feedback about
the correct target balls for three seconds (feedback phase). A depiction of the phases of
the NeuroTracker™ Core mode can be found in Figure 10. Speed thresholds, the
outcome variable of interest, were calculated using a 1-up 1-down staircase procedure
(Levitt, 1971), such that after each correct response (i.e., four target balls identified
accurately) the speed of the balls was increased by .05 log and after each incorrect
response the speed of the balls was decreased by .05 log. The process results in a
threshold criterion of 50%. After 20 trials, the speed threshold was calculated as the

mean speed threshold from the last four inversions.

Figure 10. A depiction of the five stages of 3D-MOT using the NeuroTracker™
core mode. A) Presentation, where eight stimuli are displayed on the viewing screen for
the participant. B) Indexation, where four of the stimuli are designated as targets for
attention. C) Movement, with all targets presented as a uniform color. D) Identification,
where targets are now stationary and assigned a humerical value between one and
eight. E) Feedback, where the original targets for the trial are now illuminated to provide
feedback to the participant.

2.3 Statistical Analysis

Data was entered into Statistical Package for the Social Sciences, Version 22
(SPSS-22; (IBM Corporation, 2013)) and double checked by visual inspection; 2)
missing data values were identified, inspected and corrected where appropriate; and 3)

errors in data entry (i.e., typographical errors, values outside of possible range for
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variable) were identified by running frequencies and descriptive analyses and corrected
manually. A modified Windsor procedure was implemented where the smallest and
largest values were replaced with the value two standard deviations from the mean
(Field, 2013). A multiple regression was conducted to determine the extent to which the
3D-MOT is predicted by IM, COOR, DR, and KDT. All statistical analyses were

conducted using SPSS-22.

3. Results
3.1 Demographics

Participant characteristics are presented in Table 2. There were 304 participants
(101 females, 203 male) between the ages of 7-29 years old with an average age 16.05
years (SD = 4.36), (Skewness = 0.14, Kurtosis = 0.28), who volunteered for this study.
Most the participants were participating in a sport with hockey (37.3%), soccer (24.8%),
rugby (24.4%), basketball (7.6%), and lacrosse (2.3%), being the main sports. Only 115
(37.8%) of the participants had a history of concussion but none within that past three

months.



Table 2.

Characteristics of Participants

Characteristic Mean (SD) N %
Age 16.05 (4.36) 304
Gender
Male 203 66.8
Female 101 33.2
History of mTBI
No 115 37.8
Yes 189 62.2

48

Notes: M=mean, SD=standard deviation

3.2 Test Scores

The means and standard deviations of all test scores are shown in Table 3. The

Immediate Memory task is scored out of fifteen based on the number of words the

participant recalls during the three trials. Coordination is scored as zero (not completed)

or one (completed) based on the participant’s ability to perform the task during one trial.

Delayed recall is scored out of five based on the number of words they recall. KDT is
based on the fastest trial time (in seconds) of the two trials completed. The 3D-MOT

speed was calculated using the built-in staircase method where the mean speed

threshold from the last four inversions was used.
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Table 3.

Means and Standard Deviations at Baseline

Test N M SD
Immediate Memory (/15) 270 14.12 (.87)
Coordination (/1) 270 0.80 (.40)
Delayed Recall (/5) 270 4.27 (.94)
King-Devick Test (in seconds) 299 5948 (13.77)
3-Dimensional Multi-Object Tracking (Log) 280 0.92 (47

Notes: M=mean, SD=standard deviation

A multiple linear regression was calculated to determine the extent to which the 3D-
MOT scores can be predicted by KDT, IM, DR, and COOR. The assumptions of
multivariate regression were tested and corrections were applied as needed. Using the
stepwise method, it was found that KDT, DR, and COOR explain a significant amount of
the variance in the speed of the 3D-MOT (F(3, 256)) = 11.82, p< .000 with an R? of .12.
Participant’s predicted 3D-MOT speed is equal to 1.05 -.01 KDT + .07 DR +.23 COOR,
where KDT is measured in seconds, DR is measured in units between 0-5, and COOR
is measured as 1 = successful, 0 = not successful. The analysis shows that KDT (Beta
=-0.01, p <.000), DR (Beta = 0.07, p <.02), and COOR (Beta = .23, p < .03), were
significant predictors of 3D-MOT scores. The coefficients for the explanatory variables

are tabulated in Table 4.



Table 4.

Coefficients of Linear Regression

Model B SEB 3 T

1 3D-MOT 1.56 0.10 15.59
King-Devick Test  -0.01 .00 -.30* -4.86

2 3D-MOT 1.36 0.14 9.49
King-Devick Test  -0.01 0.00 -31* -5.19
Delayed Recall 0.07 0.03 A5 251

3 3D-MOT 1.05 0.19 5.68
King-Devick Test  -.01 0.00 -.28*  -4.43
Delayed Recall 0.07 0.03 A4x* 2,44
Coordination 0.23 0.11 A3 2.15

Note: Dependent Variable = 3D-MOT, R? = .08, p < .001, for Model
1, RA =.02, p < .05 for Model 2, RA = .02, p < .05 for Model 3. *p <

.001, ** p < .05.
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Model 1 looks at the percentage of the variability of 3D-MOT scores explained by

the KDT task alone. Model 1 shows that the KDT accounts for the largest amount of
variability between all the Models with 8% of the variability of 3D-MOT R2 = .08, p <
.001. Model 2 and Model 3 add equal amounts of variability of 3D-MOT scores with

Model 2 showing that DR, in addition to the KDT, significantly adds to the variability of

3D-MOT with an RA = .02, p < .05 and Model 3 including KDT, DR, and COOR, with an

RA = .02, p < .05. Therefore, Model 1 appears to be the strongest model showing that

KDT has the most predictability for 3D-MOT in this study. Whereas, Immediate memory

does not show any predictability in either of the 3 models.
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4. Discussion

