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Abstract
Concussion in sports is a growing problem worldwide. The consequences of concussion
on the long-term mental and physical health of athletes has generated concern among
healthcare professionals. There is added concern in adolescents due to the uncertainty
surrounding the effects of concussion on the developing brain, and the associated risk
of developing persistent problems after concussion. Persistent problems may affect
participation in sport and daily activities and have long-term impact on the health and
wellbeing of athletes. There is a wide range of clinical signs and symptoms of
concussion, and it involves a number of clinical domains such as neurocognition,
postural control/balance, headaches, emotion, and sleep disturbances. The symptoms
of concussion are not specific and often indicate associated injury to the cervical spine
and vestibular system. Management of concussion requires a multidisciplinary and
multimodal approach, and physiotherapy plays a key role in assessment and treatment
of the underlying impairments.

There is limited evidence of the effect of concussion on the sensorimotor system during
the normal clinical recovery period following concussion. Physiotherapy intervention may
be indicated, however, it is important to establish the deficits in the sensorimotor system
that are amenable to physiotherapy. Comprehensive assessment of the sensorimotor
system, in particular, the vestibular and musculoskeletal systems using established
physiotherapy protocols is necessary to identify the underlying impairments that warrant
intervention. Therefore, the aim of this thesis was to identify the effect of concussion on
the vestibular and musculoskeletal systems. This thesis was conducted on a cohort of
adolescent rugby union players due to the high risk of concussion injuries in the sport.
While previous studies have reported high rates of concussion in rugby union, no recent
studies have investigated concussions in Australian school level rugby union, and as
such, this thesis also aimed to establish the epidemiology of injuries in Australian school
level rugby union.

The aim of studies 1 and 2 was to investigate the epidemiology of injuries in Australian
school level rugby union. These studies found that there was a high incidence of
concussion injuries in school level rugby union. Study 2 provided a thorough insight into
the incidence and nature of injuries across different ages, and found a spike in injuries
to the head, face, and upper and lower limbs in players between the ages of 14 and 16
years. The aim of study 3 was to examine whether a history of concussion affected the
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vestibular and musculoskeletal systems. The results indicated that there was a relatively
high prevalence of vestibulo-ocular dysfunction in adolescent rugby union players,
regardless of whether or not they had a history of concussion. Study 3 also found
changes in the musculoskeletal system, in that players with a history of concussion had
altered size and function of the lumbopelvic muscles. As there is variation in
sensorimotor function among adolescents and residual deficits may occur after
concussion, study 4 aimed to investigate the changes in sensorimotor function due to
concussion using a prospective study design. The results provided evidence of vestibuloocular dysfunction after concussion, and that these deficits do not resolve spontaneously
despite resolution of symptoms and after returning to sport. Changes in lumbopelvic
muscle size and thickness, and cervical muscle endurance were found in the acute
period after concussion, with some persisting after return to sport. No significant changes
in balance were demonstrated after concussion.

This thesis is the first to investigate the incidence and impact of concussion in Australian
school level rugby union players. Concussion was found to be a common injury in school
level rugby union in Australia. A spike in rugby union injuries was also found in players
in the adolescent age group. Findings from this thesis indicated changes in the vestibular
and musculoskeletal systems in adolescent rugby union players after concussion, with
some of these changes persisting after return to sport despite the resolution of selfreported symptoms. Deficits in vestibulo-ocular function were common in our cohort of
adolescent rugby union players and ideally should be compared with pre-concussion
function where possible or considered carefully when interpreting positive findings after
concussion.

Assessment of the vestibular and musculoskeletal systems should be

conducted in the normal clinical recovery period after concussion and prior to return to
sport to identify deficits amenable to physiotherapy intervention. Although balance
deficits were not identified, changes in lumbopelvic muscle size and thickness, and
cervical muscle endurance may represent an altered movement strategy as a protective
response after concussion. Physiotherapy management may be indicated after
concussion, however, intervention should be individualised to address the specific
underlying impairments.
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Chapter 1
Introduction
Concussion in sport has emerged as a major public health concern worldwide

1, 2

. An

estimated 1.6 to 3.8 million sports-related concussions occur each year in the United
States of America (USA) 1. There has been a steady increase in sports-related
concussions reported in collegiate sports in the USA over the last 2 decades, and
similarly, hospitalisation for sports-related concussions in Australia has increased in the
last decade 3-5. In recent years, concussion in sport has attracted considerable attention,
and there is growing concern regarding the long-term impact of concussion on the health
of athletes 6-8. There is added concern in adolescents due to the uncertainty surrounding
the pathophysiology of concussion injuries on the developing brain 9, and the associated
risk of significant cognitive morbidity and prolonged recovery 10. This has generated great
interest among health professionals including physiotherapists to improve management
of concussion injuries in athletes.

There are a wide range of clinical signs and symptoms of concussion, which often
indicates injury to multiple systems. Deficits in the sensorimotor system have been
demonstrated in adolescents after concussion

11, 12

. The sensorimotor system

incorporates the integration of sensory information from vestibular, visual, and
somatosensory systems to produce the appropriate motor responses needed to maintain
postural control and coordination 13. Deficits in the sensorimotor system, in particular the
vestibular and musculoskeletal systems, are amenable to physiotherapy treatment

14-17

.

The positive effect of physiotherapy management has been demonstrated in adolescents
experiencing a protracted recovery following concussion

14-17

. The normal clinical

recovery period in adults is between 10 to 14 days, while in adolescents clinical recovery
occurs within 2 to 4 weeks

18, 19

. Patients who experience full recovery from concussion

within this period do not generally seek treatment, and as such, there is a lack of
evidence for physiotherapy intervention during the normal clinical recovery period after
concussion. Studies have identified increased risk of injury in athletes following
concussion

20

. A recent systematic review has identified a 4.4 times higher odds of

sustaining a subsequent concussion and a 2.8 times higher odds of sustaining any injury
in athletes with a history of concussion compared to athletes without a history of
concussion

20

. It has been suggested that deficits in the sensorimotor system may last
19

longer than the clinical recovery period post-concussion and the presence of subclinical
deficits in athletes that have been deemed fit for return to play may lead to an increased
risk of injury

20-22

. Limited evidence exists regarding the effect of concussion on the

sensorimotor system during the clinical recovery period after concussion and in athletes
who return to sport within this timeframe. Physiotherapy intervention during the clinical
recovery period post-concussion may be indicated in order to reduce the subsequent
injury risks for athletes after concussion. However, any deficits in the vestibular and
musculoskeletal systems need to be established to guide appropriate physiotherapy
management.

