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Summary of Thesis

Rugby has one of the highest incidences of concussion among all full-contact sports. There
has been a global increase in rugby participation, now estimated at over eight million people
worldwide. With the introduction of professionalism in 1995, an increase in injuries at both
amateur and professional level in northern hemisphere international rugby has coincided with
increases in average body mass of rugby players by an estimated 25%. Hence, the modern
game has larger, stronger players with greater body mass, experiencing larger impact forces,
resulting in greater risk of head injury. Alongside increasing concussion incidence among
professional rugby players in recent times due to greater awareness and higher rates of head
injury reporting, the risks posed by repeated concussion have become a focus of scientific
investigation and a major public health concern. Given the elevated risk of concussion in
rugby, there is a need to investigate long-term brain health outcomes in this population. There
is emerging evidence suggesting associations between concussion and/ or head impact
exposure and potential long term neurological impairments and neurodegenerative diseases.
In an effort to expand the limited evidence base in this field, the overall aim of this thesis was
to explore the influence of a career of professional rugby on brain health in retirement.

In pursuing this aim, two systematic reviews of the existing literature and five original studies
were completed. Systematic Review | —the first review of brain health in retired professional
rugby players aimed to establish the evidence regarding long-term neurocognitive
functioning and mental health status of living retired rugby players. Nine studies met the
inclusion criteria; the available evidence suggested some preliminary evidence for decreased
cognitive functioning and a high mental health burden among retired rugby players.
However, cautious interpretation of findings was needed as methodological biases reduced
the overall quality of studies and limited the conclusions that could be drawn. The
heterogeneity of outcome measures, participant characteristics and self-reported methods
were among the noted study limitations. This review suggested that large gaps remain in the
understanding of the cause-and-effect relationships between playing rugby and long-term

brain health in retired players.

Given the limited studies found pertaining to retired rugby players specifically in Systematic
Review |, a broader scope of the literature was undertaken in Systematic Review 2. The
specific aim of the review was to appraise and synthesise the literature on the long-term
cognitive health status of retired athletes. Evidence of poorer cognitive health among retired
athletes with a history of concussion and head-impact exposure was found to be mixed. The

results indicated that retired athletes with a history of sports-related concussion had declined



cognitive performance in domains of memory, executive function and psychomotor function
later in life. Retired athletes also appeared to have increased self-reported cognitive
difficulties, but the paucity of high-quality, prospective studies limited the conclusions that

could be drawn regarding cause-and-effect.

In light of the findings from Systematic Review 1 and 2, cross-sectional Study | was
conducted to investigate the validity of self-reported concussion history among professional
rugby union players. Following on from this, the large cross-sectional Studies 11-V were
conducted to explore (1) physical health (2) mental health (3) cognitive functioning and (4)
multisensory processing among retired professional rugby players compared to retired
professional rowers. Reliance on athlete self-reported concussion history is a limitation noted
in the literature pertaining to long-term effects of concussion. A sample of 63 professional
rugby union players were enrolled in Study I. Agreement between self-reported and clinically
diagnosed concussions was found to be fair among the rugby players, with the average player
under-reporting the number of clinically diagnosed concussions. Lifetime concussion history
was found to be significantly negatively correlated with player self-report accuracy, with
recall worsening as the number of lifetime concussions increased. However, the test re-test
reliability of the Michigan TBI Identification Method was moderately strong. These findings
suggest that there is a need for methodological improvements in concussion reporting and

documentation among rugby players.

Ninety-five retired athletes took part in Studies I1-V; including 67 retired professional rugby
players and 28 retired international rowers. The prevalence of overweight and obesity was
found to be higher among the retired rugby players compared to the retired rowers in Study
I1. Indications of higher visceral and body fat and hypertension were also revealed among the
rugby cohort. Significantly higher levels of pain and disability and alcohol usage was found
among retried rugby players compared to rowers. Lower levels of exercise was found to be
associated with greater levels of pain and disability, indicating that past participation in
professional rugby may result in greater levels of pain and functional limitations in
retirement. Results from this study highlight modifiable factors such as overweight and
obesity and hypertension in retired professional rugby players which are associated with

long-term risk of negative health outcomes.

Study 111 found that the point prevalence of depression among rugby players was 28%, which
was higher than the rowers and the general population. The rugby group were found to have
a significantly greater sense of athletic identity when compared to the rowers. Concussion
history estimates were not associated with mental health indicators. However, multiple

regression analysis revealed decreased satisfaction with life, decreased resilience, greater



athletic identity and higher levels of pain and disability were significant predictors of
depression among the rugby cohort. These factors were found to account for 67% of the
variation in the chance of former rugby players having depression. Results demonstrated that
the prevalence of mental health symptoms among former rugby players was 10% higher for
alcohol misuse, 17% higher for depression, 13% higher for pain and disability and 20%
higher for sleep disturbance compared to rowers. This study provides an insight into the
estimate of mental health burden among retired professional rugby players. A combination
of factors, including those which are unique to the elite athlete, alongside common stressors
which affect the general population, make former professional rugby players an at-risk
demographic for experiencing mental health issues. Interventions and strategies to prepare
players for career transition may help to mitigate the risk of the occurrence of mental health
symptoms and disorders in retirement. The association between the pain disability index and
depression indicators suggests that interdisciplinary medical care and support for rugbhy
players should be incorporated into the overall management of the transitioning player.
Timely mental health diagnoses and management strategies, which are specific to this rugby

population, are required.

In Study 1V, the retired rugby players showed no reduction in performance on the CANTAB
tests of neurocognitive functioning compared to retired rowers. Cluster-based analysis
revealed no association between concussion history estimates and performance on CANTAB
tests. Relative to rowers, rugby players performed significantly better in the domains and
subdomains of attention and psychomotor speed and working memory assessed by the
CANTAB, which revealed that the rugby players performed significantly better on tests of
reaction time, motor speed, processing speed and visuospatial memory. Rugby players also
performed significantly better than the general population on the same tasks based on
normative data. Findings in the CANTAB tests of neurocognitive functioning revealed no

overt negative impact of a concussion or years of exposure to rugby on performance.

The fifth and final study of this thesis was conceptualised in response to the findings of the
systematic reviews and the need for subtle tests in relation to concussion markers. The
insights gained were integrated into completing, for the first time, a novel assessment of
multisensory integration among retired professional rugby players using a robust audio-
visual illusion paradigm - the ‘Sound Induced Flash Illusion Task’. This task provided a
means of assessing multisensory-integration, which may correlate with underlying
concussive pathology and functional and structural cerebral disturbances. Compromised
audio—visual integration or increased susceptibility to the sound induced flash illusion was
found among former rugby players compared to the rowers. Concussion history estimates

significantly predicted the odds of an accurate response suggesting that history of concussion
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may have a deleterious effect on multisensory integration efficiency. Visual illusions induced
by sound may represent a valuable tool to explore the effects of concussion on aging rugby
players. However, associations between susceptibility to the sound induced flash illusion and
implications of repetitive sports related concussion need to be further investigated using

large-scale comparisons.

The current thesis employed comparisons across multiple measures and empirically validated
measures of brain health and provides an insight into cognitive-perceptual measures and their
applicability to future exploration of cognitive health and multisensory processing within
retired professional rugby player cohorts. Healthy brain aging is known to be influenced by
multiple factors both inert and environmental. The overall benefits of physical activity
associated with sports participation are well established. However, in order to gain continued
and optimal brain health benefits from exercise, it should be continued throughout the
lifespan. Negative health-related factors and behaviours in retirement identified among rugby
players in the current study, including; excessive alcohol usage, physical inactivity, sleep
disturbance and pain and disability are known to adversely affect mental and cognitive health

and increase the risk of neurodegeneration.

Rugby players are a unique cohort of individuals. The results from the current study suggest
that transition from professional rugby may present difficulties for players, particularly due
to issues surrounding identity, pain and satisfaction with post professional rugby life. The
transitional implications of retiring from professional rugby on brain health need to be
explored further. A transitioning program from professional rugby for example could help
protect players from the potential adverse consequences of abrupt physical, social and
lifestyle changes associated with retirement. A proactive approach to management and
education with regard to long-term physical health, particularly musculoskeletal morbidity,
within professional rugby is required. Issues such as pain and disability associated with the
physicality of professional rugby need to be addressed. The game of rugby is becoming more
physical and players are required to have a larger body mass. Therefore, body composition
changes which occur in retirement should be viewed in the context of known cardiovascular
risk profiles among the general population. The current cross-sectional exploratory research
provides information regarding cognitive performance of retired elite rugby players in the
early stages of retirement from competition across multiple neurocognitive and perceptual
domains. However, long-term follow-up would be required to delineate any negative impacts
of concussion in this cohort as they age. Cognitive reserve and resilience owing to the young

age of players may have influenced the current results.
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Chapter 1 Introduction

1.1 Concussion

Concussion is becoming an increasingly significant public health concern, with estimated
annual rates of 1 per 200 in individuals 12 years or older (Gordon and Kuhle, 2018). Despite
the myriad of benefits attributed to sports participation (Eime et al., 2013, Andersen et al.,
2018), engagement in contact or collision sports with high incidences of concussion may put
certain athletes at risk of long-term sequelae. Research in the area of sports-related
concussion is rapidly evolving. Despite this upsurge in concussion research, consensus
statements and media coverage, there remains a lack of synthetisation of concussion
literature, standardisation of medical care and many unanswered questions. This is largely
due to lack of consensus on the definition of concussion, reliance on athletes to self-report
their symptoms, varying study designs and surveillance systems and differing assessments
and protocols used in diagnosis and management (Daneshvar et al., 2011, McCrea et al.,
2004). The clinical presentation and symptomatology are often non-specific and may mimic
other conditions which can frustrate accurate diagnosis and management further. A
multidimensional approach to diagnosis and management is required given that concussion

is a multi-dimensional injury.

1.2 What is a Concussion?

The ambiguity and controversy surrounding concussion is reflected in the absence of a
universal agreement on the definition of concussion. The Centre for Disease Control and
Prevention (CDC) and the World Health Organization (WHO) use the term mild traumatic
brain injury (mTBI) interchangeably with concussion. The most up to date international
consensus guidelines on sports-related concussion (SRC) define concussion ‘as a complex

pathophysiological process affecting the brain, induced by traumatic biomechanical forces’
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(McCrory et al., 2017). However, uncertainty persists around whether concussion is due to
transient and reversible physiological changes, or whether it lies on the traumatic brain injury
(TBI) spectrum associated with less structural changes than moderate TBI (McCrory et al.,
2017). For the most part, it is regarded as self-limiting and at the less severe end of the brain
injury spectrum (Harmon et al., 2019). While the majority of concussed individuals make a
relatively quick recovery and return to baseline, some will suffer from persistent affective,
somatic, physical or cognitive symptoms (Hiploylee et al., 2017, Rao et al., 2017). It is well
established that no two concussions are the same (Oddo et al., 2019), therefore the same
injury trajectory or outcome cannot be presumed. In addition to concussion itself, cumulative
head impact exposure (i.e. impacts that are below the concussion threshold) may also result
in neurological changes (Johnson et al., 2014). The cumulative effects of repetitive impacts
have been demonstrated in mouse models, where repeated hits cause greater functional
impairments than a single TBI and may potentially lead to more prolonged structural damage
and increased risk of long-term neurodegeneration (Longhi et al., 2005, Prins et al., 2013b,
Giza and Kutcher, 2014). The clinical signs and symptoms of concussion or the presence of
persistent symptoms following concussion should not be explicable by drug, alcohol,
medication use, other injuries (such as; cervical injuries or peripheral vestibular dysfunction)

or other comorbidities (psychological or medical conditions) (McCrory et al., 2017).