This study sought to determine the extent to which 3D-MOT speed could be
predicted by SCAT3 or C-SCAT3 and the KDT. Interestingly, IM was not shown to be a
significant predictor for all 3 Models. This is somewhat surprising since the 3D-MOT, IM,
COOR, DR, and KDT all share closely related anatomical brain structures (Blumenfeld,
2010; M. S. Galetta et al., 2013; Kolb et al., 2011). That said, our study shows that KDT,
COOR and DR significantly predict 3D-MOT speed. More importantly, the findings of my
study suggest that 3D-MOT likely accounts for global integration of central cognitive
functions above and beyond the SCAT3 and KDT confirming to the need for multiple
assessment tools in the diagnosis of concussion. The MOT task requires activation of
significantly large mental resources and requires efficient integration across several
domains of neurological functions within the brain. Working memory is essential for
good executive functioning, affecting how well an individual can process complex
thinking for immediate decision making. The 3D-MOT elicits several attentional systems
that are critical components of executive functions, as well as strongly eliciting working
memory resources. These working memory functions are dynamic and crucial for
everyday life as well as academic performance. The 3D-MOT task elicits memory and
recall (manipulating information; accessing stored facts), activation, arousal, and effort
(getting started; finishing work), impulsivity and monitoring (thinking before acting or
speaking; self-awareness), analysis and organized thinking (breaking down information
and complex problem solving), shifting, inhibiting (stopping and changing activities,

transitioning attention) (Rapport, Orban, Kofler, & Friedman, 2013).
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It is surprising that the aspects of the SCAT3 are less accounted for in the
models. As working memory is elicited by the 3D-MOT, it was expected that those
aspects of the SCAT3 involving memory would account for a larger amount of the
variability of the 3D-MOT scores. However, the nature of the baseline testing likely plays
a large role in the lack of variability in scoring at baseline. As the majority of the athletes
tested at baseline achieved 15/15 for IM and 5/5 for DR, the baseline scoring of IM and
DR do not account for the population of athletes that can remember more than 5 words
immediately and with delayed recall. This ceiling effect could limit the SCATS3 ability to
truly capture a baseline score. Further, there may be some added benefits to the use of
the 3D-MOT as compared to tests such as the KDT and SCAT3. The DR, IM, and the
KDT are all static measurements containing ceiling effects. The implications of these
ceiling effects are such that the resolution of self-reported symptoms and the return to
baseline scores of the DR, IM, and KDT may permit false assumptions of full recovery.
Brosseau-Lachaine et al. (2008), found that complex perceptual deficits persisted up to
three months post mTBI (Brosseau-Lachaine et al., 2008). For those individuals with
protracted recoveries, the 3D-MOT likely provides useful information, beyond the
capabilities of the KDT, DR, and COOR, which may decrease the chances of a

premature return to sport.

This study was strengthened by the standardized methods and procedures which
allows for reproducibility of this study. Further the large sample size allows for more
representative of the population, limiting the influence of outliers or extreme

observations.
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There are several limitations that must be considered when interpreting the
findings of this study. First, the assumptions for the linear regression were not all met
so the results are not generalizable outside this dataset. Second, the IM and DR test
scores were based on a fixed interval scoring system and COOR is based on a
dichotomous scoring system. All three tests did not allow for a normally distributed data
set based on their scoring systems. Moreover, the age distribution for this data set had
a multimodal distribution which could also affect the interpretation of the statistical
analysis. However, the large sample size gives strength in the absence of assumptions
being met for this analysis. This study also relied heavily on previous research showing
that 3D-MOT elicits higher order processing as this study did directly measure for these
attributes. Finally, clinical researchers have suggested that a concussion may magnify
pre-existing conditions, resulting in specific clinical trajectories (Collins, Kontos,
Reynolds, Murawski, & Fu, 2014). These pre-existing risk factors can be categorized as
primary which exists prior to the injury, and secondary which occur post injury (Collins et
al., 2014). These primary risk factors are associated with increased deficits and longer
recovery times post-concussion. Risk factors include; sex (Colvin et al., 2009; Covassin,
Elbin, Harris, Parker, & Kontos, 2012), age (Covassin et al., 2012; Field, Collins, &
Lovell, 2003; Pellman, Lovell, Viano, & Casson, 2006), neurodevelopmental conditions
(eg. ADHD, LD) (Collins et al., 1999; Elbin et al., 2013), migraine history (personal or
family) (Kontos et al., 2013), mental health and concussion history (Schatz, Moser,
Covassin, & Karpf, 2011). The current study did not evaluate the relationships of pre-

existing risk factors that may influence both baseline and post-injury performance on
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tests. This information is necessary to discern the effects of injuries from pre-existing

deficits.

Future studies should consider controlling for risk factors such as; sex, age
(Covassin et al., 2012; Field et al., 2003; Pellman et al., 2006), neurodevelopmental
conditions (eg. ADHD, LD), migraine history (personal or family) (Kontos et al., 2013),
mental health and concussion history (Schatz et al., 2011), which are important details
for clinical outcome, when comparing baseline and post-injury scores. This will add to
the depth of the study and will aid in determining the validity of the 3D-MOT within
concussion management. Examining the relationship between abnormal baseline 3D-
MOT and concussion outcomes may help researchers gain insight into the potential link

between risk factors and poor outcomes after a concussion.

5. Conclusion

Concussions are a significant public health concern within the sporting
community. This study was one of the first to investigate the extent to which 3D-MOT is
predicted by IM, COOR, DR, and the KDT. The findings of this study, showing that KDT,
DR, and COOR predict 3D-MOT speed, indicate that 3D-MOT possess the capability to
assess visual impairments above and beyond the KDT and the SCAT3. The research
presented in this thesis will add to existing literature that suggests the 3D-MOT is a
promising concussion assessment tool. Moreover, these findings provide important
clinical considerations for the sports medicine professionals reinforcing the need for
multiple tools for conducting a comprehensive concussion evaluation. Moving forward,
researchers should examine the role of the 3D-MOT post-concussion in athletic and

non-athletic populations. Additionally, studies should consider including the role of
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modifiers and control for risk factors when comparing baseline and post-injury scores to

better understand these relationships.
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Chapter 3. Conclusion and Summary

Concussions are a significant public concern within the sporting community. This
study was one of the first to investigate the extent to which 3D-MOT is predicted by IM,
COOR, DR, and the KDT. The findings of this study, showing that KDT, DR, and COOR
have predictive validity of the 3D-MOT, indicate that 3D-MOT may possess the
capability to assess visual capabilities above and beyond the KDT and the SCAT3. The
research presented in this thesis will add to existing literature that suggests the 3D-MOT
IS a promising concussion assessment tool. Moreover, these findings provide important
clinical considerations for the sports medicine professionals reinforcing the need for
multiple tools for conducting a comprehensive concussion evaluation. Moving forward,
researchers should examine the role of the 3D-MOT post-concussion in athletic and
non-athletic populations. Additionally, studies should consider including the role of
modifiers and control for risk factors when comparing baseline and post-injury scores to

better understand these relationships.