Therefore, the aim of this thesis was to investigate the effect of concussion on the
sensorimotor system in adolescent rugby union players. Although there are many
elements of the sensorimotor system that may be affected after concussion, this thesis
focused on the vestibular and musculoskeletal systems in which deficits are amenable
to physiotherapy. The studies within this thesis were conducted on a cohort of adolescent
rugby union players due to the high risk of concussion injuries in the sport 23. Concussion
in adolescent rugby union is a problem and has been reported to have the highest
incidence compared to other adolescent sports

23, 24

. Although concussion has been

identified as a common injury in adolescent rugby union, no recent studies have been
conducted in youth rugby union in Australia. The first two studies of this thesis aimed to
investigate the epidemiology of injuries in Australian school level rugby union and
establish the incidence of concussions.

Evaluating the effect of concussion on the sensorimotor system can be difficult in
adolescents due to variations in physical, behavioural and cognitive maturation 19. During
adolescence, there may be delays in maturation of the sensorimotor system and
regressions in function may occur during periods of rapid growth spurts

25

. If

sensorimotor function is negatively affected or highly variable during adolescence, it is
difficult to establish that the sensorimotor deficits after concussion were a direct result of
the concussion. Furthermore, the presence of residual negative effects on the
sensorimotor system may also exist in players with a history of concussion. In order to
examine the effect of concussion on the sensorimotor system in adolescent rugby union
players, it is necessary to establish a baseline indication of sensorimotor function before
the player sustains a concussion. The third study of this thesis aimed to determine
whether adolescent rugby union players with a history of concussion demonstrated
differences in sensorimotor function, in particular, the vestibular and musculoskeletal
system. The fourth study of this thesis used a prospective study design to evaluate the
20

casual relationship of concussion on the sensorimotor system during the normal clinical
recovery period after concussion and account for individual pre-concussion sensorimotor
function. Identifying the underlying impairments in the sensorimotor system using
physiotherapy assessment protocols is necessary to guide effective physiotherapy
management of concussion in adolescents.

The chapters of this thesis are set out in the following way (Figure 1.1). Chapter 2
explains the theory and background to the studies in this thesis. Chapter 3 outlines the
methods and discusses the rationale for the protocol used to assess the effect of
concussion on the sensorimotor system. Chapters 4 and 5 investigate the epidemiology
of injuries in school level rugby union. Chapters 6 and 7 present the results of study 3,
which investigate the implications of a history of concussion on sensorimotor function.
Chapter 8 prospectively investigates the effect of concussion on the sensorimotor system
during the normal clinical recovery period following concussion. Chapter 9 provides a
general discussion of the findings from this thesis, the clinical implications and directions
for future research.

21

Figure 1.1. Flow chart of the structure of the thesis, and how each part contributes to
address the overall thesis aims.
22

Chapter 2
Background
This chapter provides the background to this thesis. It is separated into three major
sections. Section 2.1 provides an explanation of concussion injuries in sports. Section
2.2 provides a review of the current evidence of the effect of concussion on the
sensorimotor system and the implications in adolescents. In particular, this section
provides a rationale for investigating the vestibular and musculoskeletal systems.
Section 2.3 provides a background of the incidence and nature of injuries in rugby union,
in particular, concussion injuries in adolescents.

2.1.

Concussion in sport

Concussion is a common sporting injury that can occur across all ages, genders and
sporting levels 2, 5. An estimated 1.6 to 3.8 million sports-related concussions occur each
year in the USA, however, this may be an underestimation due to concussions often
being unrecognised and therefore going unreported as patients fail to seek medical
attention 1. Although the true incidence of concussion by age is unknown, an estimated
33 million children annually sustain a concussion worldwide 19. There has been a steady
increase in sports-related concussions reported in collegiate sports in the USA over the
last 2 decades, and similarly, hospitalisation for sports-related concussions in Australia
has also increased in the last decade

3-5

. However, this trend needs to be interpreted

carefully, as these increases may reflect a greater awareness and recognition of
concussion leading to increased reporting of injury rather than a true increase in
concussion incidence

3, 5

.

One of the challenges with accurately establishing the

incidence of concussion is that patients can present with a wide range of clinical signs
and symptoms, and clinical diagnoses are complex and often based on self-reported
symptoms

18

.

There is often confusion over the definition of concussion, as the

pathophysiological processes surrounding concussion are not well understood 18, 26.

Consensus and agreement statements have been established every 4 years since 2000
by the Concussion In Sport Group (CISG) to provide a consistent definition of concussion
and develop a conceptual understanding using a consensus-based approach

18, 26

. The

2016 Berlin consensus statement on concussion in sport defined a concussion as a
23

traumatic brain injury induced by biomechanical forces that may be caused by a direct
blow to the head, face or neck, or a blow to the body which transmits a force to the head
18

. A concussion may result in neuropathological changes that are largely due to

functional disturbances rather than structural injury 18. Headaches are the most common
symptom post-concussion and are reported in as many as 95% of cases, followed by
27-30

dizziness which is reported in 67-77% of cases

. The symptoms of concussion are

usually short-lived and resolve spontaneously, with normal clinical recovery in adults
between 10 to 14 days 18. The recovery time in children and adolescents may be longer
26, 31, 32

.

2.1.1. Concussion in adolescents
Concussions in children and adolescent athletes are of great concern due to the
uncertainty surrounding the pathophysiology of brain injury and the effects on the brain
during cognitive maturation 9. The CISG defined a child as aged between 5 to 12 years,
and adolescents to be aged 13 to 18 years

19

. Most children recover from a concussion
19, 33

within 2 weeks; however, symptoms may remain for up to 1 month or longer

. The

majority of children are expected to recover within 4 weeks post-concussion, with
symptoms lasting greater than 4 weeks considered prolonged recovery

19

. These age

ranges cover a period of extensive development in the brain and there is still uncertainty
as to what age an athlete should be considered as an adult for management of
concussion 19. Considering the large variability in the physical, behavioural and cognitive
maturation of adolescents, management of concussion in this age group is difficult

19

.

Adolescents have been shown to be at a greater risk of developing persistent postconcussion symptoms compared with children aged 5 to 12 years

31, 34

. Due to the

different effects of concussion on the developing brain 33, adolescents are at greater risk
of significant cognitive morbidities and prolonged symptom recovery 35. Persistent postconcussion symptoms can have severe adverse effects during a period of physical,
behavioural and cognitive development

19, 36

, and have been shown to affect academic

performance, daily function, social activities, and impact both physical and psychological
quality of life

8, 36

. Headaches, dizziness and fatigue are common symptoms reported

after concussion in children and adolescents

19

. Multiple studies that have compared

neurocognitive and symptom scores between adolescent and adult athletes have found
that adolescent athletes take longer to recover to their baseline scores

10, 37-39

. A recent

systematic review and meta-analysis indicated greater variability in self-reported
symptom recovery and a longer recovery time of 15 days in adolescent athletes
compared with 6 days in collegiate athletes 40. Neurocognitive function such as reaction
24

time, information processing, memory and attention have been demonstrated to
decrease immediately after concussion

41

; however, recovery times in adolescents and

adults were similar with neurocognitive function recovering within 5 and 7 days postconcussion 40.