1.3 Evolving Concepts of Concussion

Concussion is recognized as a unique clinical entity (Mullally, 2017). The earliest accounts
of concussion derive from ancient literature. The term concussion was first coined
approximately 2,400 years ago by Hippocrates and derives from the Latin ‘concussus’,
meaning to ‘shake violently’ (Cantu, 2001). An early illustration of a concussed state is
described in Homer's Iliad as a “weakness of the knees and clouded vision”, which rapidly
subsides allowing return to battle (Wrightson, 2000). By the 13" century AD concussion was

a distinct entity described as an abnormal physiologic state as opposed to a brain injury
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(McCrory and Berkovic, 2002). During the 20" century concussive injury in boxers was
recognised as a cause for concern (Critchley, 1957). Terms such as ‘dementia pugilistica,
traumatic encephalopathy and punch-drunk syndrome’ refer to chronic brain damage and
resultant neurological syndromes which have been described in case descriptions of boxers,
dating back to the 1920’s (Martland, 1928, Parker, 1934). Despite this research, the accepted
aim of the sport remains inflicting injury on the opponent, therefore boxing remains a high-

risk sport for neurological injury (McCrory, 2001).

Interest in concussion was reignited in contact sports at the turn of the 21% century. Concerns
were largely fuelled by autopsy investigations of former professional American National
Football League (NFL) players and post-mortem Chronic Traumatic Encephalopathy (CTE)
findings. Chronic Traumatic Encephalopathy is a neurodegenerative disease thought to be
associated with head trauma (Tharmaratnam et al., 2018). However, the incidence and exact
cause remains unknown and the neuropathological and clinical findings related to CTE
overlap with aging and many common neurodegenerative diseases (Maroon et al., 2015).
Since this, concussion has become one of the most focal and contentious topics in the area of
sports medicine. Further, in parallel to post-mortem CTE findings in NFL players, TBI
became the signature injury of the wars in Iraq and Afghanistan, which prompted large scale
investments from the United States (US) Department of Defence (DoD) towards researching
this injury. While previously regarded as an innocuous transient short-lived impairment of
neurologic function (McCrory et al., 2009), recent decades of research have sparked
reconsideration of this assumption. The modern conception of concussion is a state of

cerebral dysfunction, largely without overt signs of injury.

1.4 Epidemiology of Concussion

Gaining reliable incidence figures for SRC is a challenge. Variations in terminology (e.g.

TBI, mTBI, concussion), methodological inconsistencies, varying reporting formats such as
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injuries per exposure or per hours and under-reporting of symptoms by athletes remain
obstacles in understanding the epidemiology of SRC. Traumatic Brain Injury is a major cause
of mortality and disability worldwide, generating an estimated one million presentations to
the emergency units per year in the European Union (EU) (Popescu et al., 2015). The most
common TBI is an mTBI or concussion (Phillips and Woessner, 2015). According to the
CDC, an estimated 1.6 to 3.8 million concussions occur in the US annually in sports and
recreational activities alone and account for 5-9% of all sports-related injuries (Faul et al.,
2010, Langlois et al., 2006, Tommasone and Valovich McLeod, 2006, Koh et al., 2003).
These figures are likely underestimated since concussions continue to be underreported and
underdiagnosed. The rate of SRC is increasing (Daneshvar et al., 2011), likely due to
increased awareness, improvement in the detection of concussion and potentially heightened
injury risk associated with contact sports due to increased strength and size of athletes
(Kamins and Giza, 2016). Concussion can occur in many sports with the highest incidence
reported in rugby, ice hockey and American football (Koh et al., 2003, Pfister et al., 2016).
It has been hypothesised that the overall incidence of concussion in sport ranges from 0.1 to
21.5 per 1000 athletic exposures (Clay et al., 2013). It is estimated that between 2-15% of
athletes participating in organised sports will suffer a concussion during one season (Harmon
etal., 2019) [Table 1-1]. Further, concussions purportedly account for approximately 4-10%
of all injuries sustained in The National Collegiate Athletic Association (NCAA) competition

(Hootman et al., 2007).

The NCAA Injury Surveillance System (ISS) reported 4.2 concussion injuries per 1000
athletic exposures, with football game injury rates at 2.2 injuries per game for a team of 50
athletes (Guskiewicz et al., 2003). A concussion incidence rate of 0.24 per 1000 hours was
found across a variety of high school sports (Lincoln et al., 2011). The authors found that
American football accounted for more than half of all concussions, with the highest incidence
rate of 0.60 per 1000 hours. Girls' soccer had the most concussions among girls' sports at a

rate of 0.35 per 1000 hours. Giza et al. (2013) reported on concussion incidence in high
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school and collegiate athletes and found that the highest incidence occurred in male college
football with a rate 3.02 per 1000 hours. A more recent study by Baldwin et al. (2018) found
concussion risk was greatest for boys in contact/collision sports like football, ice hockey, and
lacrosse, and was more likely to occur in competition versus practice settings. The authors
also demonstrated that girls had elevated concussion rates in gender-comparable sports. It
has been largely accepted in the literature that sex and gender are important factors in
concussion risk and recovery (Mollayeva et al., 2018). The evidence suggests that in sex-
comparable sports, females have a 1.4 greater incidence of reported concussion than males

(Covassin et al., 2016).

Table 1-1 Seasonal Risk of Concussion in Sports-adapted from Harmon et al. (2019).

Reference  Types of sports Seasons  Athletes  Concussed Concussed
(Years) (n) (n) athletes (n)  per athlete/
Season (%)

Football
Barrand  High school and 2 1313 50 1.9
McCrea college football
(2001) (1997-1999)
McCrea High school and 2 1325 63 24
(2001) college football
(1998-1999)
McCreaet Highschool and 3 2385 91 38

al. (2002) college football
(1999-2001)

McCreaet College football 2 - 94 3.9
al. (2005) (1999-2001)

Barretal. High school and 2 823 59 72
(2012) college football
(2008-2009)

Seidman et High school 1 343 9 2.6

al. (2015) football
(2013)

Dompier et  Football 2 20°479 1178 5.8
al. (2015)  (2012-2013)

Youth football 2 4092 136 3.3
(2012-2013)

High school 2 11°957 767 6.4
football
(2012-2013)

College football 2 4430 275 6.7
(2012-2013)

College football 4 9718 518 5.3
(2011-2014)
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Houck et College foothall 9 945* 118 125
al. (2016)  (2006-2015)
Bretzin et High school 1 39520 1530 3.9
al. (2018) football
(2015-2016)
Total football 67133 3192 4.8
All sports
Galettaet  Football, sprint 1 219 10 4.6
al. (2011) football, men’s and
women’s soccer
and basketball
(2010-2011)
Marinides College athletes 1 217 30 13.8
et al. (2011-2012)
(2015)
Galetta et Ice hockey/ lacrosse 1 332 12 3.6
al. (2015) youth and college
Leong et Football, men’sand 1 127 11 8.7
al. (2015) women’s basketball
(2012-2013)
Putukian College athletes 1 263 32 12.2
et al. (2011-2012)
(2015)
Chinetal. Highschool and 3 2018 166 2.7
(2016) college athletes
(2012-2014)
Kerretal. NCAA athletes 4 32156 1410 4.4
(2016b) (2011-2014)
Men’s baseball 4 1757 13 0.7
(2011-2014)
Men’s basketball 4 1889 74 3.9
(2011-2014)
College football 4 9718 518 5.3
(2011-2014)
Men’s ice hockey 4 3689 253 6.9
(2011-2014)
Men’s lacrosse 4 1768 44 25
2011-2014
Men’s soccer 4 1810 29 1.6
2011-2014
Men’s wrestling 4 821 65 7.9
(2011-2014)
Women’s basketball 4 1690 90 5.3
2011-2014)
Women'’s ice 4 1301 94 7.2
hockey
2011-2014
Women'’s lacrosse 4 1522 49 3.2
2011-2014
Women’s softball 4 1569 38 2.4
(2011-2014)
Women’s soccer 4 2831 93 3.3

2011-2014
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Women’s 4 1791 50 2.8

volleyball

(2011-2014)
Dhawan et  Youth hockey 1 141 20 14.2
al. (2017)
Tsushima  Athletesgrades8— 1 10334 1250 12.1
etal. 12
(2018) (2013-2014)
Bretzinet  High school 1 193 757 3352 1.7

al. (2018) athletes in 15 sports
(2015-2016)

Total 239564 6293 2.6

*Total number of athletes estimated using 105 athletes per year on football roster.
NCAA: National Collegiate Athletic Association.

1.5 Pathophysiology of Concussion

An mTBI occurs when a mechanical force is transmitted to the head, neck, or other body part
resulting in a complex pathophysiological process, referred to as the neurometabolic cascade
of mTBI [Figure 1-1] (Giza and Hovda, 2001). The two main types of injury to the brain
associated with TBI are focal and diffuse (McKee and Daneshvar, 2015). Diffuse injury and
specifically diffuse axonal injury (DAI) is believed to be the main pathology underlying
concussion (Giza and Hovda, 2014). The mechanical forces involved in a concussive impact
result in linear and rotational acceleration/deceleration of the brain within the skull (Meaney
and Smith, 2011). This causes strain and shearing of the brain tissue (Giza and Hovda, 2014).
Such forces lead to a cascade of events within the brain that includes chemical changes,
neuronal depolarization, metabolic derangements at the cellular level, and decreased blood
flow (Choe, 2016, McKee and Daneshvar, 2015). Concussions are often referred to as an
invisible injury, due to the absence of structural abnormalities on conventional neuroimaging

modalities (Shenton et al., 2012).

Traumatic Brain Injuries are classified into two events; primary (the initial damage) and
secondary (the damage that evolves as a result of the brain’s response to the insult), which

result in a set of well described acute and subacute pathophysiological changes within the
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brain (Romeu-Mejia et al., 2019). The extent of damage varies across the
spectrum of injury severity. Primary damage from a sudden impact may include tearing of
brain tissue (axonal shearing) in mTBI. Secondary event encompasses the damage that
evolves later due to the brain’s biological responses following the primary injury (Prins et
al., 2013a). The damage and stretching of neuronal tissue that occurs in concussion may be
responsible for the clinical syndrome of concussion characterised by transient, yet sometimes
persistent, alteration in brain function (McCrory et al., 2017). There has been much scientific
endeavour to describe the post-concussive pathophysiology in order to explain the clinical
presentation and characteristics of concussion. The perturbations to neuronal membranes and
axonal stretching induces ionic channel dysfunction (Giza and Hovda, 2014). The mechanical
opening of the voltage gated channels induces uncontrollable ionic flux, comprising of
potassium efflux and sodium and calcium influx (Katayama et al., 1990, Takahashi et al.,
1981, Nilsson et al., 1990, Astrup et al., 1980). This results in indiscriminate release of the
neurotransmitter glutamate, which acts on the N-methyl-D-aspartate (NMDA) receptors
causing depolarization of the post-synaptic neuron and a calcium influx. An attempt at
restoration of homeostasis ensues, with adenosine triphosphate (ATP)-dependent pumps
acting to re-create ionic homeostasis at a maximum capacity. This induces a state of
‘hyperglycolysis’, associated with the relative decrease of intra-cellular energy stores, and
indicative of an energy crisis (Giza and Hovda, 2014). This results in metabolic instability,
mitochondrial dysfunction, impaired cerebral glucose metabolism, diminished cerebral blood
flow, cytoskeletal damage leading to axonal dysfunction and altered neurotransmission and
neuroinflammatory changes (Giza and Hovda, 2014). A state of impaired metabolism can
persist over the next 7-10 days due to altered glucose metabolism (Giza and Hovda, 2014),

coinciding with the standard symptom resolution time frame (McCrory et al., 2017).