Appendix A — Participant Consent Form

PARTICIPANT NUMBER:

Division of Medical Sciences Participant Consent Form
University of Victoria

The Vancouver Island Concussion Project — NeuroTracker Study

You refers to “you or your child™

Participants Selection

You have been invited to paricipate in a study entitted the “/ancouver |sland Concussion Project —
MNeuroTracker study”™ that is being conducted by Dr. Brian Christie. You are being asked to pariicipate in
this study because you either 1) are at high risk for concussion (e.g., hockey, rugby, soccer, have a
history of muliiple concussions), 2) have had a recent concussion, or 3) have been asked fo complets
multiple object tracking (MOT) and/or neurccognitive testing as part of a retumn to play program.
Please note that parficipation iz voluntary, that you are under no obligation to participate in this study,
and that should you experience a concussion, the tests used inour research laboratory are not intended
to take the place of a proper evaluation by your doctor.

Dr. Christie, Ph.D. is a faculty member in the Division of Medical Sciences at the University of Victona
and you may contact him by phone (2504724244 or email brgintd@wvic cg should you have further
questions. This research is being funded by the Canadian Institute for Health Research and the Canada
Foundation for Innovation.

Purposze and Objectives

We are interested in leaming more about how children, adolescents and adults recover after a
concussion. The purpose of this research project is to examine how useful multiple object fracking and
related visual spatial tasks are in monitoring recovery  following concussion in children, adolescents,
and adults. To achieve this, testing will be conducted with individuals before andfor after a concussion.
MISEWMMWMMQ concussion, especially in the developing brain, and
researchers of the Vancouver lsland Concussion Project are interested in leaming more. This
work will alzo examine how effective using MOT and visual spatial toolz can be in helping
parents, teachers, frainers and coaches, and health professionals determine when  an individual
has recovered from concussion and can refum to their wsual activiies (e.g., physical activity,
schooliwork). This is a research study and individuals who expenence a concussion should see a medical
doctor for advice/dearance regarding retumn to sport and other activiies.

Importance of this Research

Concussions are a form of mild traumatic brain injury. Any blow to the head, face, neck or to the body)
that causes a sudden shaking or jaming of the brain inside the skull may cause a concussion.
Concussions can affect how an individual thinks and may cause a variety of symiptoms (e g., headaches,
dizziness, poor balance). Although there are many tools available for managing concussion, most
CONCUSSIon management programes are not evidence-based mrﬂvemehmrmambﬂawm
their use. As a result, oftentimes concussions are mismanaged. Research on the use of MOT and related
visual-spatial testing before andfor after a concussion will help create comprehensive evidence-based
concussion management programs to fill this gap. Ultimately, the goal of this Vancouver Island
Concussion Project is to improve the diagnosis and management of concussions and to develop a ool
box of validated sirategies for evidence-based concussion management.
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PARTICIPANT NUMBER:

What is involved?
“Y'ou will complete baseline and'or post-injury testing. If you have not completed baseline tesfing,
you will still be invited to do poskinjury testing.

Baseline Testing:

1. You will complete an intake form and a brief standardized tool for evaluating concussions. At
this testing session, you will complete 1 session of MOT testing on the NeuroTracker program.
For this session, you will be required to sit in a chair in front of a large computer. On a large
screen you will see 8 yellow-colored balls, 4 of which will tum red and then will tum back fo
yellow. You will be instructed to track the 4 balls that changed color. Once the balls have
stopped moving, you will be asked to identify the balls that had previously changed to red.
The balls will be numbered and you will be required to identify which balls they tracked using
the numbers below the ballz. You will also complete related visual spatial testing, a simple
test of reaction time. If you are under age 18 years old, you and your parents will be asked o
fill out questonnaires abxout symptoms you {or your child) are expenencing and how your parents
{or you as a parent) respond to these symptoms. Total time commitment of this first session
iz approximately 50 minutes. At one month after this first session, you will be emailed
a link to an online survey which again asks about the symptoms you!/your child
has been experiencing and how youl/your parent responds to these symptoms.
All testing is non-invasive.

2. i your MOT scores have not reached a plateau at the first session, you will be requested fo
complete an additional session(s) on the NeuroTracker program using the abowve protocol.
Individuals will be invited to complete up to 5 baseline sessions (15 trials). Potential time
commitment will be 30 minutes to 2.5 hours over several weeks.

Post-Injury Testing:
1. Following a head injury, and with your consent, you will be requested o be re-tested using the
same profocol explained above.

2. You are asked to come in for tesiing on 24-72 hours following a concussion — the sooner, the
better. We will re-test you every few days until symptoms resolve. The first post-concussion
MeuroTracker assessment will take 45 minutes and additional sessions will take about 25-30
minutes. Total ime commitment will vary but should be about 3-4 hours spread across several
weeks to a maonth.

3. Return to play and other activities will be decided on by your family physician. Any test
results collected as a part of this research study can be made available to your physician upon
request.

Inconvenience

Participation in this study should cause litile inconvenience to youwfyour child. However, we are asking
for you to schedule fime for youfyour child to be tested, which may cause a slight inconvenience fo
youfyour child.

Risks

There are no known or anticipated risks to youfyour child by paricipating in this research.

Benefits

Concussions are common in children, youth and athlete populations, and as such are a major public

health concemn. Establishing best practice guidelines developed through research fo help direct the
2
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timing, intensity and duration of post-injury care iz important Thiz research program focuses on
validating MOT and visual spatial tools that may help provide definiive guidelines on diagnosis,
management and recovery of concussions. It may also help determine the amount of time it takes for
a concussed individual fo retum to their bassline. This work will potentially generate knowledge on
the degree of concussion sustained by an individual and their rate of recovery.

Voluntary Participation

Your participation in thiz research must be completely voluntary. If you participate, you may withdraw
at any time without any consequences or any explanation. If you withdraw from the study data will be
used only if you give permission.

On-going Consent

To make sure that you continuee to consent to participate in this research, we will schedule all
appoiniments well in advance and provide you with a summary of dates and times. You will inifial and
date and on-going consent form at the beginning of each sesson.

Subsequent to any head injury, it will be up to you to contact us to determine the best time for you to
start post-injury sessions. We will work together to develop a schedule of testing that will be accepiable
for both parties. Our prefermed minimum follow-up testing schedule for anyone suffering a concussion
is1,3 5 7, 14, and 28 days posi-concussion. This sirict timeline is not mandatory, but will greathy
aszsist our research on post-concussion recovery.