Concussion in adolescents has the potential to cause long-term impairments and affect
their ability to participate in sports and daily activities 8. There is emerging evidence of
deficits in the vestibular and oculomotor system in children and adolescents following a
concussion 42, 43. The presence of vestibulo-ocular dysfunction post-concussion has also
been shown to be predictive of the development of persistent post-concussion symptoms
in adolescents 44, 45. Recent research has shown that deficits in vestibulo-ocular function
in adolescents can be associated with delayed symptom recovery, longer time to recover
from neurocognitive deficits and delayed return to school 42, 44. There has been increased
recognition of the effect of concussion on academic activities as problems have been
reported in adolescents at school after a sport-related concussion

46, 47

. These factors

may have an impact on activities important in normal developing adolescents and
appropriate management is necessary.

2.1.2. Management of concussions
The current management of concussions in adolescents and adults is similar and
involves a period of physical and cognitive rest followed by gradual introduction of
symptom-limiting activity 18, 19. Existing guidelines have focused on rest in order to relieve
symptoms and discomfort during the acute period (24 to 48 hours) after concussion.
Although the majority of athletes recover spontaneously within the normal clinical
recovery period after concussion, some athletes, in particular children and adolescents
are slow to recover 48. There is growing evidence that supports the role of physiotherapy
in management of patients with concussion

16, 49, 50

. The introduction of active

rehabilitation using aerobic exercise and coordination drills have demonstrated positive
effects in children and adolescents who are slow to recover after concussion 48, 51-53.

There is also evidence to support targeted physiotherapy management of the cervical
18, 50

spine and vestibular system

. The symptoms associated with concussion are

heterogeneous and can also be associated with injury to the cervical spine and vestibular
system post-concussion

50, 54

. The presentation of concussion is often complex and

physiotherapists play a key role in management of this condition due to their ability to
assess and treat the underlying impairments. Multimodal physiotherapy intervention of
25

impairments in the cervical spine and vestibular system have been demonstrated to
facilitate recovery in adolescents with a prolonged recovery after concussion 14-17. These
studies are promising and suggests that there is scope for physiotherapy to play a
greater role during the earlier stages after concussion to facilitate return to activity and
sports. The current evidence is primarily based on studies that involve athletes who
present with prolonged symptoms and are slow to recover after concussion. In order for
physiotherapy to be indicated, impairments in the sensorimotor system need to be
understood to guide appropriate physiotherapy management. Prospective investigation
of the sensorimotor system during the normal clinical recovery period following
concussion may help to identify changes that may be amenable to physiotherapy.

2.1.3. Return to sports after concussion
Returning to sport is concerning for adolescent athletes due to the inability of the
developing brain to withstand multiple injuries in close proximity, and hence a more
conservative approach and longer time before returning to sport has been advised for
adolescent athletes

9, 33

. The evidence base underpinning current return-to-sport

guidelines is limited and concussion rehabilitation procedures are currently largely
consensus based 55. The current return-to-sport strategy places great emphasis on rest
and recovery and the cessation of self-reported symptoms

26

. Once diagnosed with a

concussion, the management of the athlete under current clinical guidelines for returnto-sport involves an initial period of relative physical and cognitive rest for a period of 24
to 48 hours followed by commencement of a graduated return-to-sport protocol once the
athlete is asymptomatic

26

. There is currently no evidence to indicate the optimal timing

for adolescent athletes to commence the graduated return-to-sport protocol. The CISG
recommends successful return to school activities before return to game/competition,
while the rugby governing body has recommended a 2-week rest period

18, 19, 56

. The

return-to-sport protocol involves a stepwise re-introduction of exercise and sport-specific
tasks which assess whether an athlete is ready to return to sport and full contact based
on the exacerbation of self-reported symptoms during this protocol

26

. Knowledge of

concussion guidelines and compliance with return-to-sport guidelines in rugby union at
the adolescent and school level remains low

57-59

. These barriers limit the effective

implementation of guidelines and this has been identified as an area for improvement in
relation to safely returning an athlete to sport 26, 57, 60, 61.

There is also growing evidence that suggests that deficits resulting from a concussion
may persist beyond the period of clinical symptom recovery and that current clinical
26

assessments are not adequate in detecting deficits beyond symptom report

8, 62

.

Changes in neurocognitive function and neuromuscular control have been demonstrated
in athletes after recovery of clinical symptoms and returning to sports

63-65

. This is of

concern for adolescents during cognitive development as residual deficits may have an
ongoing effect on educational activities and increase risk of future injury 9, 39. A history of
concussion has also been demonstrated to increase the risk of sustaining a subsequent
concussion, with players 3 to 6 times more likely to sustain a second concussion in the
same season

66-68

. There is also emerging evidence of a link between concussion and

an increased risk of sustaining a subsequent injury elsewhere in the body for athletes
returning to sports after concussion 62, 69-71. Players who sustain a concussion have been
shown to be more prone to injury prior to the concussion incident and were 2.2 times
more likely to sustain an acute lower limb injury after sustaining a concussion 69. A study
of professional rugby union players found a 60% increased risk of an injury after
concussion and this was not affected by the speed of recovery and the time taken to
return-to-sport post-concussion

62

. The presence of an increased injury risk after

concussion would suggest current management of athletes might not adequately
address all systems that may be affected after concussions. Residual deficits in the
sensorimotor system may persist after concussion despite resolution of symptoms.
Comprehensive assessment of the sensorimotor system needs to be conducted to
identify the underlying impairments that may contribute to the increased injury risk postconcussion 62, 69, 70.

2.2.

Assessment of the sensorimotor system after concussion

Concussion affects the sensorimotor system and establishing the underlying
impairments within this system may inform physiotherapy assessment and management
of athletes with concussion

15, 16, 48, 54, 72, 73

. A comprehensive multimodal assessment is

required to identify specific deficits within multiple systems that contribute to the signs
and symptoms reported after concussion

73

. Symptoms commonly reported post-

concussion involve different domains such as, cognition, dizziness, balance, emotion,
headache, sleep disturbances and vision 54. Although there has been a large number of
studies that have investigated neurocognitive and balance dysfunction post-concussion,
there are a lack of studies of other domains within concussion such as vestibular,
oculomotor and cervical symptoms 54. The symptoms of concussion are heterogeneous
and not specific to concussion

54

. Identifying the individual systems affected after

concussion is important for a targeted approach to treatment 73.

27

The sensorimotor system incorporates all the sensory, motor, central integration and
processing involved in motor control and coordination of the body

13

(Figure 2.1).