Well documented physiological perturbations such as the initial ionic flux and glutamate
release, resulting in increased energy demands and metabolic crisis may now be linked to

classic clinical symptoms of concussion such as migraines, cognitive impairment and
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vulnerability to repeat concussion [Table 1-2] (Giza and Hovda, 2014). Scientific evidence
based on animal models and advances in neuroimaging techniques will allow for non-
invasive exploration of the pathophysiological underpinnings of post-concussion syndrome
(PCS) and further understanding of the potential mechanisms underlying long-term
impairment and neurodegeneration in humans. This has implications for return to play (RTP)
protocols as recent evidence suggests that the physiological perturbations may extend beyond
clinical recovery and may be responsible for long-term adverse consequences of concussion
(Di Battista et al., 2018). A window of vulnerability has been described as a period of
diminished brain capacity to sustain a second insult (Prins et al., 2013b). A single concussion
is associated with behavioural dysfunction and subcellular alterations that may contribute to
a transiently vulnerable state during which a second concussion within a short interval can
lead to exacerbated and more prolonged axonal damage and greater behavioural dysfunction
(Longhi et al., 2005). The window of risk is greater the shorter the interval between injuries.
This can then precipitate ‘Second Impact Syndrome” (SIS) (Cantu, 1998). SIS is described
as when “an athlete who has sustained an initial head injury, most often a concussion, sustains
a second before the symptoms associated with the first have resolved” (Cantu, 1998).
However, whether SIS exists as a distinct clinical entity remains controversial due to its rarity

(McCrory, 2001).

Table 1-2 Physiological Perturbations after Concussion and Proposed Clinical Correlates.
Source directly taken from Giza and Hovda (2014) The new neurometabolic cascade of

concussion. Neurosurgery, 75 Suppl 4, S24-S33.

Post-TBI pathophysiology  Acute symptom/clinical correlate

lonic flux Migraine headache, photophobia, phonophobia
Energy crisis Vulnerability to second injury
Axonal injury Impaired cognition, slowed processing, slowed

reaction time
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Impaired neurotransmission Impaired cognition, slowed processing, slowed
reaction time

Protease activation, altered Chronic atrophy, development of persistent
cytoskeletal proteins, cell death  impairments

Neurometabolic Cascade of mTBI

TS

Caz2+ neurotrans-
mission

Cell Death
y

Glutamate

Energy
Crisis
| Axonal injury |

K+

Figure 1-1 The New Neurometabolic Cascade of mTBI: Diagram of the acute cellular
biological processes occurring after concussion/mild TBI. Source directly taken from Giza
and Hovda (2014) The new neurometabolic cascade of concussion. Neurosurgery, 75 Suppl
4, S24-S33.

1.6 Risk Factors for Concussion

Identifying the characteristics that increase concussion risk is essential for prevention and
management. Various demographic and medical history factors are associated with increased
concussion risk. Predisposing factors for concussion are often stratified into high, moderate
and low risk [Table 1-3] (Abrahams et al., 2014). Certain factors (e.g. sex and previous
concussion) are consistently associated with increased concussion risk [Table 1-4] (McCrory

etal., 2017, Van Pelt et al., 2019). A history of concussion has been associated with a 2-5.8

36



times higher risk of sustaining another concussion and may result in more self-reported
symptoms at baseline than those without a history of concussion (Harmon et al., 2013a).
Recent data suggest that in sex-comparable sports, females have a greater incidence of
reported concussion than their male counterparts (Baldwin et al., 2018). In addition, female
athletes report a higher number and severity of symptoms as well as a longer duration of
recovery than male athletes in several studies (Harmon et al., 2013a). There are many
proposed explanations for this dichotomy, including; greater willingness to report symptoms
among females, hormonal differences, differential cerebral blood flow, neuroanatomy, neck
muscle strength and decreased head—neck segment mass contributing to greater angular
acceleration of the head after a concussive impact (Mollayeva et al., 2018, Covassin et al.,
2016). Certain sports, such as football have a greater risk of concussion. Position and style
of play also affect the risk of concussion (Dai et al., 2018) Studies on the association between
concussions and genetic polymorphisms such as apolipoprotein e4 (APOE e4) are limited by
small sample sizes and a lack of control groups (Panenka et al., 2017). However, presence of
the e4 allele of the APOE gene in athletes has been associated with greater reported
symptomatology post-concussion (Merritt and Arnett, 2016). Factors such as pre-existing
mood disorders, migraine headache, learning disabilities and attention deficit hyperactivity
disorder (ADHD) may be risk factors for concussion and may be associated with a prolonged
recovery (Harmon et al., 2013a). A recent study from the CARE consortium found that
medical history of headaches in the past 3 months, and Brief Symptom Inventory-18 (BSI-

18) somatization symptoms increased overall concussion risk (Van Pelt et al., 2019).
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Table 1-3 Risk Factors for Concussion- adapted from Abrahams et al. (2014).

High

Match vs practice, previous concussion

Low

Sex, age, genetics, behaviour, match period,

mechanisms of injury, playing position, playing

level, protective equipment, body checking,
environment, anthropometry, fitness, weather
season, performance, preseason symptoms,
exposure, injury location, disability

Table 1-4 Proposed Concussion Risk Factors — adapted from Finnoff et al. (2011).

Predisposed to
Concussion

Prognosticate Poor
Outcome

Increase Risk of
Catastrophic Injury

Female gender

Fatigue

Prior concussion

Genetic polymorphism

Female gender

Prior concussion

Pre-concussion anxiety or
depression

Pre-concussion learning
disorder
Pre-concussion migraines

Post traumatic amnesia

Younger athlete

(high school > college >
professional athletes)
Excessive post injury
exercise

Young age (<18 years old)

Recent history of
concussion

Still symptomatic from
concussion
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1.7 Acute effects of Concussion

1.7.1 Clinical Presentation of Concussion

Concussion results in a host of clinical symptoms that may or may not involve loss of
consciousness (McCrory et al., 2017). It is estimated that approximately 90% of concussions
in sport occur without loss of consciousness (McCrory et al., 2009). Given the non-specific
nature of acute signs and symptoms, detection can be difficult and hence concussions are
underdiagnosed (Gardner et al., 2014b). Symptoms of concussion can overlap with other
disorders such as sleep disturbances, depression and ADHD. Therefore, it is important to
determine whether these symptoms were present prior to the injury or if they are as a result
of a concussive episode (Harmon et al., 2013a). The signs and symptoms of an mTBI are
often heterogeneous in nature and may appear immediately after the injury or may evolve
after several minutes, hours or even days following the trauma (McCrory et al., 2013). The
acute signs and symptoms of concussion vary widely and have been well documented in the
literature (McCrea et al., 2003). Severity of concussion can range from mild to severe along
a clinical and pathological continuum depending upon the patient’s symptoms, which can be
mild such as a headache or brief change in mental state or very severe with periods of
unconsciousness, coma, or death. These symptoms generally fall into four distinct categories:

physical (somatic), sleep, cognitive, and emotional (Harmon et al., 2013a) [Table 1-5].

Headache has been cited as the most common presenting symptom, followed by fatigue and
dizziness (McCrory et al., 2013). Concussion can have large adverse effects on cognitive
functioning and balance in the first 24- hours following injury (McCrea et al., 2003), with
deficits still noticeable in postural control and neurocognitive functioning 14- days post-
concussion (Broglio and Puetz, 2008). For most injured athletes, cognitive deficits, balance
and symptoms improve rapidly during the first two weeks after injury without complication
(McCrory et al., 2017). Eighty to ninety percent of athletes have symptom resolution by 7-

days following their injury, and only a small percentage have symptoms lasting from weeks
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to months (McKeon et al., 2013). However, symptom resolution may not always indicate a

complete cognitive recovery as persistent deficits may be present (Makdissi et al., 2010). The

time for resolution of symptoms is expected to be longer for children and adolescents

(McCrory etal., 2017). Persistent symptoms are defined as failure of normal clinical recovery

and symptoms that persist beyond the expected timeframe (McCrory et al., 2017). Headaches

lasting longer than 60- hours, three or more symptoms at initial presentation, and the presence

of fatigue/tiredness/fogginess have been associated with a longer recovery (Dhawan et al.,

2017).

Table 1-5 List of Common Symptoms of mild Traumatic Brain Injury-as organized by

category-adapted from Harmon et al. (2013a).

Physical/Somatic = Affective Cognitive Sleep
Dysregulation
Headache Mood disruption Confusion Drowsiness
Nausea Irritability Difficulty Fatigue
concentrating
Vomiting Emotional lability Memory deficits Hypersomnia

Balance problems
Dizziness
Decreased playing
ability

Visual disturbances

Photophobia
Phonophobia
Loss of balance

Poor coordination

Numbness/Tingling
Dazed

Stunned

Sadness/Depression
Anxiety

Inappropriate affect
Emotional outbursts

Spontaneous crying
Panic

Feeling mentally
‘foggy’

Feeling slowed
down

Slow reaction times

Cognitive fatigue

Memory deficits
Loss of focus
Difficulty
multitasking or
completing mental
tasks

Forgetful of recent
information and
conversations

Repeating questions
Answering
questions slowly
Confused about
recent events

Hyposomnia

Difficulty falling
asleep
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1.8 Diagnosis of Concussion

The diagnosis of concussion is clinical, involving careful synthetisation of history, signs and
symptoms, physical exam and a battery of tests carried out by a skilled medical professional.
It is important to monitor an athlete who has sustained an identified traumatic blow to the
head, as symptoms may be delayed in onset as the concussion evolves. Therefore, the
concussion may be unrecognised initially. The variety of assessment tools for SRC makes
standardisation of concussion assessment challenging (Ma et al., 2012). Consequently, there
may be an increased risk for long-term neurological deficits if athletes return to play
prematurely due to an undetected mTBI. There are several common features that are used
clinically to define the nature of a head injury. Universally, emphasis is placed on four
primary diagnostic criteria’s for TBI: level of consciousness, post-traumatic amnesia, mental
status, and neurological signs (Bodin, 2012). If a sports concussion is suspected, the athlete
should be immediately removed from play and a head injury assessment (HIA) ensued. First
aid issues should be attended to swiftly including standard medical procedures involving
assessment for adequate circulation, an open airway and no cervical spine involvement
(McCrory etal., 2017). If there are significant concerns, including presence of red flags which
may be indicative of a moderate or severe TBI [Table 1-6], urgent activation of emergency

procedures is necessary.

Since an mTBI primarily reflects a transient disturbance in brain functioning, it is not
typically associated with structural injuries. Hence, conventional neuroimaging techniques
are not routinely recommended (McCrory et al., 2017, Bigler, 2018). However, imaging is
important to detect significant pathologies such as intracranial haemorrhage, haematomas,
contusions, fractures or other acute neurosurgical emergencies if suspected, or in cases of
prolonged symptoms (Harmon et al., 2019). In the absence of red flags, the health
professional proceeds with a multimodal approach to diagnose an mTBI; including, signs and

symptoms, neurological examination, patient history, and clinical assessment scales [Figure
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1-2]. A multitude of assessment tools are available to evaluate a suspected concussion and
should be conducted in a standardised fashion. Sideline assessments such as the Sport
Concussion Assessment Tool 5th Edition (SCAT-5), the King-Devick (K-D) test, the HIA
and the Standardised Assessment of Concussion (SAC) are commonly used. Balance and
neuropsychological assessments are a routine part of clinic assessment and monitoring of
concussion, common tests used include the Balance Error Scoring System (BESS) and the
Immediate Post-concussion Assessment and Cognitive Testing (IMPACT) (Dessy et al.,

2017, Guskiewicz et al., 2001).

The emergence of advanced neuroimaging techniques such as multimodal magnetic
resonance imaging (MRI) technologies including diffusion tensor imaging (DTI), functional
MRI (fMRI) and magnetic resonance spectroscopy (MRS) offer the opportunity to advance
research into the neurophysiological effects of concussion (McCrea et al., 2017). Exploration
of the role of fluid biomarkers such as blood, saliva and cerebrospinal fluid (CSF) as markers
of injury and neurobiological recovery is being conducted. Meier et al. (2017) proposed that
two biomarkers; ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) and S100 calcium-
binding protein, beta (S100B), offer clinical potential for blood-based biomarkers in the acute
detection of concussion. A blood test of two blood biomarkers; glial fibrillary acidic protein
(GFAP) and UCH-L1 has recently been Federal Drug Administration (FDA) approved as an
indicator for evidence of brain bleeds and hence brain trauma (Bazarian et al., 2018).
However, the clinical utility of such makers for concussion is yet to be demonstrated

(Harmon et al., 2019).
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Table 1-6 Red Flags-SCAT-5- adapted from Echemendia et al. (2017).