Anonymity

In terms of protecting your anomymity, a number will be assigned to you so that names will not be
used. Loss of anomymity may occur due to the nature of this ressarch in that only those with head
injuries will be re-tested on the NeuroTracker. All attempts will be made to ensure your data remain

SNOMyTNoUS.

Confidentiality

Your confidentiality and the confidentiality of the data will be protected by storing all data in a password
protected computer program (i.e., NeuroTracker system) and excel file. All paperwork will be stored in a
locked filing cabinet. De-identified NeurcTracker data will also be shared with and stored by Cognisens
Inc. Cognisens Inc. may uss thiz de-identified data for future analyses. Online surveys will be
administered using Limesurvey, which encrypts your data. You will alzo be provided with a randomly
generated number so that your data are not stored with your personal information electronically.

Dissemination of Resulis
It iz anticipated that the results of this study will be shared with others in the following ways:
1) Directly to participants andfor the parents of the participants via Summary Reports;
2) Published articles;
3) Presentations at scholarly meetings;
4) Company promofons (Cognizsens Inc).
Dizsposal of Data
Data from this study will not be disposed of but will be stored in a password protected database by
Cognisens Inc.

Revisad luly, 2015
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PARTICIPANT NUMBER:

Fuiure Use of Data PLEASE SELECT 1 OF THE STATEMENTS BELOW:

| consent to the use of my data in future research: (Participant to provide initials)
| do not consent to the use of my data in future research: (Participant to provide
initials)

| consent to be contacted in the event my data is requested for future research:
{Participant to prowvide initials)

Contacts
Individuals that may be contacted regarding this study include:

Dr. Brian Christie, Principal Investigator Phone: (250) 4724244
Email: praing4@unic.cg

Project coordinator Phone: (250) 472-5997 or (250)634-4471 (lab cell)
Email: brainlaly@uvic.ca

In addition, you may verify the ethical approval of this study, or raise any concems you might have,
by contacting the Human Research Ethics Office at the University of Vicioria (250-472-4545 or

ethics@uvic.ca).
“our signafure below indicates that you understand the above condiions of parficipation in this

study, that you have had the opportunity to have your questions answered by the researchers, and
that you give your consent for your child to paricipate in this research project.

Name of Parficipant Signature of Participant Date

Name of Parent/Guardian Signafure of ParentGuardian Date

Revised July, 2015
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Appendix B — Participant Assent

Participant Assent Form

ASSENT TO BE IN A RESEARCH STUDY ABOUT
CONCUSSIONS
The following script is to be read to all children 512 years old.

Why are we meeting with you?

We want to tell you about something we are doing called a research study. A research study is
when doctors collect a lot of information to leam more about something. We are doing a study to
leam more about children with head injuries. After we tell you about it, we will ask if you'd like to
be in this study or not.

Why are we doing this study?

We want to find out how well our computer game helps us leam about what happens when
children hurt their heads playing sports, 30 we are getfing information from lots of boys and girfs
like you. In the whole study, there will be over 1000 children and adults.

What will happen to you if you are in this study?

1. You will be asked fo play our computer game for about 20-30 minutes. This is the same
computer game that players in the National Hockey League use to help them frain.

2. If you ever hurt your head you'll be able to come back and play the game again.

3. [ you have already hurt your head, you can siill come in and play the game.

“ou will alz=o complete a couple quick tests of your thinking and balance and reaction time,

The purpose of playing thiz game and testing iz we think it can help us figure out when it will be
safe for you to play sporis and other activiies again. Youw'll be able to play the game as many
times as it takes to help you do as well on it as before you got hurt, and when you feel ready, you
can go see your doctor again and see if he also thinks you're ready retumn to sports and other
activiies. We want you to have a great time play sports and doing your usual aclivities.

Do you have any questions?
You can ask questions any ime. You can ask now. You can ask later. You can talk to me or
you can talk to someons elze and have them talk fo me.

Do you have to be in this study?

Mo, you dont. Mo one will be mad at you if you don't want to do this. If you don't want fo be in
this study, just tell us. Or if you do want to be in the study, tell us that. And, remember, you can
say yes now and change your mind later. it's all up o you.

SIGNATURE OF PERSON CONDUCTING ASSENT DISCUSSION
| have explained the study to (print name of child here) in language
hefzhe can understand, and the child has agreed to be in the study.

Signature of Person Conducting Assent Discussion Date

Mame of Person Conducting Assent Discussion (pring)



Appendix C — Medical History Intake

Group Participant Numier
DOE [yyymen,oe] Gender
Dt fypyymmm./od) Easefine or Post-njury
MOT AND RELATED TESTING — INTAKE FORM
CONTACT INFORMATION
First Name Last Name
Phonz (hame) Phane (cell)
Emnil
EMERGENCY CONTACT INFORMATION
First Name Last Mame
Phone [home] Phone [cell]}
Emeail
Relationship to You
GENERAL INFORMATION
Heaght (ft] Weight (lbs}
Age DOB fyyyy/ mm/dd)
Gender Highest Education Lewel
‘Whst hand do you write with?

What hand do you shoot a hockey puck with?

What hand do you use to throw a ball?

List any instruments you play

For how many years?

Do you play video games? For how meamy hrs/wk?
CURRENT 5PORT PARTICIFATION
SPORT POSITION LEWEL YEARS
PREVIOUS SPORT PARTICIPATION
SPORT POSITION CURRENT LEVEL YEARS TOTAL
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Hawe you ever had & concussion?

Dinte of maost recent concussion [yyyy mmydd)

How many conoussicns hawe you hsd in totsl?

SPECIFIC CONCUSSION HISTORY

Dwte of Conoussion

vy mem/dd)

Did you lome
CONSCousness ?

Were you playing
sport?

Diid you === =
Diosctor?

How long did it take
1o Retumn to Play?
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SCAT3"

i prx B o @ £E]

Sport Concussion Assessment Tool — 3rd Edition

Fioe st by Miasdical priofissionals only

Mams DaneTima of Injury:
Dane of Assesamint

What is the SCAT3?'

Thie SCAT3 B 3 srandrdiand ool for swaluaning injuned SO S oonussion
and can b wsed inaThienas 30ed trom 13 pears and older. 17 supersdes Thie orig-
inal SCAT aredl thee SCAT2 jpubiished in 2005 and 3006, resmscively?. For younger
parsons, ages 12 and under, phiase LS the Child SCATS. Tha SCATS & dedgred
for st by Mol professionals. H you ans not qualfied, phass wae thi Span
Concusskan Recogrition Toof . Prassascon baseling wrsting with tha SCATI can ke
hidpriul for imerpreting posT-injury e soones.