Elements of sensory information arise from the vestibular, visual and somatosensory
systems; while neuromuscular control, balance and coordination are indicative of the
motor responses

13, 74

. The pathophysiology of concussion is complex and disruption in

any of the vestibular, visual or somatosensory systems could result in the wide range of
signs and symptoms post-concussion

11, 75

. This thesis focused on identifying specific

deficits in systems amenable to physiotherapy. This section of the thesis provides a
rationale for investigation of postural control and balance, and the vestibular and
musculoskeletal (the cervical spine and lumbopelvic region) systems in adolescents.
This section also highlights the challenges in assessment of sensorimotor function in
adolescents after concussion.

Figure 2.1. A schematic representation of the sensorimotor system. The sensorimotor
system incorporates all sensory, motor and central integration and processing involved
in maintaining functional joint stability.
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2.2.1. Deficits in postural control and balance
Postural control and balance have been extensively investigated in athletes postconcussion and deficits have been demonstrated during the acute period (3 – 5 days)
and after return to sport

64, 76-78

. Postural control and balance are the motor responses

resulting from the integration of sensory information from the vestibular, visual and
somatosensory systems

13, 79

. Studies of balance have demonstrated that deficits post-

concussion may have a primarily vestibular system impairment

80-83

. Poor sensorimotor

integration of the lateral vestibulo-spinal tract and the vestibular system has been
suggested to be related to these deficits 64. Disturbances in the cervical spine have also
been demonstrated to affect postural control, and head and eye movement

84

.

Impairment in the afferent input from the vestibular, visual and cervical systems can
therefore influence postural control and gaze stability in movement

84, 85

.

Changes in postural control lasting 3 to 5 days post-concussion have been demonstrated
using force plate technology and clinical balance tests

32, 78, 79, 81

. Assessment of static

stability has identified balance deficits post-concussion, with athletes displaying greater
centre of mass displacements and sway velocity

64

, and increased balance errors using

clinical balance evaluation tools (balance error scoring system; BESS)

32, 86

. However, a

recent study of elite rugby players demonstrated reduced sway velocity after concussion
when compared with pre-concussion assessments

87

. This study suggested that post-

concussion, there is a reduced willingness by the central nervous system to use sway
as an exploratory mechanism to gather sensory information to control posture and
balance 87, 88. It has been previously reported that during assessment of dynamic balance
tasks, athletes with concussion adopt more conservative movement strategies

76, 89, 90

.

During gait tasks, athletes post-concussion have demonstrated slower gait speed,
decreased stride length and reduced centre of mass displacement
increase in sway magnitude and sway velocity were noted

76, 77, 89

, while an

89

. These results have been

suggested to reflect a compromised control of balance in which a more conservative
movement strategy is adopted to maintain dynamic stability due to impaired vestibular
and visual input and sensory integration by the central nervous system

64

.

Comprehensive assessment of multiple systems involved in maintaining postural control,
head and eye movement may better identify specific deficits within the sensorimotor
system after concussion. While postural control and balance have been investigated in
adults, no studies have examined adolescent rugby union players. Multi-faceted
assessment of the vestibular and musculoskeletal systems may identify the underlying
impairments that contribute to deficits in postural control and balance.

29

2.2.2. Deficits in the vestibular and oculomotor system
The vestibular system is a key component of the sensory and motor functions
contributing to postural control through the vestibulo-spinal reflex (VSR) and gaze
stabilisation during head movements through the vestibulo-ocular reflex (VOR)

28, 75, 91

.

Oculomotor control involves eye movements and visual fixation, which, in combination
with the vestibular system, maintains the ability to keep visual targets stable while the
head is stationary or moving at different velocities 75. Integration of the vestibular, visual
and somatosensory systems is important for maintaining balance and postural control,
as well as coordinating eye movement relative to the head, neck and trunk during
dynamic activities

13, 92

. Although the pathophysiology of vestibulo-ocular dysfunction

post-concussion is complex, disruption of these systems can result in the symptoms and
impairments reported post-concussion 75. There is emerging evidence of impairments in
the vestibular and oculomotor systems in athletes post-concussion 12, 16.

Common symptoms reported post-concussion such as dizziness, nausea, vertigo, visual
disturbances and balance deficits may reflect an underlying impairment in vestibular
function

12, 67, 93

. Symptoms such as blurred or double vision, convergence insufficiency

and difficulty reading or tracking a moving object may indicate impairment in oculomotor
function

75

. Deficits in vestibular and/or oculomotor function have been reported in as

many as 30 to 90% of children and adolescents with concussion

12, 42, 44, 82

. Benign

parosxysmal positional vertigo (BPPV) is also a common cause of dizziness and vertigo
after head trauma and has been reported in children and adolescents post-concussion
94, 95

. The force of the head trauma often involved during concussion injuries may

dislodge otoconia in the semicircular canals within the vestibular system, causing a
disturbance of sensory input from the vestibular system

95

.

Optimal vestibulo-ocular function is important in sports which require stable vision while
running, tracking and catching a ball

82

, however, this is also important for adolescents

not only when participating in sports, but also in academic activities. Impairment of
vestibulo-ocular function may affect educational activities such as reading, notetaking,
and computerised tasks, which could contribute to prolonged academic recovery and
poorer school outcomes

42, 43

. The presence of vestibulo-ocular dysfunction in children

and adolescents post-concussion has been demonstrated to be associated with
prolonged symptoms, poorer neurocognitive function and delayed academic recovery 35,
42, 45

. It has been suggested that assessment of vestibulo-ocular function should be

conducted post-concussion for children and adolescents presenting with dizziness and

30

12, 82, 92

balance complaints

. The current evidence is based on cross-sectional studies

and prospective studies would enable the evaluation of the causal relationship between
concussion and deficits in vestibulo-ocular function.

2.2.3. Deficits of the musculoskeletal system
The signs and symptoms of concussion are also associated with impairment of
musculoskeletal function 72, 84, 96. There are extensive anatomical connections that allow
sensory information from the vestibular and visual systems, and cervical proprioceptors
to control posture and balance

84

. This relies on the complementary relationship of the

physiological systems involved in sensory stimuli reception, transmission and processing
of central nervous system signals and conversion of signals to produce a motor output
13

. The vestibular nuclei and their connections with the motor-neuronal pool through the

lateral vestibulo-spinal tract influences activation and control of trunk musculature

28, 91

.

Clinical features of cervical spine dysfunction have been identified in patients with
concussion

11, 16, 96

, while changes in the lumbopelvic region were associated with

balance and postural control deficits post-concussion 87, 97.

2.2.3.1.