Neck pain or tenderness Loss of consciousness

Double vision Deteriorating conscious state

Weakness or tingling/burning in arms or Vomiting
legs
Severe or increasing headache Increasingly restless, agitated or combative

Seizure or convulsion
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Figure 1-2 Multidimensional Model of Concussion Assessment. Source taken from
Echemendia et al. (2013) Advances in neuropsychological assessment of sport-related

concussion. British Journal of Sports Medicine, 47, 294.
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1.9 Predicting Recovery from Concussion

Pre- and post-injury factors should be considered when predicting recovery from concussion
[Figure 1-3] (Polinder et al., 2018). lverson et al. (2017) reported the most consistent post-
injury predictor of worse clinical outcome from concussion is the severity of the individual’s
acute and subacute symptoms, while a low level of acute symptoms is a favourable prognostic
indicator. Subacute presence of symptoms including headache and depression may be risk
factors for persistent symptoms lasting more than 1- month (lverson et al., 2017). The
evidence regarding specific injury severity characteristics such as loss of consciousness,
retrograde amnesia, or post-traumatic amnesia, as predictors of recovery is inconsistent
(lverson et al., 2017). There is also inconsistent evidence regarding pre-injury factors such
as history of learning difficulties or neurodevelopmental factors such as ADHD and
concussion recovery (lverson et al., 2017, Harmon et al., 2013a). Factors which strongly
predict worse clinical recovery from concussion include previous concussion, younger age,
female sex, genetic predisposition, pre-existing mental health or migraine disorder, and
certain playing positions (Iverson et al., 2017). Youth athletes may have a more prolonged
recovery and may be more susceptible to concussions accompanied by a catastrophic injury
[Table 1-4]. This is hypothesised to be related to the physiological differences between
younger and older brains (McCrory et al., 2004). The developing brain differs physiologically
from the adult brain when comparing the brain water content, degree of myelination, blood
volume, blood-brain barrier, cerebral metabolic rate of glucose, blood flow, number of
synapses and geometry and elasticity of the skull's sutures (Guskiewicz and Valovich
McLeod, 2011). Teenage years has been reported as the most vulnerable time period for

having persistent symptoms, with greater risk for girls than boys (Iverson et al., 2017).

44



Post injury factors

» social/family network, parent

» perceived burden/stress

« maladaptive beliefs

* coping

« early neuropsychological

performance
4

Outcome
« physical, emotional,
& cognitive health
« functional outcome
* health-related quality of life
* health care utilization
* return-to-school, -work, -play

Preinjury factors
« previous TBIs
« physical, mental,
& social factors
* sex

Injury characteristics
* concussion

« complicated vs. uncomplicated
« diffuse axonal injuries

« PTSD traumatic experience

pc symptoms
* somatic

« emotional/behavioral
* cognitive

Overlapping symptoms
(PTSD, depression, anxiety)

« dissociation

« disturbed sleep

* amnesia

« irritability

« concentration problems

Figure 1-3 A model for the study of Post-concussion Symptoms after mTBI. Source directly
taken from Polinder et al. (2018) A Multidimensional Approach to Post-concussion

Symptoms in Mild Traumatic Brain Injury. Frontiers in neurology, 9, 1113-1113.

1.10 Risks Related to Concussion

There is increasing concerns surrounding the short- and long-term risks of concussion
(McAllister and McCrea, 2017, Carman et al., 2015). A history of serious head injury i.e.
moderate and severe TBI has been identified for many years as a risk factor for the
development of neurodegenerative disease (Graham and Sharp, 2019). However, the long-
term consequences of concussion, remain poorly understood. While the term ‘mild’ might
appears to mitigate the seriousness of concussion, given the known catastrophic and often
fatal outcome of moderate and severe TBI’s (McKee and Daneshvar, 2015), along with the
relationship between TBI and dementia (Mendez, 2017), there is grounds for further
exploration into the fate of athletes who suffer a single or multiple concussive insults

throughout the course of a sporting career. The evidence regarding potential risks of long-
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term neurodegenerative changes associated with exposure to repetitive concussions is

evolving (Mouzon et al., 2017).

1.10.1 Short-term Risks of Concussion

As noted previously, athletes who return to sports prior to a full recovery are at increased risk
of repeat concussions (McCrea et al., 2009). Continuing to play immediately following a
concussion is a risk for increased symptom burden, worsening of the injury and prolonged
recovery (Asken et al., 2018, Asken et al., 2016a, Elbin et al., 2016a, Howell et al., 2018).
Further, continued exposure after concussion may lead to dire consequences. Second Impact
Syndrome is considered by some to be a potentially life-threatening complication of
concussion (Harmon et al., 2019). However, this syndrome remains controversial due to its
rarity. It is not yet fully understood and appears primarily limited to paediatric and adolescent

athletes (Stovitz et al., 2017).

1.10.2 Long-term Risks of Concussion

Concussion has been thrust under the spotlight by increased media coverage surrounding
long-term sequelae of head impacts in elite athletes. The literature on sports concussion has
been largely dedicated to the advancement of RTP criteria in the immediate post-concussion
phase (Giza et al., 2013). Given that a concussion is generally considered to be a non-critical,
self-limiting condition and a full restoration of functioning generally occurs, the focus has
only recently been reverted to the potential long-term repercussions of sports concussion.
Short and intermediate term effects have been documented (Broglio and Puetz, 2008,
Belanger et al., 2010, Karr et al., 2014). Epidemiology studies have described TBI as a robust
environmental risk factor for the occurrence/early expression of neurodegenerative diseases
in the general population (Graves et al., 1990, Guo et al., 2000, Lye and Shores, 2000,

Plassman et al., 2000, Fleminger et al., 2003). Epidemiological research indicate that
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experiencing a moderate or severe TBI in early or midlife is associated with between 2- and

4-fold increased risk of dementia in late life (Shively et al., 2012).

A growing body of literature suggests potential for long-term adverse brain health in certain
athletes following a career in contact sports and exposure to head impacts including increase
risk of neurodegenerative diseases such as; CTE, Alzheimer’s dementia, Parkinson’s disease,
cognitive impairment and affective disorders such as; depression, decreased mental speed or
memory dysfunction (Manley et al., 2017a, Abrahams et al., 2014). Additionally, there is
evidence of later life cognitive deficits, neuroimaging abnormalities and altered brain
metabolism in former contact sport athletes disproportionate to their age (Manley et al.,
2017a, Mez et al., 2017, Stein et al., 2015). Further, studies suggest that multiple concussions
may lead to long term sequelae such as depression and cognitive impairment (Manley et al.,
2017a, McAllister and McCrea, 2017). However, many of these studies are limited by
methodological bias and a retrospective nature. Uncertainty and inconsistency persist in the
literature surrounding long-term neurobehavioral and neuropsychological consequences of
recurrent concussions/head impact exposure (McCrory et al., 2017). The literature pertaining
to the chronic effects of multiple concussions on brain health and neurocognitive functioning

in relation to brain matter integrity and pathology in retired athletes is evolving.

1.10.2.1 Post-Concussion Syndrome

Optimal management of the concussed athlete includes identification of those at risk of
developing PCS (McAllister and Arciniegas, 2002). Post-concussion syndrome is a complex
pathophysiologic process which refers to a collection of somatic, cognitive, emotional, and/or
behavioural problems, which persist beyond the expected concussion recovery time (Barlow,
2016). The symptoms of PCS are similar to common symptoms of concussion, however,
rather than improving overtime, they persist or worsen (Kamins and Giza, 2016). There is

evidence to suggest that 10-25% of mTBI patients may experience PCS, which can develop
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into chronic PCS (Hiploylee et al., 2017, Ruff, 2011, Caplain et al., 2017, Cassidy et al.,
2014). Post-concussion syndrome can be diagnosed according to the International
Classification of Diseases (ICD)-10 or the Diagnostic and Statistical Manual of Mental
Disorders (DSM)-5 criteria [Table 1-7] (Polinder et al., 2018). The DSM-5 defines PCS as
concussive symptom persistence for more than 3- months, while the ICD-10 does not. DSM-
5 also requires objective evidence of memory or attention deficit, but ICD-10 explicitly
precludes such evidence. The biopsychosocial model is often applied to explain the onset and

persistence of PCS (Silverberg and lverson, 2011).

Table 1-7 Comparison of three definitions of Post-Concussion Symptoms. Source directly
taken from Polinder et al. (2018) A Multidimensional Approach to Post-concussion

Symptoms in Mild Traumatic Brain Injury. Frontiers in neurology, 9, 1113-1113.

ICD-10 DSM-IV DSM-5

Headache
Dizziness

Fatigue

Noise intolerance

Irritability/lability/anxiety/
depression

Sleep problems
Concentration problems
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Memory deficit

Intolerance of alcohol
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Preoccupation with
symptoms

Personality change
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Perceptual-motor - - JE
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Social cognition - - JB

Table shows symptoms presented in the International Classification of Diseases (ICD)-10
definition of PCS (diagnosis code F07.02), the Diagnostic and Statistical Manual of Mental
Disorders (DSM)-IV definition of postconcussional disorder and the DSM-V definition of
neurocognitive disorder.

ASubjective report.

BObjective test.
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1.10.2.2 Chronic Traumatic Encephalopathy

Chronic Traumatic Encephalopathy is a degenerative brain disease associated with repetitive
head trauma most commonly found in military veterans or professional athletes (Stein et al.,
2014). Chronic Traumatic Encephalopathy and other neurodegenerative diseases have been
described in former athletes with a history of concussion or repetitive head impact exposure
such as American football players and boxers (Corsellis et al., 1973, Tharmaratnam et al.,
2018). There are pathological case-studies which suggest increased risk of developing
neurodegenerative diseases such as CTE in athletes following a career in contact sports and
exposure to head impacts (Martland, 1928, Omalu et al., 2005, McKee et al., 2009, Omalu et
al., 2006, Gardner et al., 2014a). Chronic Traumatic Encephalopathy is considered a distinct
tauopathy, typically accompanied by behavioural changes (McKee et al., 2013). Currently,
CTE can only be confirmed post-mortem. It is also unknown if CTE is a progressive disease,
and whether tau protein deposition is the cause of CTE, a by-product or marker of a disease
(Stein et al., 2014). Incidence and prevalence of CTE in the general population and in former
athletes with and without repetitive head impact exposure is unknown due to the
neuropathological diagnosis (Gardner and Yaffe, 2015). CTE has a unique neuropathological
signature comprised of accumulation of phosphorylated tau (p-tau) in sulci and peri-vascular

regions, microgliosis, and astrocytosis (Fesharaki-Zadeh, 2019).

A cause-and-effect relationship has not yet been established between CTE and SRCs or
exposure to contact sports and hence remains controversial (McCrory et al., 2017). As such,
the suggestion that repeated concussion or sub-concussive impacts cause CTE remains
unknown. Further, a cause and effect relationship between post-mortem CTE changes and
antemortem behavioural and cognitive manifestations has not been demonstrated, and
asymptomatic players have had confirmed CTE pathology at autopsy (Iverson et al., 2018,
McKee et al., 2013). Ideally, well-designed case—control or cohort studies can begin to

answer these important questions. The most widely cited risk factor to date is exposure to

49



multiple concussions/repetitive head impacts, however the required exposure is likely
specific to the individual (Asken et al., 2017). There are also suggested factors that may
influence the expression of CTE-associated symptoms such as duration of career, underlying
genetic factors, or other lifestyle behaviours including alcohol, drug and anabolic steroid use,
general health and psychiatric disease (Harmon et al., 2019). More research on CTE is needed
to better understand the incidence and prevalence, the extent to which the neuropathological
findings cause specific clinical symptoms, the extent to which the neuropathology is
progressive, the clinical diagnostic criteria, and other risks or protective factors (Manley et
al., 2017a). Particularly given that the neuropathological and clinical findings related to CTE

overlap with aging and many common neurodegenerative diseases (Maroon et al., 2015).