Specific ineructions 1or we of Tha SCATS ane provided on page 3. 1 pou ane not
farmiliar waith thie SCATI, ploasss resd through Thiss RSTTucTons onefully. This
toad mary b frivdy coped in s cument Sonm for dstibution o0 nd Wduals, wams,
jgroups and crganizatore. Any revion of any reproducton inoa diginal fom e
Quires approval Dy T Conoussion in Sport Group.

MOTE The diagnoss of a condussion is a dinrkal judgment, Kealy made by a
miadical protessional Tha SCATI choukd not be used Sokidy To maks, of i,
tha chagnieets of ConcLssion in tha atmencs of dinkcal judgemont. An athic may
harss @ concussion e i their SCATI B “normial®

What is a contussionT
A ooniousion & & disturbancs in brain function Cassed By & dinect of indineo fonos

0 Tht head. It results in 3 saniety of NOn-Recic Sgns andior SEmpOonTs (e
anampiis Baed below) and most ofien Goes Rt involve oss of Consoioumess.

Concussian should b Suspected in the presenca of amy one of mere of e
tallowing

- SRS [, hiadacha), or

- Fhysical gigres g, unsteadingss), o

= Imgaired brain function g condusion) o

- Abnormal behastour i g, change in personaiy)

SIDELINE ASSESSMENT
Indications for Emergency Management

IROTE: A hit T Thie Pl 0 SOMeTimes D asscciated with & mone serows brain
Injury. Any of the folowing warmns consideration of CtiaTing emengancy pro-
Cichanes afed LN TTANSROr Tation 10 This raanest fospital

- e Coma s kss than 15

- Deneficrating mental stanes

= Potentdal spinal injury

= [Frogressis, wiorsenl g SYTEACITE OF N Neurnologis sions

Patential signs of contussionT
If arey oottt Folowing signs ane chsarwed aMEr 3 Grect of indinect Blow to Tha

head, the amiee shoud siop participaion, be ewaluaned by & medical profes-
shonal and should not be persitted io return 1o sport the same day i 2

COMCLHSON 5 Sspactad

Ay lo of consoiodnsd A Ll
It 56, hucws b=

Balance of motod i meond nanan e, dowlaured mosrmet, e A H
Darentanion or corision (i iey to epasd v g o v N
Less of memory: ¥ N
It 50, hucws b=

“Bedong of atmar This injurgt "

Blanik o wanng koo A H
Wiside Tacial injury in combination with any of tha ahow ¥ [N

SCATI SFOAT DOWC LITSION AZSISMINT 7000 1| PAGE 1

Glasgow coma scale (GCS)

Best sye rekponss [E)

K iy 0paning

Eye cpening in nesponse o pain
Eyir Gpning 70 Speech

Eyies O N SpONCANG LSy
Berst warbal responsa (V]
Ko werbal nisponGe
incomprataraiblo sounds
NAPRYEHraTE wics
Conusiad

Oriaraed

Bist Mo nespords (M)
L e
EXmETtEon o pain
Abnormal Teesdon oo pain
Flecsion MANithdresal 1o pain
Localizes 1o pain

{Dlbirys ComManids

Glasgerw Coma seone (E + ¥ + M)
G ahauld b resoaded bod all ithinien i cine of iefregues? deteictation.

Inm;wu- Wk Wk e AT

Maddocks Score?
Ve iy b ek e & By s ey, kiiein it cassiually and i pour Bl el ©
ivicnchi e idiedddachn quanitiormi (7 poiat Fod mach cormect armivesd)
'WHaE Wi SN o T

‘Wiiach: Failt i5 it now

Wit soored ke in This manchi?

'WWhat T Gd you play e veeel QameT

Do yorwor T win wht last game?

W ek, seod

oo ooo
= = mm omm =

Waidioh o s b bicdated oo i i by i b ol i o vl

Mot Waoranism of njury [Tl o whl heppensd™ T

Any athlete with a suspected concussion should be REMOVED
FROM PLAY, medically assessed, monitored for deterioration
(i.e., should not be left slone) and should mot drive a motor vehide
until deared to do so by & medical professional. No athlete disg-
mosed with conoussion should be retumed to sports participation
on the day of njury.

8 2000 Concumion i Sgart G
i)
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BACKGROUND

Hami Duartie

Sportiam fach oo Dutietima o injury:

B Ginder M F
Woars off @ucation com phated

Disminaani hared right it nther
H ' Mty ConowLss o S o Think pou Fanes hiad in tha pastT

VAR RS Tl ITAYST MY B0t

Hiza lo0 Waks yOour Iaocesry Trom T MoE MGt cincoussion?

Havad o v bisih hspitalized of had medical imaging done dor | Y | N

a haad injuny?

Hivv il e B dhagrecciind with haadach is of miraines? ¥ N
Do you hares & bamineg disaiility, dyshesia, ADDJADHDT v N
Hare you aver Been dlagrioced with depreston, ansdety ¥ ]
of cther pepchianric dhonder?

Haxs aivpon in your Tamily sver been diagnded with ¥ ]
ary of thisa problams?

A YOU o ity Mo nsT I pes, pleasa 5 ¥ B

SCATS s ko oo s

R s Bk 10 64 f——y e

SYMPTOM EVALUATION

E How do you feel?
“Vow ibod woe pourssilon e Falovwing genpom, Based'on fow pou el nos.
ikl

i
f
i

HireZaechat
“IPramure in hsad®
Mok Pain
Hauea or womiing
Dizinass

Blusrred wsion
Balanow problems
Sangthity 1o light
Sty B0 Nise
Fistling Sowad down
Foeling B “ina fog”
“Don't fewd right*
DiFficutty concanmating
Do ficutty remiam beiri ey
Fardgui of |ow enengsy
Cortusion
Drossingss

Trowbis taling asioep
More @ tonal
Intability

Sadnes
Miracis of Ancious

O oD OoOoODDOoOOoODOoODDOoODOoODOoODDOoOODODOOO
L R L R I R R I )
A e w w w w w  w  w  w e
& bbb BE & &R R AR R EAE B R BR & RN
T T BT R QT T U T IR ST R TR T BT T, TR T R TR T BT T |
MmO G o O B B B B BN KO Eh Oh OB BN BN