Cervical region

The mechanisms of injury involved in sustaining a concussive injury are similar to that of
whiplash-associated disorders with potential for trauma to the cervical spine musculature
98

. Not surprisingly, pain in the cervical spine region is often reported after concussion 16,

99

. The negative effects of pain in the cervical spine region on sensorimotor and vestibular

function have been well documented, with reports of altered balance, cervical joint
position sense and cervico-ocular reflexes 72, 84, 100. The disruption in sensorimotor input
as a result of pain in the cervical spine may result in dizziness and balance deficits which
are similar to symptoms reported post-concussion

83

. Dysfunction of the joints of the

upper cervical spine has been shown in patients with headaches post-concussion,
suggesting the need to include physical assessment for a cervicogenic component in
patients suffering persistent headaches post-concussion

96

. Altered function of the

cervical spine has been demonstrated in adolescent athletes post-concussion, with
changes in cervical muscle endurance, strength, head on neck control and joint position
sense

11

. Deficits in cervical spine position sense have been demonstrated in rugby

union players and have been shown to be similar to those seen in patients with whiplash
101, 102

. Cervical proprioception has been shown to be altered in elite rugby union players

with a history of concussion, and this alteration has been shown to increase the risk of
31

sustaining a head and neck injury in these athletes 97. Strength and function of the neck
muscles have been identified as potential modifiable factors associated with concussion
103, 104

in athletes

. Studies have demonstrated an association between increased

isometric strength and size of neck muscles and a decreased risk of sustaining a
concussion

103, 104

. Neuromuscular control of cervical muscles and the ability to brace

prior to impact has also been suggested to be associated with the risk of concussion 104106

. Further investigation of cervical spine function in adolescent rugby union players

following concussion may provide evidence of deficits or identify risk factors specific to
this population.

2.2.3.2.

Lumbopelvic region

Changes in lumbopelvic muscle function are thought to contribute to the postural control
and balance deficits seen after concussion

87, 97

.

A study of elite footballers has

demonstrated an association between the ability to activate and contract muscles of the
lumbar spine with head and neck injuries

107

. Relationships between the activation and

control of cervical spine and lumbar spine muscles have been established in postural
control studies

108, 109

. Paraspinal muscles play an important role in segmental control

and positioning of the spine to allow optimal loading 110. It has been suggested that the
proprioceptive role of lumbar spine muscles, which allows appropriate positioning of the
trunk, may assist in dissipating forces to the head and neck during contact sports

107

.

Results of another study comparing elite athletes with and without a history of concussion
found that players with a history of concussion had smaller lumbopelvic muscles than
players without a history of concussion

97

. These players with smaller lumbopelvic

muscles were at a greater risk of sustaining a concussion during the season 97. Although
it is difficult to establish a causal relationship between concussion and lumbopelvic
muscle function from studies with a cross-sectional design, a recent study has provided
evidence of a cause-and-effect of concussion on lumbopelvic muscle function.

A

prospective study comparing pre and post-concussion measures has demonstrated
altered sensorimotor function of the trunk post-concussion, with changes in motor control
and increased lumbopelvic muscle size during the initial period following concussion

87

.

The altered lumbopelvic muscle function in athletes post-concussion has been compared
with changes seen in patients with acute low back pain, and a proposed explanation for
these findings was a response by the central nervous system to minimize pain and
further injury by decreasing trunk movement 87, 111. Motor control of lumbopelvic muscles
has also been shown to be important in relation to lower limb injuries, and studies have
shown a link between size and control of muscles of the lumbar spine and increased risk
32

of injuries in elite athletes

112, 113

. These studies provide further insight into the potential

underlying mechanisms of postural control changes after concussion. Although these
novel findings have been demonstrated in elite athletes in various sports, no studies
have investigated the effect of concussion on lumbopelvic muscle function in adolescent
rugby union players.

2.2.4. Sensorimotor function in adolescents
Evaluating the effect of concussion on the sensorimotor system in adolescents can be
difficult. There are variations in physical, behavioural and cognitive maturation among
adolescents

19

. The sensorimotor system may not be fully mature by the time children

reach adolescence. Growth spurts start at 12 years of age and peak at 14 years of age.
The vestibular, visual and somatosensory systems within the sensorimotor system may
still be maturing during adolescence

25

.

The vestibulo-ocular and vestibulo-spinal

pathways are still maturing between 6 to 12 years of age and may not reach integrated
91, 114

function similar to an adult until 15 years of age

.

Mechanisms indicative of

sensorimotor function such as neuromuscular and postural control and intersegmental
coordination are affected during this period of adolescent development as the sensory
organisation process undergoes changes with maturation of the visual, vestibular and
somatosensory systems

115, 116

. Furthermore, regression in sensorimotor function may

also occur during this period of rapid change in the body associated with puberty.
Neuromuscular control, postural stability and intersegmental coordination may also be
affected during periods of rapid growth spurts 25. Measures of sensorimotor function are
often highly variable between children and adolescents of the same age

25, 117

. In order

to establish the causal relationship between concussion and deficits in the sensorimotor
system in adolescents, an understanding of the pre-injury function is necessary.
Comparison between pre and post-concussion measures of sensorimotor function may
identify underlying impairments for physiotherapy intervention.

2.3.

Investigation of injuries in rugby union

There is a risk of sustaining a concussion in many sports, but the risk is greater in contact
and collision sports 5. This thesis was conducted in a cohort of adolescent rugby union
players due to the high incidence of injuries reported in the sport 118, 119. Rugby union is
one of the most popular sports played worldwide

118

, and is traditionally a contact sport

played between two teams of 15 players on a rectangular field. The popularity of rugby

33

union has grown worldwide with various forms of the sport currently played in 121
120

countries by over 9.1 million men, women and children

. In Australia, there has been

a steady growth in participation over the last decade, reaching a peak in 2015 with over
706,000 players having participated in rugby union

121

. Despite an overall increase in

participation, there has been a decline in participation in the 15-a-side game at the club
level, especially in the under 12 to 18 age groups

121

. There may be many contributing

factors to a decline in participation such as the associated time and financial
commitments of participating in organised sports

122

. The injury risk associated with

participation in contact sports and the perception of injury risk may lead parents to
discourage children from playing a particular sport

123-125

. Rugby union is a physically

demanding sport with intermittent bouts of high intensity running in combination with
collisions and contact from tackling and rucking 126, 127. Due to the physicality of the game,
there is a high incidence of injuries in adult and adolescent rugby union

118, 124, 128

.

Adolescents could also be at a greater risk of sustaining injuries playing rugby union as
there are large variations in player attributes and mismatch in size during
musculoskeletal development

129, 130

. Injuries sustained from participating in youth sport

can have a long-term impact on the health and wellbeing of young athletes

131

. Injury

surveillance has been conducted to establish the incidence and nature of injuries in rugby
union and to identify areas to prioritise injury prevention efforts.