1.10.2.3 Mental Health

There is evidence of associations between concussion and long-term mental illness such as
depression (Kerr et al., 2014b, Guskiewicz et al., 2007). However, such studies are limited
by poor methodological quality and recall bias. There is a growing body of research
surrounding mechanisms behind increased risk of mental health problems following mTBI
(Rice et al., 2018). Inflammatory pathways may contribute to the development of depression
in some individuals (Miller and Raison, 2016). Therefore, long-term issues may arise due to
chronic inflammation (Coughlin et al., 2017). However, mental health issues are common in
the general population, independent of contact sports participation or head impact exposure.
Lifetime prevalence of depression ranges from 20% to 25% in women and 7% to 12% in men
(Guilbert, 2003, Wang et al., 2017). Given the multifactorial nature of mental health issues,
longitudinal research on athletes with and without concussion exposure which addresses
multiple variables is needed to understand the long-term risks associated with sport

participation (Harmon et al., 2019).
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1.10.2.4 Repetitive Head Impacts

Sub-concussive impacts have been defined as transfer of mechanical energy to the brain
causing presumed axonal or neuronal injury in the absence of clinical signs or symptoms
(Manley et al., 2017a). They are being increasingly investigated as an entity, which may
result in increased long-term neurological sequelae (Lehman et al., 2016, Rubin et al., 2019)
such as CTE (Belanger et al., 2016). However, the phenomenon of sub-concussion is poorly
understood in terms of definition, characterization and prognosis (Mainwaring et al., 2018).
Further, it is difficult to determine if an injury has occurred and the thresholds, which quantify
an impact and identify an injury have not been agreed upon (Harmon et al., 2019). Therefore,
the hypothesis that sub-concussive impacts may result in long-term neurological injury

requires more research before conclusions can be drawn (Manley et al., 2017a).

1.11 The Athlete Brain

1.11.1 Exercise and the Brain

Regular physical activity results in a wide range of health benefits. Physical inactivity is a
modifiable risk factor for cardiovascular disease and a widening variety of other chronic
diseases (Warburton et al., 2006). Therefore, participation in sports has positive effects on
health. Physical activity is a known modifier of brain activity, which influences cognitive
functioning and brain health of athletes and those who perform high levels of exercise
throughout the lifespan (Horder et al., 2018, Livingston et al., 2017). Significant anatomical
and functional brain changes are brought about by acute and chronic exercise (Basso and
Suzuki, 2017, Mandolesi et al., 2018). Aerobic exercise has effects on neurophysiology,
neurochemistry and cortical excitability (Basso and Suzuki, 2017). The athlete brain may
differ to that of a non-athletic control individual in cognitive faculties such as motor, spatial,

reaction, perceptual and decision-making abilities due to kinematic patterns, goal orientated
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precision, highly complex sporting skills requiring years of practice to gain precision
(Yarrow et al., 2009). The further development of skills through training may correlate with
structural changes in sensory and motor cortices and neural pathways (Yarrow et al., 2009,

Ludyga et al., 2016, Makris, 2014).

1.11.2 Brain Health in Retired Professional Athletes

In spite of the potential benefits attributed to sports participation, as previously stated certain
sports expose athletes to a risk of repetitive brain trauma (RBT). Repetitive brain trauma can
occur in the form of concussive and/or sub-concussive impacts. Athletes who are involved
in contact or collision sports are at the greatest risk of suffering a concussion, which may
influence long-term brain physiology, function and structure in certain individuals. Contact
sports such as American and Australian football, rugby, soccer, boxing, wrestling, basketball,
field hockey and lacrosse are all associated with a relatively high prevalence of concussion
(Kohetal., 2003, Baldwin et al., 2018, Giza et al., 2013). There has been significant academic
and media focus on the issue of brain health in former professional athletes during the past
decade. Recent research has raised controversy and concerns surrounding contact sports with
high exposure to head contact (both concussive and sub-concussive impacts). Despite
potential long-term neurological consequences of repetitive concussive injuries in contact
sport athletes, few studies have investigated the status of living retired professional players

at the levels of both brain structure and cognitive functioning.

Tremblay et al. (2013) reported that episodic memory and verbal fluency decline was
correlated with neuroimaging findings such as abnormal enlargement of the lateral ventricles,
cortical thinning in regions vulnerable to the aging process and various neurometabolic
anomalies in former athletes with prior concussions. While Strain et al. (2015) reported prior
concussion is a risk factor for increased hippocampal atrophy and the development of mild

cognitive impairment among former NFL players. There is evidence of associations between

52



heading and abnormal brain structure and cognitive impairment among former soccer players
(Rodrigues et al., 2016). Despite challenges, emerging imaging modalities represent new and
evolving methods of investigating and characterising structural and functional brain
alterations that may underpin neurocognitive deficits in retired athletes (Shenton et al., 2012,
Eierud et al., 2014). The combined effect of exercise and mTBI on the cerebral cortex grey
matter, white and subcortical structures requires further research, given that sport
concussions take place in a context where structural/functional plasticity has occurred prior
to (and likely after) the concussive event due to exercise (Tremblay et al., 2018). The
beneficial effects of exercise on brain health acquired by the athlete may confound the
deleterious effects of sports concussion (Tremblay et al., 2018). This is illustrated in the
emerging evidence, suggesting that a more expedient return to aerobic exercise is associated

with a quicker recovery post-concussion (Lawrence et al., 2018).

1.12 The Aging Brain of an Athlete

1.12.1 The Aging Brain

With age comes a decline in numerous physiological functions including reduced immune
function, loss of muscle mass and strength, a decrease in bone mineral density and an increase
in fat mass (Boss and Seegmiller, 1981, Nigam et al., 2012, JafariNasabian et al., 2017).
Similarly, the natural process of aging results in changes in brain vasculature, size and
cognitive function (Peters, 2006). This increases risk of cognitive impairment, dementia and
cerebrovascular accident (CVA)(Lo Coco et al., 2016). When investigating brain health in
the aging athlete, there are a myriad of factors which need careful consideration. Similar to
the general population, equivalent factors are important to mitigate against the risk of
cognitive decline in the aging athlete brain. Furthermore, increases in blood pressure and
inflammatory load are known to occur in conjunction with the aging process, and are both

independently linked to risk of dementia and cognitive decline (Buford, 2016, Singh and
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Newman, 2011). There are also several mechanisms that support numerous cognitive
processes (processing speed, memory and executive control processes such as inhibition,
planning and working memory), which appear particularly sensitive to age-related changes
such as, changes in the medial temporal lobe and prefrontal cortex (Singh-Manoux et al.,
2012, D'Esposito et al., 2000, Salthouse, 1996, Kausler, 1994, Glisky, 2007). Decreases in
neuronal plasticity, particularly of the cortex and hippocampus is attributed to increased
susceptibility to learning and memory impairments (Burke and Barnes, 2006, Morrison and
Baxter, 2012, Barrientos et al., 2015). Therefore, the brain is extremely vulnerable to the
aging process and is constantly undergoing dynamic changes in the presence or absence of

concussion.

1.12.2 Protective Factors against Cognitive Decline

Population-based studies demonstrate specific lifestyle factors that are protective against
cognitive decline, Alzheimer’s disease and dementia which change throughout the lifespan
(Livingston et al., 2017) [Table 1-8]. Identified modifiable risk factors encompassing a
combination of social, mental, and physical health include physical activity (Colcombe and
Kramer, 2003, Beydoun et al., 2014, Fratiglioni et al., 2004); engagement in cognitively
stimulating activity (Baumgart et al., 2015, Hughes et al., 2010), social engagement (Holt-
Lunstad et al., 2010, Ellwardt et al., 2015), level of education and socioeconomic status
(Clouston et al., 2012, Sattler et al., 2012); and cardiovascular risk factors (diabetes, obesity,
smoking, and hypertension) (Baumgart et al., 2015, Tervo et al., 2004, Levine et al., 2019).
These lifestyle factors may share common pathways and may converge within the major
aetiological hypotheses for Alzheimer’s disease and dementia (Fratiglioni et al., 2004). There
are many documented non-modifiable risk factors for cognitive decline which include; higher
age (Tervo et al., 2004), female sex (Sohn et al., 2018, Fratiglioni et al., 2000), a genetic
predisposition (ApoE e4 allele) (Rawle et al., 2018), and a lower socio-economic status

(Sattler et al., 2012).
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Physical inactivity has been identified as one of the strongest modifiable independent risk
factor, accounting for up to 12.7% of the risk of Alzheimer’s disease (Norton et al., 2014,
Barnes and Yaffe, 2011). This statistic is increasingly worrying given the growing worldwide
obesity epidemic (Stein and Colditz, 2004). Livingston et al. (2017) estimated that
approximately 35% of all dementia cases worldwide could be prevented by targeting nine
modifiable risk factors, which are amenable to intervention. The nine identified risk factors
included were early life education; midlife hypertension, obesity, hearing loss, old-age
smoking, depression, physical inactivity, diabetes, and social isolation. This study also
projected that over 3% of dementia cases could be prevented by increasing physical activity
alone. Exercise plays a key central role across several of the brain mechanisms involved in
preventing dementia including; reduced brain inflammation, vascular, neurotoxic and
oxidative stress and increasing cognitive reserve [Figure 1-4] (Livingston etal., 2017). Given
that athletes have performed high levels of exercise throughout their career, there may be a
potential neuroprotective effect of a career in elite sport. However, it is established that a
genetic predisposition and accumulation of exposure to risk factors can only be partially
mitigated by modifiable protective factors such as increasing physical activity (Fratiglioni et

al., 2004).
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Table 1-8 Life-course Model of Contribution of Modifiable Risk Factors for Cognitive

Decline; potentially modifiable factors 35%, potentially non-modifiable factors 65%-

adapted from Livingston et al. (2017).

Early life % Midlife % Later life %
ApoE E4 7 Hearing loss 9 Smoking 5
Less education | 8 Hypertension 2 Depression 4
Obesity 1 Physical activity 3
Social isolation 2
Diabetes 1
Increased brain
cognitive reserve
Preserved Cognitive
hearing Education training
Rich social
network
Radiced Reduced
obesity depression
Exercise
Stop smoking
Reduced brain damage Reduced brain
(vascular, neurotoxic, e fHammation
or oxidative stress) Adhgrence to
Mediterranean
Treatment of diabetes, ~ diet Nonestetoiclal
hypertension, and high anti-inflammatories

serum cholesterol

Figure 1-4 Potential Brain Mechanisms for Preventive Strategies in Dementia. Source

directly taken from Livingston et al. (2017) Dementia prevention, intervention, and care.

Lancet, 390, 2673-2734.

56



1.13 Rugby

Rugby is a popular full-contact sport played throughout the world by male and female players
of all ages at varying levels of competition, including at professional level. Rugby is a field-
based team game involving two sides of fifteen players (8 forwards, 7 backs). It consists of
two forty-minute halves played on a rectangular field with H-shaped goal posts on each try
line using an oval shaped ball. Rugby union is a dynamic contact sport, it requires players to
perform a variety of open and closed skill activities in a game environment with few stops in
play (Reid et al., 2013). A match involves intermittent high-intensity activities, such as
sprinting, rucking, mauling, and scrummaging with recovery periods of low-intensity
activity. The recovery periods involve not only standing but also include jogging and walking
activities. Therefore, it is a physically demanding sport and requires highly developed
abilities such as speed, agility, muscle power, maximal aerobic power, aerobic endurance,

along with tactical and technical astuteness (Cunniffe et al., 2009, Reid et al., 2013).