Tertal numbse of 5 ymptoms (Masrun poak 1)
Symapbomn Severity s0o0e Maxrun paable 132)
Tty thie SYTTIECHTES (Uit s with phpsical activity? v N
[ior T SHTNDACITES (0T WADPRE WiTh MTial actiingd Al W
selt raed salt rened and dinidan monhoned
clinician interview solt raned with parent inpa
Orvwradl Ftinge T you kncsw Tha athiets widl prior To this injury, how citfesnt
th JThilene TiNg oomipaned oo hisher usal sel?
Plainar i cree svrgaomrin
na dittenent ey diffannt

Scoring on the SCATI should not be used as a stand-alons method
to diagnoss conoussion, measurne recovery or make dedsions about
an athlete’s readiness to return to competition after concussion
Since signs and symptoms may evobse over time, it i important to
consider repeat evaluation in the aoute assessment of conoassion

SCAT] SFOAT CORCUSSION ASSISRENT 1000 1| PAGE D

20

COGNITIVE & PHYSICAL EVALUATION

Cognitive assessment
Standardized Asseisment of Concussion [SAC) ¢

Dibeniaiion (i pan fon sch oo s

What month BT =} 1
What & tha dats 1y o 1
What b the day of the wei? o 1
What year &5 7 o 1
VA/hat Tievad 5 1T righ nira e 1 b o 1
Dirlentation soare of5
[ L e )

sbow G 1 @ 1 0 1 cnde  baby  Toger
apoe 01 0 1 0 1 paper monky  panny
At o1 0 10 1 g pertums Bkt
saddle o 1 a 1 a 1 sandwih  sunset oo
Bisbibdi o 1 a 1 a 1 wagon (L] nsect
Tostal

ssatetinte memory Loone tutal of 13
Concentration: Dighs Bacoward

™ Tl Absreatn figh lat

483 o 1 &e39 53-8 41.5

3814 o 1 33749 1745 4-9-5-8
E-3-3-71 o 1 15388 35527 E-1-24.3
Tel-B-4-6-2 o 1 =3844E B-3-1-8-5-4 Ted-4-5-56
Total of 4

G Ehesn: Mt I R [LPF TRTIITR e ————

Dovionc- P cpa- O -SpC- A - Jusl-Juin - M- Apr - bar-Fab-lan o 1
Concentration score of5

Neck Examination:
Range of mation
Firings.

Tenderras  Upper and lowar Bmb Sensation & srangth

Balance examination

Dz orw o Bt of th following brits.

Fuirtwaar [Shaas, hanatos, Braces, taps, 410

Madified Baluhoe Error S coring Systes |BESE) Listing”

W 400t Wi Teriad (e, which b e mon-domisast oot Latt Right
Teswing surfacs {hard Soor, Seid, aoc)
Cosyfitien

Docashia loa Stancie

Sngle leg mance jsos-domimnt kot
Tandem Fance [ses-demiad kol it ke
And { Or
Tasrvd et galwl”
Tirre it of 4 2simhic

i1

ST

Coordination examination

Uppes Bl coe dination
Which arm was temed: Laft Right
Cooumation scare T

SAC Delayed Recall*
Dl recall seore oS

300 Concmion b ot Grp
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INSTRUCTIONS

Wionds in kakcs throughout the ChildSCATS ane Tha IRSTUACTONS Qiven 1o Ta child
by Thie T,

Sideline Assessment — child-Maddocks Score

Tz b corgdeted on the sdalinkfin the plrpground, immedacely following conous-
short. Thiena is no macuineimen 0 repaat thise questions at follow-up.

Symptom Scale®

I slouanions wiharne thie symipom scale s baeing complensd afwr sserdiss, it shoukd

Still Bad oM 2 NRSTING 5300, 37l 10 Minues posT anendse.

On e day o

= el Child b5 T oD This Ol R, Sccording 50 s’ Fal/shel Toss Fee,

On all subsequent days.

= e chibd ks T complene the Child Raport, acoonding o hove RSt fos Tody,
and

- Th BENGNEACINGT & 10 COMEHDE Thi Paredt R port soconding 1o how the child has
B ower Thei privions. 248 haowrs.

Standardized Assessment of Concussion —
Child Version (SAC-CP
xlemiation

Ash mich guntion o the wos sheel. & cormct aniwe b sadh quastion dcores | polal ¥ e
child o et erdieriland the guwilion, phen aa incored Ensee, of fo e, s the cow fa
pointi.

thal qusstian b

mmn

Tiarw geirgg 12 reamy |l el s P of nond and when [ am dons, repsal
ek el mary ot i Ptk i ey csker

Trials T &3

Tam th-rq:-rhm- Fipnein! bk i sy et i o i e e i1
g creliag, sy iF pou sl wuml

Completn all 3 triads wegardieonis of soom on 1l 152 Feed the wouhi ol @ rok of ofe et second
Seoew 1 pi For sath corract repense. Total ieore equals wee seanis all 3 vish De o=t isken
the il 1t oo k] szl will b bt

Cancintyathen

DHgits Backward:

Vi iy B vl s & g of ki il e [ as dine pou et s Back ta
i backuiehs, Jn v ok of Ve | il Dty I pins. i ity )l -4, o et
aap 127

I e, g 1 mared sl formgthy, i, rmad Lrial 1 Ome point paasible for sach airing
Iengh. Sop aftel incered o both ki The Sty iboubd be imad ol the fale of o par iedond.

Diays i Rosvarse Ordar:

Picrr bl i W cins o Bol st 1 o cichin®. S0t el Sl i (g bl S
1 pi. Bor smtire sequence coe et

Dyl Pl

Ted gy racall Shoishd B parformiid aftor Qoamipltion: of this Bl and Coor-
dinanon Examination.