2.3.1. Injury surveillance in rugby union
Numerous injury surveillance studies have been conducted at the professional levels of
rugby union which have reported injury rates ranging from 81 to 90 per 1000 player match
hours

126, 132, 133

. Although research has primarily focused on international and

professional rugby union 134, a greater number of players participate in the amateur and
community levels of rugby union worldwide

135

. There are difficulties associated with

conducting injury surveillance in the non-professional levels of rugby union due to the
lack of resources and access to medical personnel

128

. However, due to the differing

physical attributes, skills and playing standards between professional and nonprofessional players, there are likely to be differences in injury types and incidences. It
is difficult to extrapolate injury data from studies of professional level rugby and apply it
to the amateur level as many factors such as player physique, increased physicality,
speed of play and playing conditions vary considerably

136

. It is therefore important to

establish the epidemiology of injury at the amateur levels of sport in order to identify
appropriate management and injury prevention strategies specific to adolescents, as
they may differ to those that are effective at the professional level.
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Wide variations in injury definition and data collection procedures in rugby union have
made comparison between different rugby union studies and different sports difficult. A
consensus statement was developed in 2007 to improve consistency of injury definitions
and methodology for studies of injuries in rugby union to allow meaningful comparison
of results

. A ‘medical-attention’ injury is an injury that results in a player receiving

137

medical attention for a physical complaint and a ‘time-loss’ injury is an injury that results
in a player not being able to fully take part in future training or match play due to that
physical complaint 137.

2.3.2. Incidence and nature of rugby union injuries
The use

of injury definitions and consistent data collection methods following the

publication of the 2007 consensus statement for studies of rugby union injuries has
provided epidemiological data which has allowed inter-study comparisons 128. A recent
systematic review of injury rates in amateur male rugby union reported an incidence of
46.8 injuries per 1000 player match hours using a ‘time-loss’ injury definition

128

. A

comparison of injury rates between professional and amateur levels of rugby union
indicate that the incidence of injuries decrease with decreasing levels of play and
competition

126, 128, 138

. This is likely due to the reduction in game intensity,

competitiveness and physical attributes of players at the lower levels 134, 135. The collision
component of the sport, during tackling or being tackled, is the most commonly reported
mechanism of injury, with the collision component accounting for up to 80% of all injuries
in professional and community rugby union,

126, 135, 139

. Injury patterns also provide

important information for development of targeted interventions, with lower limb injuries
being significantly more prevalent than upper limb injuries in adult rugby union players
across all levels of the game

126, 128, 135

. Research has primarily focused on injuries in

adult rugby union, with emerging research beginning to focus on injuries in the junior
levels of the sport.

A review of adolescent male rugby union injuries indicated large variations in reported
rates, ranging from 28 to as high as 130 injuries per 1000 player match hours using a
‘medical-attention’ injury definition, and a lower rate of 12 to 22 per 1000 player match
hours using a ‘time-loss’ injury definition

136

. The incidence of injury has been

demonstrated to increase with age in youth rugby union players, however, rates are
lower than in adults 136, 140, 141. Similar to adults, the tackling component of rugby was also
the most common mechanism of injury, accounting for up to 65% of all mechanisms of
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injury

124, 136

. The prevalence of injuries of the lower and upper limb varied between

studies, with injuries overall relatively evenly distributed among lower and upper
extremities

136, 142

. The most noticeable difference between adult and adolescent injury

patterns was that injuries to the head and face were the most commonly reported site of
injury in adolescent rugby union players

24, 141-143

.

Two recent major studies of school

aged rugby union injuries from the United Kingdom have been published which reported
an incidence of 30 injuries per 1000 player match hours using a ‘time-loss’ injury
definition and reported concussions as the most common injury

24, 144

. Since the

introduction of the consensus statement in 2007, there have been no studies of school
level rugby union injuries conducted in Australia. A recent study of sports injury-related
hospitalisations in Australian children has identified injury prevention efforts in Australia
as inadequate 145. It is important to establish the nature of the problem in order to guide
development of effective and targeted injury management strategies. Conducting injury
surveillance provides valuable information of the incidence and aetiology of injuries
specific to the sport and cohort in which it was conducted in 145, 146.

2.3.3. Concussions in rugby union
In comparison with other contact sports, rugby union has one of the highest rates of
concussion

147, 148

. A review and meta-analysis of concussion rates in rugby union

reported an overall concussion incidence of 4.7 per 1000 player match hours

147

. In

professional rugby union, a rate of 4.5 concussions per 1000 player match hours has
been reported, while in adult community rugby union, 2.4 to 8 concussions per 1000
player match hours has been reported 66, 149. The majority of concussions occur during a
tackle, with more concussions associated with tackling than being tackled

149, 150

. The

reported incidence of concussion varied across different levels of rugby, with a higher
incidence of concussion reported in the community and amateur levels

147, 149

. Tackling

technique and body positioning during tackling have been suggested as possible injury
risk factors and players at the amateur levels of rugby may not have the same tackling
efficiency and physical conditioning as players in the professional and higher levels

149

.

Improvements in technique during the contact phase of rugby has therefore been the
focus of injury prevention programs 151, 152.

There is a high incidence of concussions in rugby union when compared with other
adolescent sports 23. Concussions make up between 2 to 25 % of all injuries reported in
adolescent rugby union 124. Among adolescent rugby union players, a prevalence of 19%
to 48% of players have reportedly sustained a concussion at least once in their career
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153, 154

. A systematic review of concussion incidence in adolescent and school level rugby

union players reported a range of rates between 0.2 to 6.9 concussions per 1000 player
match hour

155

. Another review and meta-analysis reported an incidence of 0.62

concussions per 1000 player match hours

147

. Due to the large heterogeneity of study

methodologies and concussion definitions used in studies of youth concussions, large
variations in incidences have been published

155

.

Although concussion rates in

adolescent rugby players are relatively low in comparison with other levels of rugby,
concussion in adolescent sports may be underestimated due to the lack of awareness
and/or willingness to report concussions in this cohort 23, 57, 61. Concussion in adolescents
is of great concern due to the uncertainty surrounding the long-term effects of concussion
on the developing brain

8, 9, 33

. Research is needed to identify strategies to reduce the

incidence of concussions and improve management of this injury in adolescents. This
may encourage ongoing participation in contact sports without risking long-term
consequences on the health of athletes.
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2.4.