Each position requires specific demands, skills, physical attributes and anthropometric
profiles due to the specialized nature of the various roles. There has been an unprecedented
growth in worldwide rugby participation, with 9.6 million men, women and children playing
rugby worldwide. Rugby is particularly popular in Ireland. The Irish Rugby Football Union
(IRFU) is the governing body for rugby union in Ireland. The IRFU is divided into five
branches. The four main branches represent the four provinces of Ireland: Ulster, Munster,
Leinster and Connacht. Each provincial branch organises the sport within its geographic area.
The fifth branch is the Exiles Branch, including players living in England, Scotland and
Wales who are qualified to represent Ireland through their ancestry. A recent Annual Report
by the IRFU totalled the number of registered players at all levels in Ireland at 194,387,

including those who play tag and social rugby.
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1.13.1 Concussion in Rugby

Owing to the physical nature of the game, players are at risk for concussion. The incidence
of concussion in rugby is high (Marshall and Spencer, 2001, King et al., 2014, Shuttleworth-
Edwards et al., 2008). Rafferty et al. (2019) reported that on average, a professional rugby
union player is more likely than not to sustain a concussion after 25- matches. The English
Rugby Football Union (RFU) recently reported a rate of 15.8/1000 player-match-hours in
2015/2016 (RFU, 2017), which is higher than previous estimates of between 4 and 13.4
concussions per 1000 contact hours (Hollis et al., 2009, Hootman et al., 2007, Kemp et al.,
2008, Gardner et al., 2014b). This is recognised as one of the highest rates of concussion of
all full-contact sports (Gardner et al., 2014b). To date, there has been one case of CTE
documented in a deceased former rugby player (Stewart et al., 2016). A review of rughy
league concussive injuries found concussion to be much higher in match play than in training;
the ball carrier appears to be statistically more likely to get injured than the tackling player,
and injury rates are disproportionately high for illegal play (King et al., 2012). There is a lack
of research into the long-term brain health of retired professional rugby players (Cunningham
etal., 2018). The literature in this area to date will be discussed in detail in Chapter 2. Despite
growing evidence regarding the long-term adverse effects of exposure to repetitive
concussions among contact sport athletes, few studies have investigated the status of living
retired professional rugby players. Large gaps persist in the research into the potential cause-
and-effect relationships between concussions, repetitive head impact exposure and long-term

brain health among former rugby players.

1.14 Current Gaps and Research Directions

One aspect of concussion research that has garnered much focus in recent times is the
development of a diagnostic biomarker. A multitude of biomarker research is ongoing,

including investigation into advanced neuroimaging techniques, electrophysiology, fluid
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biomarkers and genetics, with the ultimate goal of enhancing clinical decision making and
management of a concussed individual (Snyder and Giza, 2019). Another area of sports
concussion that is gaining increasing attention is the issue of the long-term effects of
concussion/repeated head impact exposure. It is well documented that individuals who suffer
single or repeated concussive injuries may be at increased risk of experiencing prolonged and
potentially debilitating symptoms or impairments (Manley et al., 2017a), therefore
appropriate diagnosis and management of concussion is paramount to mitigate such

undesirable sequalae (Kamins and Giza, 2016).

A growing body of research indicates a potential long lasting effect of concussion and
increased risk of developing neurodegenerative diseases in a certain sub-sample of
individuals (Gavett et al., 2010). The issue of neurodegenerative risk linked to head trauma
has long been associated with boxing (McCrory, 2002). However, the potential at risk
sporting populations have expanded to include wrestlers, American football players, rugby,
soccer and hockey players. Development of neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis, and CTE, as a result of
participation in contact sports and repetitive head impacts is an ongoing concern (Wilson et
al.,, 2017). A recent retrospective epidemiology study found that mortality from
neurodegenerative disease was higher among former Scottish professional soccer players
compared to matched controls (Mackay et al., 2019). While the neurocognitive consequences
of contact sport participation are uncertain, the overall health benefits of exercise are well
documented in the prevention of chronic physical and mental diseases (Celis-Morales et al.,
2017, Rovio et al., 2005). Therefore, there is need for balanced reporting where there is
uncertainty. However, above all where there is a potential risk of harm, it is best practice to

err on the side of caution.
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1.15 Summary

As discussed throughout this chapter, the evolving literature suggests that retired athletes
who have been exposed to repetitive head impacts throughout a playing career such as
professional rugby players may be at increased risk of negative brain health consequences in
later life following retirement. However, the neurocognitive sequelae of participation in
contact sports and specifically rugby remain uncertain. There has been relatively little
research into the long-term health of former professional rugby players, therefore there is a
lack clear evidence surrounding the potential long-term effects of concussion in professional
rugby players. Different contact sports carry varying risks due to the different degrees of
exposure, playing dynamics and rules. Therefore, are likely not directly generalizable to
rugby players in terms of potential long-term adverse effects. There is also a lack of research
into the potential benefits of being a former professional rugby player. It is known that
exercise induces positive changes within the brain which may help reduce the risk of
cognitive decline as we age. Furthermore, the overall health benefits of physical activity
associated with elite sports in the prevention of chronic diseases and in the reduction in
mortality have been established. There are also a number of factors discussed in this chapter
which may influence brain health in the aging athlete similar to the general population which
are often overlooked and warrant further investigation. The overarching aim of this thesis is
to explore long-term brain health among retired professional rugby players and possible

associations between concussion in rugby and brain health in retirement.
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Chapter 2 The Influence of playing rugby on long-
term brain health following retirement: a systematic

review and narrative synthesis.

The material presented in this chapter has been disseminated in the following
publication:

Cunningham J., Broglio S., and Wilson F. (2018). Influence of playing rugby on
long-term brain health following retirement: a systematic review and narrative

synthesis. BMJ open sport & exercise medicine. 4(1), e000356.

Please see Appendix A.1 for full manuscript.

2.1 Introduction

Rugby is a full-contact sport played throughout the world at varying levels of competition,
including professional level. There are many benefits of engaging in sport, with consistent
evidence supporting associations with cognitive vitality, neural functioning and decreased
risk of cognitive decline (Szuhany et al., 2015, Roig et al., 2013, Smith et al., 2010, Bherer
et al., 2013, Gajewski and Falkenstein, 2016, Prakash et al., 2015). However, the physically
demanding nature of rugby exposes players to injury, particularly involving the tackle
(Fuller, 2008, Fuller et al., 2010, Gardner et al., 2015), a central tenet of the game (Hume et
al., 2017). The frequent engagement in high-velocity collisions and impacts during contact
activities such as the tackle and scrum, which varies depending on position, commonly result
in musculoskeletal system injuries (King et al., 2010) and place players at risk of head and
neck injury (Brown et al., 2014, Gardner et al., 2014b). Given the physical nature of the sport,
the incidence of concussion in rugby is high (King et al., 2014, Shuttleworth-Edwards et al.,
2008), estimated between 4 and 21.5 concussions per 1000 contact hours (Gardner et al.,

2014b, Hollis et al., 2009, Kemp et al., 2008, Hootman et al., 2007, Rafferty et al., 2019).
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There is increasing international concern surrounding repetitive concussive injuries and
potential development of long-term neurodegenerative disease. Concussion in sport has been
a topic of much attention and controversy. There is emerging evidence that certain retired
athletes with/without history of concussions may have long-term neurological or
neurocognitive impairments (Manley et al., 2017a). Furthermore, a frequency-response
relationship between concussions or head impact exposure and depression symptom
reporting has been demonstrated among former American NFL players and former collegiate
athletes (Manley et al., 2017a). Post-mortem investigations have also raised concerns
regarding neurodegenerative diseases, namely CTE in former NFL players, as potential
adverse long-term outcomes of exposure to head impacts and concussions in sport (Hay et
al., 2016, Mez et al., 2017, McKee et al., 2009, Stern et al., 2013, McKee et al., 2013). Given
that rugby has a higher concussion incidence than American football, the issue of

neurodegenerative decline is of particular importance (Marshall and Spencer, 2001).

There is some evidence of worse neurocognitive performance associated with school-level
participation in rugby. Adolescent male rugby players prospectively investigated have been
found to have significantly lower neurocognitive performance over three years and poorer
academic achievement over 6 years in comparison with non-contact sport controls
(Alexander et al., 2015). To date, there has been one case of CTE documented in a deceased
former rugby player (Stewart et al., 2016). However, a paucity of research currently exists
exploring the cumulative effects of repeated concussive injuries in rugby. Information on the
long-term brain health of living retired rugby players is limited. Considering the high levels
of participation in rugby worldwide (McMillan et al., 2017), a formal objective investigation

into the long-term cognitive status of retired rugby players is needed.
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The specific aim of the review was to:

e Explore the literature examining long-term brain health in living retired

rugby players.

2.2 Materials and Methods

This review was conducted according to ‘Preferred Reporting Items for Systematic Reviews
and Meta-Analyses’ (PRISMA) guidelines (Moher et al., 2009) (www.prisma-
statement.org). The review strategy and methods of analysis were registered with
PROSPERQO, a registry of systematic reviews [Appendix B.1]. Registration is available at:

https://www.crd.york.ac.uk/prospero/; registration number: CRD42017081586.

2.2.1 Eligibility Criteria

Details of eligibility criteria are detailed in Table 2-1. Retired rugby players were included
in this study. Studies were required to include retired male or female rugby players
administered at least one form of brain health measure as an outcome. Studies were excluded
if they explored only active rugby players and/or case studies with five or fewer participants.
The primary outcomes investigated were brain health measures including cognitive
functioning, mental health and neuroimaging outcome measures. Secondary outcome
variables included history of sports-related concussion (SRC)/mild traumatic brain injury

(mTBI).
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Table 2-1 Inclusion/Exclusion Criteria.

Inclusion Criteria Exclusion Criteria
o Retired male or female rughy e Active rugby players
players e Case studies with five or fewer
e Administered at least one form of participants

brain health measure as an

outcome

2.2.2 Search Strategy

A systematic literature search was undertaken using the electronic databases of MEDLINE/
PubMed, Embase, Cochrane Central Register of Controlled Trials, PyscINFO, CINAHL and
Web of Science from their inception to January 2018. The different search terms were
adapted for use with each database [Appendix B.2]. The search strategy keywords related to
three components: (1) the participant (e.g., retired rugby player), (2) the primary outcome
measure (e.g., cognitive functioning) and (3) secondary outcome (e.g., history of sports
concussion). No search restrictions were imposed. The electronic database searching was
supplemented by searching abstracts of the international conference on sports concussion
consensus meetings (2001-2018) along with conducting grey literature searching and a hand
search of the reference lists of included studies. Abstracts (n=3) were found, which were not
available in full text in the published literature. In this instance the authors were contacted
via email/Research Gate seeking access to the full text of relevant studies. The titles and
abstracts of the retrieved studies were independently screened by the primary reviewer (Joice
Cunningham: J.C) to identify studies that met the eligibility criteria. Following this initial
screening, two reviewers (JC and Fiona Wilson: FW) independently assessed for eligibility
the full texts of the selected studies. Any disagreements on inclusion of studies were resolved
through discussion and consultation with a third reviewer (Steven Broglio: SB) to reach a

consensus. Following this process of elimination, nine studies were included in this review.
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Literature Search (n=3954) Additional Sources (n=4)

Electronic Databases: Conference preceedings, conducting grey
EMBASE PsycINFO Medline, CINAHL Cochrane Library, Web literature searching, hand search of the
of Science reference lists of included studies

Limits:Humans

!

‘Dupliates remaved (n=899) ‘

Title and abstract
sCreening
(n=3059)

Recards excluded

(n=2954)

Recards excluded
(n=96)

wrong study
design (n=15)

current rugby
players (n=47)

other sparting
cohort (=31
Full text screening =21
(n=105) " abstract anly (n=3)

Records included

(n=3)

Figure 2-1 Preferred Reporting items for Systematic Reviews (PRISMA); Flow Diagram of

Study Selection Process.
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2.2.3 Data Extraction and Analyses

A data extraction template was used as a checklist of items, which should be included in
reports of cross-sectional studies, based on ‘Strengthening the Reporting of Observational
Studies in Epidemiology’ guidelines (von Elm et al., 2007). Table 2-2 highlights framework
for study eligibility criteria: participants, study methodology and outcome measures. Key
details such as participant characteristics, details of concussion history, outcome measures
used and relevant outcome data (group means and SD) were recorded and presented in table
format by the primary reviewer (JC) [Table 2-3]. A meta-analysis was deemed inappropriate
due to the small number of studies, heterogeneity of study designs and varying cognitive

assessments employed.

Table 2-2 Study Eligibility Criteria: Participants, Study Methodology and Outcome
Measures.