T pou remender Sl BE of wordh [reeca e Bros s Tell moe i oy sond fom Be
it e iy e i Ay el

Cirche miach wasd covreetly mecalled Total sosre equal sumber of words recalled

Balance examination

T irsluetions e 1 b il By i i ind thee chil S50 AT, and wich Balircs Lk
ibauld ba dersoastraisd e the child The child sboaid 2 i b ooy e Ve
dererritatid

Modified Balance Ervor Searing System (BESS) testing®
This balance testing is Based on a modfies wrion of T Balance Emor Sadng
Sy [BESST", A Shopwanch of wanch with a second hard i requined Tor Ths tesing.

o ! Hﬂ.hﬁp{hcﬂ'rﬂmmﬂﬂ'hh
.'dF‘r e ay ankk By (I applcablel Thil kel wall coral af B

T
ankle 7
il pachL

) Doialbie g SEamOE:

T sl ilaseinr o idiarnclingy el B ol PacoitPo it Ml o Faig v’ et i ciimicl. Thae
el shus s By By Pruairaioe bkl iy B jmetieny fior 2 seconch. Tisu dhechd it B chad
e ruarribne ool v D chuld e ot of Bt poition. i shkd
AT M b W Pkl S st i P il e kil

(b} Tandi m stasoe:

it e chaled e i P Bt vl B oe-clovminind Foatin e back: Vel itk

iy, W bl b iy B i dlabaly for 0
iy acnald gt D chald’ Pt o el Be

cxumiing S rusoher of B S child s ove oof of B peoiton. 7 e chl iluedble oo off

Mo poulen, mmine! ender I opee P e and! wlum o e oder! peebon o conioue

aarwing Fou sfeou BT Breang v P child G i and! S sy a closed.

CHILD-SCATE SAORT DOSTUTION A SIS IRT TO0L 1 |m b )

Balance testing - typ-ss of srron - Parts (a) and ()
1. Hareds foed off [Bac cem

1 Opening eyes

3 Steq, sturmible, or tall

&, WAcwireg hig it > 30 Segreds abduction

5. Lituing fonafoot of R

6. Remaining out of 85t position > 5 s

Each of the 20-5600nd Tiaks s 0oned by oounting Thie ernors, oF devations from thi
DIDpT S1anoE, accumulaned By e child. The saminer will bigin counting amars
Ly after this dhikd Nas SEsumied Th BIOD ST podition. Tha modified BESS B
calculated by adding one sror point for each emos during the Twe 28 -sec.
o tegts. The masimus Wisl number of ermars Tor any single condition is
i & child cormimits mukiphe srrors simuBarousy, only o ernor B reccrded but
thie child should quididy reaum oo the sesting poaition, and counting shou kd nessme
Rl SULjECT i Sart. Childnen wih ane unabl T maintain tha testing procedune for a
mininum of five seconds 51 Thi ST ane Jssignad this highest poible sonm, T,
for that EENg condition.

CPTIOME For Surthir SSessment, thit Sama 2 SEanoes cin D parorm e on & surfaoe
ot miedium density foam (.9, approsimacaly S0om xddom s &am]).

Tanddedm Gaitt"

L HHJH‘H l-ﬂuiw-thﬂ e T trw Labea iz mrmpiele The Lk
tha bellzwing = the child
mdﬂlmﬂdh“ﬂhhwﬁdlhqhﬁ.ﬂlhﬂ
ko mith Pty o] Theny, they veallk i foraro! cirec o d quecily and i oo
J*nmﬁﬁqlhuﬁm-ﬂ]_hMmh_bﬂh‘h—
..-JF‘- Hhat My apeecmimute B hesland loe on aech shee e Sy oo B

of b S Sy By TH i el i e ik il g B e gl
A total of 4 tﬂ-md—.ﬂ'hh{hh—ﬂ-ﬂ' s o i i Py s gty
T e e e 8 e paralyon bvfusen Beae buad ared B rﬁ'mh:hn-pﬁﬂ-lm
o an alyect in B cine, e B i fo! e and S il spseded, apompnae.

Expnin T child ht yous il i b g Lkt 1 sl B T s o o i b

Coordination examination

Emib covddination
Firger-10-nicri (FTM) tasic
T ik ahoudd demenvtrete it %2 the child
4 griiigh B Bl o vl o s 38 comikrtably 66 e ok mith Four i
oy el por v b gl o e ettt (e sl - 01 dhecress and el
v g i liracie] Hh.l-pl-l.hh'l#rnnﬂﬁ-ymh.:-ﬁmhm

s..;.m_r._ﬁ.m.gp.ml. 5 Mo W o e i bl el
s acuralely i

!é#l-dr—él il < dimcaadi m 1

(Mot far tunibar: Tl W st 1oy ke 0t Nyt i, -t Fully el byt il

21 fir w2t puetars v rewS b Falbars showhd e scoredas 0.
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Child-SCAT3" Einm B o @ £E1

Sport Concussion Assessment Tool for children ages 5 to12 years

Fuor s by medical profissionals only

What is childSCATI?

The Chil4SCATY i a0 slareiardived 1ool ko svalusting injused children for cosanuen and can
b uried i chll dima Trom S 8 13 - It spsersachen The criginad SCAT and the SCAT2
pubd biled i O35 e, . Fod i perrni, e 13 ywars ancd oves, pliics
e Wl SCATH. Tha ChilfCATS i dericyroend fod ws by meacdical profesiionsh. | you as ast
i, plaiis v The Spof oncusien Teal' Frewsssas Baslire Initisg with
e CHRSCATE cons b bwlprhul for inke rpreting posd-injury il o

Specilic imatruction fod e ol She W0 AT Y i prosided on 3. I wou iarw reat Lol i writh
hmﬁ._——iﬁ-ﬁlhulmu-w bl iy b sl 2ol i
Fuzurme fzem by gndd bubon bz indedia b, mamn, ‘meganitaliorn . Aoy ssiuon asd
mpsdection ina digital o requine approwal by :C_:lmnﬁn'lf&np
:thmd-m-;&ﬁﬁ_ﬂdq-_tdm
The CHRECATE sheul et b e sl o b, T .
sornw =lchaeal mmmthm—nlﬁh ChlECATS & “rormal”.

m:thnmnmﬂm?

dntady inbian d by in dirwct & indirect Foron 1o the haad,
IlrrtIna-ﬂ;imﬁﬁndhmnmhhlﬁdhhﬁ-d-ﬂ
aftwn dows ral irwvobe binis of shauld b d in the presrae

ofl iy 2w af mas of the Rlowiag:

~Sympnome fe g, beadachel, o

JFhyscal srciiddiness), o
Prl'r:ﬂrldst?;h-hgnmtr.g comlesion] or
-Abromal Bebawicar 1., Change in personaity].