Identified gaps in the literature

Concussion has been identified as an area of concern for adolescent athletes, in
particular adolescent rugby union players. Physiotherapy has been recognised as
playing a key role in management of athletes post-concussion to facilitate return to
sports. Although there is some evidence of deficits in the sensorimotor system postconcussion, there are limited investigations of the effect of concussion on the vestibular
and musculoskeletal (the cervical spine and lumbopelvic region) systems to guide
physiotherapy intervention. Furthermore, it has been established that sensorimotor
system deficits post-concussion may last longer than symptom recovery and may persist
after athletes return to sport. The current evidence is based primarily on cross-sectional
studies in which it is difficult to establish cause and effect. Current studies also present
a high level of selection bias in their recruitment. Participants who present to specialist
concussion centres or emergency departments are more likely to represent the more
severe concussions and do not represent presentations in other settings such as doctors’
clinics or concussions that go unrecognised. These studies provide valuable information;
however, prospective cohort studies are needed to understand the effect of concussion
on the sensorimotor system. In addition, studies of physiotherapy management of
concussion have investigated mostly athletes who present with prolonged symptoms and
there is often no comparison available with pre-concussion measures of function.
Although it is difficult to conduct prospective studies investigating concussion, as these
are rare events, studies comparing pre-concussion sensorimotor function are needed to
establish if there is a causal relationship between concussion and sensorimotor system
deficits. Studies investigating the effect of concussion during the normal clinical recovery
period post-concussion or in athletes who do not develop persistent symptoms are
therefore needed to guide physiotherapy assessment and management of concussion.

Establishing the effect of concussion on the sensorimotor system and whether residual
deficits exist may provide a better understanding of the long-term effects of concussion
and guide a targeted approach for physiotherapy management of concussion. The use
of established physiotherapy protocols to examine the vestibular and musculoskeletal
systems is necessary to inform physiotherapy management of concussions in
adolescent rugby union players.

Due to the increased awareness and publicity surrounding concussions in sport and in
particular adolescent rugby union, there are calls by sports governing bodies to
implement injury prevention programs. Although concussion has been identified as a
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common injury in adolescent rugby union, no recent studies have been conducted in
youth rugby union in Australia. In order to prioritise injury prevention efforts, it is
necessary to establish the incidence and nature of injuries within the target population.
The next section outlines the aims of the studies conducted in this thesis.

2.5.

Thesis Aims

This thesis aimed to:
i)

investigate the epidemiology of injuries in adolescent rugby union players,

ii)

determine whether adolescent rugby union players with a history of
concussion demonstrated differences in sensorimotor function, and to

iii)

examine the effect of concussion on the function of the vestibular and
musculoskeletal systems during the acute period post-concussion and
after return-to-sport in adolescent rugby union players.

The thesis involved four studies. The first two were prospective observational studies
that established the epidemiology of injuries in school level rugby union. The third and
fourth studies were cohort studies which involved physiotherapy assessments of the
sensorimotor system (vestibular and musculoskeletal system) in adolescent rugby union
players at baseline (before the rugby season) and following a concussion injury.
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Chapter 3
Methods
This chapter outlines the methods and study design for the four studies conducted in this
thesis. Section 3.1 describes the methods and design of studies one and two which were
prospective observational injury surveillance studies. Section 3.2 describes the general
methodology and design used for studies three and four that investigated the effect of
concussion on vestibular and musculoskeletal function. Study three was cross-sectional
in design and compared vestibular and musculoskeletal function between concussion
history groups, while study four was a prospective investigation of the effect of
concussion on vestibular and musculoskeletal function in players who sustained a
concussion. Sections 3.3 to 3.5 provide a description and justification of the measures
used in studies three and four to assess the vestibular and musculoskeletal systems.

3.1.

Injury epidemiology studies

Injury surveillance is an important component in the development of injury prevention
programs. Understanding the incidence and nature of injuries is the first step to designing
an effective intervention to reduce injuries

146

. Further understanding of mechanisms of

injury, and intrinsic and extrinsic injury risk factors may provide useful information for the
development of interventions to reduce the risk of injury

156

. Wide variations in injury

definitions and data collection procedures in rugby union have made comparison
between studies difficult. A consensus statement was developed in 2007 to improve the
consistency of injury definitions and methodology for rugby union studies 137.

3.1.1. Pilot injury surveillance study (Study 1)
Study 1 of this thesis was conducted as a pilot injury surveillance to establish the
incidence and nature of injuries in school level rugby union in Australia. This study was
also conducted to establish the incidence of concussion injuries in order to determine
suitability of conducting a prospective study design to investigate the effect of the
sensorimotor system in school level rugby union players. This study provided guidance
in the development of a larger-scale injury surveillance (study 2 of this thesis) in school
level rugby union and assisted in the design of the study and data collection protocols.
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3.1.1.1.

Participants

The pilot injury surveillance was conducted on school-aged rugby union players from
one school participating in the Greater Public Schools (GPS) competition in Queensland,
Australia. The school was recruited into the study through discussions with the school’s
principal and the director of rugby. Players participating in the 2015 inter-school rugby
union season were eligible for participation. The study was approved by the Australian
Catholic University Human Ethics Committee (HREC 2016-3N) (See Appendix 1.1). The
principal of the school gave permission for the study to be conducted on players from
the school.

3.1.1.2.

Collection of injury data

Injury data were collected using paper-based injury recording forms used by the school’s
first aid providers. These forms were adapted from the Sport Medicine Australia (SMA)
rugby injury reporting forms (See Appendix 2.1). The injury recording forms were
completed by first aid providers if a player was removed from the field of play due to an
incident that required medical attention or if the player sought medical assistance at the
first aid station. Injury data were collected by sports trainers and physiotherapists.
Physiotherapy research assistants were also present at all home and away games for
the school involved in this study to assist with collection of injury data. At home games,
injury data were collected by the school’s first aid providers on all players as per their
usual injury management routine. At away games, injury data were collected by first aid
providers from those schools using their own injury recording forms. To provide
consistency, physiotherapy research assistants present at the away games conducted
additional injury data collection using the same injury record forms as those used at
home games. Injury record forms were collected by the school involved in this study for
their records and usual injury management. All injury recording forms were collected
and stored by the schools, with copies sent to the GPS governing body and entered into
an injury database. Injury data were de-identified by the school prior to being sent to
researchers for analysis.
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3.1.1.3.

Pilot study considerations

The main aim of study one was to establish the incidence and nature of injuries in school
level rugby union. Results from this study have been published (Leung, FT., Franettovich
Smith, MM. & Hides, JA. (2017) Injuries in Australian school-level rugby union. Journal
of Sport Sciences. 35(21): 2088-2092) and reported in chapter 4.