Participant Characteristics

Age Years
Sex Male/female ratio, %
No. of concussions Years

Study Methodology

Location Setting and country

Study Design Methodological design employed
Eligibility Criteria Inclusion & exclusion criteria
Concussion definition Description

Objective measures of brain health” Method (e.g. pen and paper test (MoCA),
Outcome Measure neuroimaging (MRI))

Subjective measures of brain health” | Standardised outcome questionnaire (e.g.
Questionnaire RPQ, BRIEF-A)
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“ Examples listed are not exhaustive but serve to guide the reviewer when extracting data
for each variable. Additional/alternate measurement methods and units not listed may be
included if they measure the primary outcomes of brain health.

MoCA: The Montreal Cognitive Assessment, MRI: Magnetic Resonance Imaging, RPQ:
Rivermead Post-Concussion Symptoms Questionnaire, BRIEF-A: Behavior Rating
Inventory of Executive Function - Adult Version.

2.2.4 Methodological Assessment

An adapted Downs and Black checklist was used to evaluate the methodological quality of
the studies (Downs and Black, 1998). This was performed independently by two reviewers
(JC and FW). Disagreements between the reviewers were resolved through discussion to
achieve consensus. Failing agreement, a third reviewer (SB) arbitrated. The checklist was
modified to a maximum of 17 applicable questions, which addressed the following
methodological components: reporting, external validity, internal validity (bias and
confounding) and power [Appendix B.3]. Seventeen items were rated either as yes (=1) or
no/unable to determine (=0), and one item was rated on a three-point scale (yes=2, partial=1,
and no=0). The maximum achievable score was 18, with higher scores indicating a better
methodological quality of the study. Results were categorised according to the adapted
Downs and Black checklist (Downs and Black, 1998) from Hartling et al. (2004) and Hignett
(2003) [Table 2-4]. Interpretation of results was as follows: strong quality (>14) represented
the top 75%; moderate quality (9—-13) represented 50%—74%; limited quality represented (5—

8) represented 25%-49%; and poor quality (<5) represented <25%.
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Table 2-3 Study Methodologies.

Location

Imaging studies

Study Design

Inclusion Criteria

Exclusion Criteria

Pearceetal.  Australia  Cross-sectional o Retired professional rugby league player Diagnosed neurological
(2018) o Aged 40-65 years condition
o Played in a formal competitive league Sustained brain injury outside
o Last concussion minimum of one decade of sport (e.g. motor vehicle)
prior
Gardner et Wales Cross-sectional o Retired professional rugby league player Medical history of
al. (2017) neurosurgery, major
psychiatric disturbance, or
medical contraindications to
MRI
[lLewisetal. New Zealand Cross-sectional o Retired elite rugby player Contraindications to or
(2017) o Aged 30-65 years unwillingness to undertake
o Male TMS.
o Played at international or national level Taking medication known to
o Retired from competitive sport for at influence corticomotor
least five years excitability
Cognitive health studies
[McMillanet  Scotland  Cross-sectional o Retired elite rugby player Those continuing to play
al. (2017) o >18years of age
o Fluentin English
o Capable of giving consent and capable of
assessment
[Hume et al. New Zealand Observational o Retired elite rugby player None reported
(2017) cross-sectional o Aged 23-72 years
o Male
o Played at international or national level
o Retired from competitive play
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Decgetal. France Observational
(2016) cross-sectional

O O O O

Retired high-level rugby player

Aged 45 to 65 years

Played rugby for at least 10 years
Played at national or international
championship level between 1985 and
1990

None reported

Thornton et Canada Observational
al. (2008) cross-sectional

>18years of age
Fluency in English.

O

Being over 66 years of age
Diagnosed neurological illness
Diagnosed non-sport TBI

IMental health studies

Gouttebarge France, Ireland Observational
et al. (2016) and South cross-sectional
Africa

Retired player and a member of the
national Rugby Union players’
association from France, Ireland or
South Africa. Retired players of these
organisations had all competed at a
professional level in Rugby Union
<50 years old

Male

Fluent either in English or French

None reported

Brown et al. France, Ireland Observational
(2017) and South prospective cohort
Africa

o |0 O O

o

Retired professional rugby players from
3 countries: France, Ireland and South
Africa

Member as a retired player of the
national rugby players’ association from
France, Ireland or South Africa. Being a
member as a retired player of a players’
rugby association meant the player had
competed at a professional rugby level.
< 51 years

Male

Fluent either in English or French

None reported
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Table 2-4 Categorization of Total Scores on the adapted Downs and Black Checklist.

Quiality Index Percentage Methodological Quality Score
Strong >75% >14
Moderate 50-74% (9-13)
Limited 25-49% (5-8)
Poor <25% <5
2.3 Results

The search strategy and selection process are summarised in Figure 1, with 3059 records
(after the removal of duplicates) initially identified. A total of nine studies published between
2008 and 2018 met our criteria and were included in this review. Two studies included in the
review were based on the same cohort of retired rugby players (Gouttebarge et al., 2016,
Brown et al., 2017). Studies were cross-sectional or prospective observational studies that
explored brain health measures in retired rugby players. Study characteristics are summarised

in Table 2-5.

2.3.1 Types of Outcome Measures used

The areas of brain health that were investigated included cognitive functioning, mental
health, neurophysiology and neurochemistry. The studies included a wide variety of
cognitive tests in order to assess the retired athlete’s cognitive capabilities. Some studies used
a comprehensive battery of neuropsychological tests that subjectively or objectively explored
different aspects of cognition, while others used only one cognitive test. To ease
interpretability of tests used, individual neuropsychological tests were categorised according

to the predominant cognitive domain they assessed. The eight domains explored were:
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attention, executive functioning, information processing, motor speed, verbal ability, verbal

memory, visual memory and visuospatial ability.

Neuropsychological tests and their corresponding cognitive domains are displayed in Table
2-6. In addition to the cognitive evaluation, subjective and self-administered questionnaires
were used. Four studies used a specific post-concussion questionnaire, for example, the
Rivermead Post-Concussion Symptoms Questionnaire and the Post-Concussion Symptom
Checklist (PSCS), both of which assess for persistent self-reported symptoms associated with
concussion, including cognitive complaints. Symptoms of various aspects of mental health
were assessed including distress, anxiety/depression, sleeping disturbance and alcohol
misuse. Outcome measures included the Distress Screener, the 12-item General Health
Questionnaire (GHQ-12), the Patient-Reported Outcomes Measurement Information System
(PROMIS) and the 3-item. The Alcohol Use Disorders Identification Test (AUDIT) was used
in five studies to assess for alcohol dependence to investigate the possibility of dual
symptoms of mental illness and alcoholism. Brain neurometabolite concentrations were
investigated using magnetic resonance imaging (MRS). While transcranial magnetic

stimulation (TMS) and electromyography (EMG) were used to explore neurophysiology.
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Table 2-5 Data Extraction Table presenting Key Characteristics of each Study.

Reference: Objective: Number of Number of Definition of Cognitive Findings Downs and
Participants Concussions: Concussion: Outcome Black
(n=); Mean Mean (SD)/Mean Measures: Score;
Age (SD)/ 95% CI Quality
Mean 95% Index
[C1]
Imaging studies
Pearce et al. To explore the long- Elite rugby Retired rugby players Not Defined CANTAB-VRT, Performance on 11;
(2018) term players n=25; 8.5[4.7,11.3] CANTAB-PAL, cognitive testing Moderate
neurophysiological, 48.4 [45.8,51.0], | Controls n/a CANTAB-IED, showed that the
motor and cognitive Control n=25; CANTAB- SWM, performance across
changes in retired 48.8 [45.9, 51.7] O’Connor Finger all tests showed a
professional rugby Dexterity test significant
league players with a difference between
history of concussion groups (PAL: P <
injuries during their .01; d = 1.06;
career. SWM: P=.02; d=
J7;1ED: P<.01;d
=1.04).
Gardner et To examine brain Retired rugby Retired players Not Defined ACS-TOPF, Retired players did | 11;
al. (2017) neurometabolite players n=16, reported an average of RAVLT, RCFT, not significantly Moderate
concentrations in 38.3 + (4.6) 33.44 (Median = 20; TMT A & B, differ in
retired rugby league Controls n=186, IQR = 7-20; range 3— COWAT, WAIS- concentrations of 4
players. 379+ (4.9) 100) concussions. IV, RPQ, DASS- out of 5
Retired players 21, AUDIT. neurometabolites
reported an average of tested. A

5.9 concussions with
LOC sustained during
their careers (Median =
3.5; IQR =3.5-6;
range 0-30).

significantly lower
concentrations of
grey matter
glutathione (p =
0.02) in retired
players was
detected. There
were no significant
differences between
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Lewis et al.
(2017)

To assess measures
of corticomotor
excitability and
inhibition in retired
rugby players.

Cognitive health studies

McMillan et
al. (2017)

To investigate
symptoms and a
range of cognitive
and health outcomes
in retired rugby
players with history
of repeated
concussion.

Elite Rugby
Players n=23,
43 + (7)
Community
Level Rugby
n=28, 45 + (8)
Retired Non-
Contact Sport
Controls n=22,
44 +(9)

Retired
international
rugby players
n=52; 535+
(13.0)
Controls
n=29;55.1+
(9.0)

Elite Rugby Players:

0 concussions (n=0;
0%),

1-2 concussions (n=3;
13%), >3 concussions
(n=20; 87%)
Community Level
Rugby:

0 concussions (n=1;
4%),

1-2 concussions (n=3 ;
11%), >3 concussions
(n=23 ; 85%)

Retired Non-Contact
Sport Controls : 0
concussions (n=16 ;
75%),_1-2 concussions
(n=5; 21%),

>3 concussions (n=1;
4%)

Retired international
rugby players 13.9 £
(18.9)

Controls 0.3 + (0.5)

“A blow to the head
followed by a variety
of symptoms that
may include any of
the following:
headache, dizziness,
loss of balance,
blurred vision,
‘seeing stars’, feeling
in a fog or slowed
down, memory
problems, poor
concentration, nausea
or throwing-up.
Getting ‘knocked out’
or being unconscious
does NOT always
occur with a
concussion.”

“being a blow or
injury to your head
where you may or
may not have lost
consciousness and
then had symptoms,
such as dizziness,
blurred vision,
nausea, vomiting,
headache, poor
concentration.”

RPQ:
predominantly early
(RPQ-3) and late
(RPQ-13)
symptoms of brain
injury.

MOCA, SDT,
TMT, RAVLT
SART, JLO Test,
Lafayette Grooved
Pegboard, SF-36,
GOSE, HADS,
RPQ, SF-36;
questions 1 and 2),
AUDIT.

groups on measures
of depression,
anxiety, or
cognitive
functioning.

RMT was
significantly higher
and LICI was
greater in the elite
rugby group
compared to the
control group.

RIRP performed
poorer than controls
on a test of verbal
learning (p=0.022).
No significant
difference on the
other cognitive tests
were found (p>.05).

8; Limited

4: Poor
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Hume et al.
(2017)

Decq et al.
(2016)

Thornton et
al. (2008)

To investigate
cognitive function in
former professional
rugby players and
assess the association
between concussion
history and cognitive
function.

To assess the
prevalence of major
depressive disorder,
mild cognitive
disorders and
headache in a
population of retired
rugby players.

To examine the
extent to which
lifetime concussion
exposure is
associated with

Retired Elite
Rugby n=103,
413+ (7.5)
Retired
Community
Rugby n=195,
44.9 £ (8.4)
Retired Non-
Contact Sport
Group n=65,
421+ (7.7)

Age (years)
median [IQR]
Retired rugby
players (RRPs)=
239

52 [49-55.75]
Other retired
sportsmen
(ORS)=138

52 [49-55]

Male and
Female Study
Retired players
(all male)

Elite Rugby = 3.5+
(2.0)

Community Rugby
=29+ (2.2)
Non-contact=0.4 +
(0.8)

Retired rugby player:
n=3.1+(5.01)

Other sports: n= .68 +
(1.83)

Divided participants
into no heavy
concussion exposure
groups [Grade 2 or
above] (n=37, 8:29), 1-

“A blow to the head
followed by a variety
of symptoms (LOC,
headache, dizziness,
loss of balance,
blurred vision “seeing
stars”, feeling in a
fog or slowed down,
memory problems,
poor concentration,
nausea or throwing

2

up.