SIDELINE ASSESSMENT

Indications for Emergency Management

MOTE: & hit to tha hoad £an somedmes ba ssadaned with 3 man svens brsn
Injury. B thie concussied child displays any of the following, Thin do not procssd
with the CRIGSCATS; ireaad aCTvate aMergency procedunss and Ungant rant-
FOaGon To T nanest hospital

= Mmammmm 15

- Progeeszh e O (Tl ITCROGRC SigNE

- Coaguopaitry
- History of Meurcsurgery feg Shunt)
- Multiple injuries

Potential signs of concussion?
i ary of the Pollowing Sgra ane mﬂndmmlrﬂmhMNh
T, thiz Chikd sheouskd 510 particpation, b evaluated by a madical prof

and shvesiild mist e ST B ERLIT i3 5P rt the sama day & conoinsion
b5 susreeTad

Any hoss of comiousnasst ¥ M
“If 52, howw barg? ™

Babinnd oF POTr INEOINENaTon filarbls, i sowrweiy i) |y [N
DHcorieneanon or confUsion finablity 1o mipoed appopriately 16 quistissl? |1 ¥ [N
Lt f miasmany: ¥ [N
“If 52, hiva lnngi®

“Balome ar atar the injergi™

Slank or vacant inoic ¥ [N
Vidbie facial injury in om binadion with any of the abova: ¥ N

Sideline Assessment — child-Maddocks Score?
T i gaiegy e o o Fe cu ey, st e il el v o i e
N Bhid Blodidacks fusithor (1 ekt o dinch ot wrcind)

SATRIETE TR W T TDRNT o 1
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CHILD-SCATE SPORT CONCUTSION & SSESMINT TOO0L 1 | PR 1

Any child with a suspected comcussion should be REMOVED
FROM PLAY, medically sssessed and monitored for deterioration
{Le., should not be keft alone). Mo child diagnosed with concussion
should be retumned to sports partidpation on the day of injury.
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SYMPTOM EVALUATION

COGNITIVE & PHYSICAL EVALUATION

Child report
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Scoeimg on the ChildSCAT3 should not be used as a stand-alone meth-
od to diagnose concussion, measure recovery o make dedsions about
an athlete’s readiness to refum to competition after conoussson.
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Cognitive assessment
Standardized Assessment of Concussion - Child Viersion [SACCH

CReLALRE (1 pu ol o seach et asimvm]
What month i i

1] 1
WWhat b this dabe oy 1] 1
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Deelayed fecall soein L H

Simce signs and symptoms may evolve ower time, it ks Important to
consider repeat evaluation in the aoute assessment of concussion.
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INSTRUCTIONS
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Appendix F — King-Devick Test

King Devick Test Form
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Participant Number

Test Card 2 Test Card 3

Test Card 1

Date:

5-4-1-8-0
4-6-3-5-9

3-7-5-5-0

2-5-8-0-7
3-7-9-4-6
5-3-1-6-4
7-9-7-3-5
1-5-4-9-2
6-5-5-7-3

Total Time:

2-5-7-4-6

7-5-4-2-7

1-4-7-6-3

Total Errors

3-2-6-9-4
1-4-5-1-3
9-3-4-8-5

7-9-3-3-0
4-5-2-1-7

Test Cards:

5-3-7-4-8

7-4-6-5-2 5-1-6-3-1
4-3-5-2-7

3-1-8-6-4
5-3-7-5-2

Tester Initials:

9-0-2-3-6

Time:

Time:

Time:

Test Card 2 Test Card 3

Test Card 1

Date:

3-7-5-9-0 5-4-1-8-0
4-6-3-5-9

2-5-8-0-7
3-7-9-4-6

Total Time:

2-5-7-4-6

1-4-7-6-3 7-5-4-2-7

5-3-1-6-4
7-9-7-3-5

Total Errors

3-2-6-9-4
1-4-5-1-3
9-3-4-8-5
5-1-6-3-1
4-3-5-2-7

7-9-3-9-0
4-5-2-1-7

1-5-4-9-2
6-5-5-7-3

Test Cards:

5-3-7-4-8

7-4-6-5-2
3-0-2-3-6

3-1-8-6-4
5-3-7-5-2

Tester Initials:

Time:

Time:

Time:

Test Card 2 Test Card 3

Test Card 1

Date:

3-7-5-9-0 5-4-1-8-0
4-6-3-5-9

2-5-8-0-7
3-7-9-4-6

Total Time:

2-5-7-4-6

1-4-7-6-3 7-5-4-2-7

5-3-1-6-4
7-9-7-3-5

Total Errors

3-2-6-9-4
1-4-5-1-3
9-3-4-8-5
5-1-6-3-1
4-3-5-2-7

7-9-3-3-0
4-5-2-1-7

1-5-4-9-2
6-5-5-7-3

Test Cards:

5-3-7-4-8

7-4-6-5-2
9-0-2-3-6

3-1-8-6-4
5-3-7-5-2

Tester Initials:

Time:

Time:

Time:



Appendix G — 3D-MOT

"¢ NeuroTracker
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Standardized Protocol for the NeuroTracker™ as published by Cognisens

1. On the screen, you will see eight yellow balls in 3D.

2. Once we begin, four of the balls will turn orange.

3. Memorize which balls have turned orange.

4. The orange balls will turn back to yellow and all eight balls will begin to move around the

screen.

5. Your goal is to track the four balls that had previously turned orange.

6. Once the balls stop, a number will show up next to each ball.

7. Using the numbers, identify which balls were previously orange.

8. If you correctly identified the four orange balls, the speed of the moving balls will speed up on

the next trial.

9. If you incorrectly identify the four orange balls, the speed of the moving balls will slow down

on the next trial.

10.

11.

12.

13.

Feedback on whether you correctly identified the orange balls will be given on the screen.
You will complete 20 trials per session and each session will take about eight minutes.
After your first session is complete, you will have a short break of about five minutes.

You will complete three sessions of 20 trials today.

The participant will be given 3D glasses to wear and will sit in a chair facing a large screen
where the computer program will be displayed.

The computer program will begin once the participant acknowledges their readiness.

No feedback on performance will be given to the participant at any time.
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Board of Record Certificate of Renewed Ethical Approval for
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PO Box 1700 5TH C5C
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Principal Investigators: Primary Appointment: Board of Record Approval Reference #:
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Research Team Members: Francesca Bell-Peters (Study Coordinator)
Reszarch Assistants [U\Vic): Shae Wale, Kim Oslund, Erika Shaw, Hilary Cullen,
Allison Rodway, Samantha Kennedy, Julie Irwin, Stephani Fischer, Josh Palmer, Sean
Harrigan, Carmela De Gracia, Erin Williams, Taylor Matson, 5ara Martin, Taya Sparks,
Caroline Spaner, Rachelle Smith, Teresa Anania, Damon Taylor, Andrea Jeffs, Chantelle
Elvadahl Emma Rigsby, Bree Neele, Hanna Lindores, Hailee Daymon.
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