Not defined

Criteria from the
American Academy
of Neurology. Grade
1- transient confusion
that resolves within

Online CNS-Vital
Signs Test, AUDIT

Self-administered
Questionnaire
F-TICS-m, PHQ-9

ETS Kit, CCFT,
WAIS-III, TMT-A
and B, WMS-III,
RAVLT, WCST,
PCSC

Elite rugby group
performed worse
compared to non-
contact sports on
tests of complex
attention -0.67 (-
0.07 to -0.26)
processing speed -
0.51 (-0.89to -0.12)
executive
functioning -0.41 (-
0.80 to -0.02) and
cognitive flexibility
-0.37 (-0.74 to
0.00).

A higher rate of
major depressive
disorder was
observed among
RRPs compared to
ORS (p=0.04). The
PHQ-9 score was
increased with the
number of reported
concussions
regardless of the
type of sport
(p=0.026). A higher
rate of mild
cognitive disorders
was observed in
RRPs compared to
ORS (57% vs 40%)
p=0.005.
Concussion
exposure did not
predict
neurocognitive
functioning but did

11;
Moderate

13;
Moderate

12;
Moderate
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neurocognitive and
symptomatic status in
competitive vs.
recreational/retired
players.

Mental health studies

Brown et al.
(2017)

Gouttebarge
et al. (2016)

To examine the
association between
forced retirement and
subsequent symptoms
of CMDs in former
professional rugby
players.

To determine the
prevalence of
symptoms of CMDs,
such as distress,
anxiety/depression,
sleeping disturbance,
adverse nutrition

n=16 39.25 +
(10.99)
Recreational
players n=15
50.53 + (9.80)
Older players
n=31

44,71 + (11.75)
Competitive
players n=80
26.43 £ (6.53)

Retired Rugby
Union players
n=293, 39 % (5),
n=173
(voluntary
retirement),
n=120 (forced
retirement)

Retired Rugby
Union players
n=295, 38 + (6)

2 heavy concussions
(n=39, 4:35) and 3 or
more (n=35, 1:34)

Not reported

Not reported

15 mins with no
LOC. Grade 2 -
transient confusions
that persists with for
more than 15 minutes
with no LOC. Grade

3-any LOC.

Not defined 4DSQ, GHQ-12,
PROMIS, AUDIT-
C

Not defined 4DSQ, GHQ-12,
PROMIS, AUDIT-
C

predict PCS.
Participants with no
heavy concussions
reported
significantly fewer
Memory complaints
(d=—0.68), less
Distress (d=—0.76),
and less overall
(Total) PCS
(d&=—0.65) than did
those with three or
more heavy
concussions.

Players forced to 12;
retire were more Moderate
than twice as likely

to report symptoms

of distress in

comparison to those

that retired

voluntarily (odds

ratio: 2.1, 95%
confidence interval:
1.2-3.6, p< .001).

None of the other

mental health

measures were

associated with

forced retirement.
Prevalence rates 11;
were 25% for Moderate
distress, 28% for

anxiety/ depression,

29% for sleeping
disturbance, 62%

for adverse
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behaviour, adverse nutrition behaviour,

alcohol behaviour, 15% for smoking
smoking) among and 24% for
retired professional adverse alcohol
Rugby Union players. behaviour.

AUDIT-C: The Alcohol Use Disorders Identification Test—Consumption, ACS-TOPF: Advanced Clinical Solutions-Test of Premorbid Functioning, CANTAB: The Cambridge
Neuropsychological Test Automated Battery, CANTAB-IED: The Intra-Extra Dimensional Set Shift, CANTAB-PAL: Paired Associates Learning, CANTAB- SWM: Spatial working memory,
CANTAB-VRT: Visuomotor reaction time, CCFT: Cattell's Culture Fair Intelligence Test, CMD: common mental disorders, COWAT: Controlled Oral Word Association Test, DASS-21: the
Depression, Anxiety, Stress Scale 21-item, 4DSQ: Four-Dimensional Symptom Questionnaire, ETS Kit: Educational Testing Service, F-TICS-m: French version of the modified telephone
interview for cognitive status, GHQ-12: The General Health Questionnaire-12, GOSE: Extended Glasgow Outcome Scale, HADS: The Hospital Anxiety and Depression Scale, JLO Test:
Judgement of Line Orientation, LICI: Long-interval intracortical inhibition, LOC: Loss of consciousness, MOCA: Montreal Cognitive Assessment, PCS(C): Post-concussion Syndrome
Checklist, PHQ-9: Patient health questionnaire, PROMIS: Patient-Reported Outcomes Measurement Information System, RAVLT: Rey Auditory Verbal Learning Test, RCFT: Rey Complex
Figure Test, RMT: Resting motor threshold, RPQ: Rivermead post-concussion symptoms questionnaire, SART: Sustained Attention to Response Task, SDT: Symbol Digit Test, SF-36: 36-1tem
Short Form Health Survey, TMT: Trail Making Test, WAIS: Wechsler Abbreviated Scale of Intelligence, WCST: Wisconsin Card Sorting Test, WMS: Wechsler Memory Scale.
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Table 2-6 Cognitive Tests and Corresponding Domains.

Domain Cognitive Tests Used References
Measured
Intelligence | ETS Kit Thornton et al. (2008)
CCFT Thornton et al. (2008)
Global MOCA McMillan et al. (2017)
Cognitive Cognition Composite T Score Gardner et al. (2017)
Ability
Processing SDMT McMillan et al. (2017),
speed Thornton et al. (2008)
Online CNS-Vital Signs Test-Processing Speed Hume et al. (2017)
Attention SART McMillan et al. (2017)
and working | Online CNS-Vital Signs Test-Simple Attention Hume et al. (2017)
memory Online CNS-Vital Signs Test-Complex Attention Hume et al. (2017)
TMT-A Thornton et al. (2008)
WMS-III Thornton et al. (2008)
Learning RAVLT- Immediate Recall McMillan et al. (2017)
Memory Online CNS-Vital Signs Test- Memory Test Hume et al. (2017)
Online CNS-Vital Signs Test-Visual memory Hume et al. (2017)
Online CNS-Vital Signs Test-Verbal memory Hume et al. (2017)
RAVLT- Delayed Recall McMillan et al. (2017),
Thornton et al. (2008)
CANTAB-Paired associative learning Pearce et al. (2018)
CANTAB-Spatial Working Memory Pearce et al. (2018)
Executive TMT-B McMillan et al. (2017),
function Thornton et al. (2008)
Online CNS-Vital Signs Test- Executive Function Hume et al. (2017)
Test
Online CNS-Vital Signs Test-Cognitive Flexibility = Hume et al. (2017)
WCST Thornton et al. (2008)
CANTAB- The Intra-Extra Dimensional Set Shift Pearce et al. (2018)
Fine motor | Lafayette Grooved Pegboard Dominant/Non- McMillan et al. (2017),
Dominant Hand Gardner et al. (2017)
O’Connor Finger Dexterity test Pearce et al. (2018)
Psychomotor | Online CNS-Vital Signs Test-Reaction time Hume et al. (2017)
Ability Online CNS-Vital Signs Test-Motor Speed Hume et al. (2017)
Online CNS-Vital Signs Test-Psychomotor speed Hume et al. (2017)
CANTAB- Reaction Time Task Pearce et al. (2018)
Self-Report | TICS-M Decq et al. (2016)
Measure RPQ Total Score Gardner et al. (2017),

RPQ late (RPQ-13)
PCSC

McMillan et al. (2017)
Lewis et al. (2017)
Thornton et al. (2008)
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2.3.2 Methodological Assessment

Of the eight studies included, the mean methodological quality score was 10.33 (SD 2.58)
out of a total score of 18, giving an overall quality score of ‘moderate’ (percentage 50%—

74%; 9-13). See Table 2-7 for individual quality scores.

2.3.3 Study Characteristics

Study characteristics such as participants, outcome measures and findings are summarised in
Table 2-5. A total of 992 male retired rugby players (range of mean ages 38-52 years) were
included in this review. Participant characteristics varied in age, medical history,
socioeconomic background, concussion exposure and number of concussions reported. Six
out of the nine included a control group (Hume et al., 2017, McMillan et al., 2017, Decq et
al., 2016, Lewis et al., 2017, Pearce et al., 2018, Gardner et al., 2017). While the different
cohorts in the study by Thornton et al. (2008) included rugby players across varying

participation/competition levels.
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Table 2-7 Summary of Quality Appraisal of Included Studies-using the Downs and Black checklist.

Reference Reporting External Internal Validity | Internal Validity- Power Total / Methodological

Total /8 Validity (Bias) Total /4 Confounding Total /1 18 Quality

Total /2 (Selection Bias)
Total /3

Pearce et al. 8 0 2 1 0 11 Moderate
(2018)
Gardner et al. 7 2 2 0 0 11 Moderate
(2017)
Lewis et al. 6 1 2 0 0 8 Limited
(2017)
Brown et al. 8 2 2 0 0 12 Moderate
(2017)
Hume et al. 7 0 2 2 0 11 Moderate
(2017)
McMillanetal. |3 0 1 0 0 4 Poor
(2017)
Gouttebargeet | 8 1 1 1 0 11 Moderate
al. (2016)
Decq et al. 7 2 2 2 0 13 Moderate
(2016)
Thorntonetal. | 6 2 2 2 0 12 Moderate

(2008)
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2.3.4 Objective Cognitive Tests

Six out of the nine studies investigated cognition in an objective manner (Decq et al., 2016,
Hume et al., 2017, McMillan et al., 2017, Gardner et al., 2017, Pearce et al., 2018, Thornton
et al., 2008). Four of which found evidence of deficits on certain cognitive tests in retired
rugby players (Decq et al., 2016, Gardner et al., 2017, McMillan et al., 2017, Pearce et al.,
2018). Gardner et al. (2017), although limited by a small study cohort, found no significant
differences in cognitive functioning in retired rugby players in comparison with
controls. Thornton et al. (2008) also found no between group differences in cognitive
functioning in retired rugby players who were grouped based on self-reported concussion
history in a non-controlled study. Decq et al. (2016) found that retired rugby players had a
higher rate of mild cognitive disorders (p=0.005) based on the French version of
the modified telephone interview (F-TICS-m). McMillan et al. (2017) found that retired
rugby players performed significantly worse than controls on tests of verbal learning
(p=0.022), but no significant differences were found in cognitive tests of global cognitive
functioning, processing speed, attention, memory and executive function in comparison with

controls (p>0.05).

Hume et al. (2017) found that a self-reported history of concussion was associated with small
to moderate neurocognitive deficits in retired rugby players in areas such as cognitive
flexibility, complex attention and executive function relative to the player group with no
concussion history. The elite rugby group performed worse on tests of complex attention
(effect size (EF) —0.67, 95% CI —1.07 to —0.26) and cognitive flexibility (EF —0.37, —0.74 to
0.00). The community rugby group performed worse than the non-contact group on executive
functioning (EF —0.51, 95% CI —0.89 to —0.12). Pearce et al. (2018) found that the retired
rugby players were significantly slower at reacting to the stimulus in the visuomotor reaction
test (p<0.01). The retired rugby group also performed significantly worse in the paired

associative learning (PAL) test (p<0.01), the spatial working memory (SWM) p=0.02 and the
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intra-extra dimension (IED) shift test (p<0.01), all of which are subtests of the Cambridge

Neuropsychological Test Automated Battery (CANTAB).

2.3.5 Fine motor function

Three studies investigated fine motor function using various tests (Pearce et al., 2018,
McMillan et al., 2017, Gardner et al., 2017). All three studies found that retired rugby players
had significantly decreased dexterity/fine motor co-ordination. Gardner et al. (2017) found
that retired rugby players performed significantly worse in a test of manual dexterity with the
non-dominant hand only (p=0.03). Similarly, McMillan et al. (2017) found that retired rugby
players had significantly lower scores on a test of fine coordination of the dominant hand
(p=0.038). Pearce et al. (2018) found dexterity was significantly reduced in the rugby group
compared to controls (p=0.02). All three studies compared retired rug