The result of this study found that there was a high incidence of injuries to the head, face
and neck region with concussion being the most commonly reported injury. The
incidence of concussion injuries was higher than previously reported rates. Results of
this study and another study in school level rugby union indicated concussion as a
problem and worth further investigation

24

. A large-scale investigation of concussion

injuries was therefore warranted to further investigate the incidence of concussions in
Australian school level rugby union. This study also identified a number of factors to
consider for conducting large-scale injury surveillance in school level rugby union. One
of the factors was the varying qualifications of medical personnel at different sporting
venues. It was also noted that different injury record forms were often used at different
venues and the information collected varied considerably. These key factors established
the need for a standardised injury surveillance form to be used across all venues for the
large-scale surveillance study. There were also difficulties experienced when conducting
injury data collection at away venues with the duplication of injury data recording by other
first aid providers. In addition, games at away venues took place at a number of fields
and players who sought medical attention at a first aid station may have been missed by
our research assistants. It was concluded that in order to conduct a comprehensive
injury surveillance study, participation from all the schools within the competition was
required. These factors assisted in formulation of the design of study 2 and data
collection protocols.
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3.1.2. Large-scale injury surveillance study (Study 2)
Study 2 was a large-scale injury surveillance conducted to further confirm the high rate
of concussions in Australian school level rugby union and support the findings from study
1. The following section describes the details of the study design and data collection
protocols used in study 2. Full results of this study are published (Leung, FT.,
Franettovich Smith, MM., Brown, M., Rahmann, A., Mendis, MD. & Hides, JA. (2017)
Epidemiology of injuries in Australian school level rugby union. Journal of Science and
Medicine in Sport. 20(8): 740-744) and reported in chapter 5.

3.1.2.1.

Participants

Participants in this epidemiology study were school aged rugby union players recruited
from all eight schools that are members of the Associated Independent Colleges (AIC)
in Queensland, Australia. Players aged 9 to 18 years participating in the AIC’s interschool rugby union competition from year 5 through to open grade teams were included
in the study. The schools were recruited by provision of letters and delivery of a
presentation to the principals explaining the nature of the research. Principals of all eight
AIC schools involved and the executive officer of the AIC gave permission and letters of
support for the researchers to conduct the injury surveillance study during the 2016
playing season.

Parents and players were informed of the study via a notice in the sports newsletter,
which provided explanatory information about the purpose and nature of the study to
gain passive consent. Parents and players could decline participating or having their
injury recorded for this study by contacting the school. Passive consent was used to
ensure a high level of participation to obtain a more representative sample

157

. Injury

data were de-identified by a data management unit prior to analysis by researchers
involved in the study. Researchers did not have access to names, date of birth or contact
details of injured players. Ethics approval was obtained from the Australian Catholic
University Human Research Ethics Committee (HREC) to investigate the epidemiology
of injuries in school level rugby union (HREC 2016-3N) (See Appendix 1.1).

3.1.2.2.

Study Design

Study 2 was a prospective observational study conducted during the 2016 Associated
Independent Colleges (AIC) rugby union season. The AIC rugby season was 7 weeks in
duration. Each school’s designated first aid providers continued their usual first aid
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documentation. In addition, for consistency, first aid providers were instructed to use the
study’s standardised injury record forms (section 3.1.2.4) for all injuries requiring
attention. Research assistants attended all home games to assist with data collection. At
the completion of each day’s games, injury record forms were collected by the school,
scanned then emailed to a university data management service (section 3.1.2.5).
Confidentiality and anonymity of players was maintained with all identifiable content
removed prior to the data being sent back to the researchers for analysis. Figure 3.1
shows the design of the study from injury data collection through to data analysis.

Figure 3.1. Flow chart of study 2 data collection process.

3.1.2.3.

Collection of injury data

Due to the large-scale nature of injury surveillance conducted in this study, with multiple
venues and varying qualifications of first aid providers, a ‘medical-attention’ injury
definition in accordance with the international consensus statement was used for this
study rather than a ‘time-loss’ injury

. A ‘medical-attention’ injury was recorded if a

137

player was attended to or assisted from the field of play due to an incident that required
medical assistance, or if the player sought medical assistance at the first aid station.

Previous studies have identified large variability in reporting of injuries across clubs in
community injury surveillance

158, 159

. The interpretation of injuries and definition by staff

at different sporting venues has been suggested to contribute to the large variations in
injury rates

158, 159

. Research assistants were utilised in this study to ensure consistent

injury reporting. Research assistants were physiotherapy students with SMA level one
sports trainer accreditation. The research assistants also underwent additional training
and familiarisation with the use of the standardised injury surveillance forms with the lead
researcher (FL).
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3.1.2.4.

Injury surveillance form

A standardised paper-based injury recording form was developed for the injury
surveillance study in conjunction with AIC schools to streamline the type of injury
information collected. It was identified from the pilot study that the qualification of medical
personnel varied considerably and therefore injury recording forms needed to be simple
and required minimal medical knowledge. The pilot study identified that clear injury
categorisation based on body region and the structure injured was more appropriate than
obtaining an injury diagnosis. The injury record forms were adapted from the SMA
paper-based injury record forms

160

. The forms were adapted to simplify data collection

and record rugby specific information. Information collected on the forms included player
name, age, position and demographic data such as height and weight. Injury information
collected was simplified and grouped by body regions and also by injury category using
methods from the 2007 consensus statement for studies of injuries in rugby union

137

.

The locations of injuries were grouped into 5 body regions (head/face, neck, upper limb,
trunk and lower limb). Injuries were grouped into 6 categories (concussion, muscle and
tendon, joint (non-bone) and ligament, contusions, bone and other injuries).

A concussion injury was recorded if a player was removed from the field for a suspected
concussion and met the criteria listed on the ‘Pocket Concussion Recognition Tool
which was published in the 4th consensus statement for concussion in sport

’,

TM

26

. The

definition used in this study is consistent with the current consensus statement on
concussion in sport, which states that any player suspected of a concussion must be
removed from the field of play immediately and must not take part in any further training
or game activity that day

26

. Although we did not follow-up players after assessment by

a medical practitioner to confirm the diagnosis of concussion, the definition used
provided valuable information regarding the scale of concussion injury presentations in
school level rugby union. A copy of the injury recording form is included in Appendix 2.2.

3.1.2.5.

Data management unit

A university data management unit (Mary MacKillop Institute for Health Research,
Victoria, AUS) was utilised for data entry and de-identification of injury data in this study.
The use of a data management service provided an unbiased method of data processing
that was independent to the researchers involved in the study. The data management
unit also provided a number of quality control processes and ensured accurate data entry
by conducting dual data entry and randomised query checks. The injury forms were

45

received by the data management unit from the schools via email. The forms included
information routinely collected by the schools for their records such as the names, date
of birth and parent contact details of the injured players. The player’s age was calculated
using the date of birth. The data management unit then de-identified data by allocating
a participant ID for each injured player. Players who sustained more than one injury
during the season were identified and allocated the same participant ID. The de-identified
dataset was then sent to researchers for analysis.
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3.2.

General Methods for Studies 3 and 4

Studies 3 and 4 of this thesis investigated the effect of concussion on the vestibular and
musculoskeletal systems in adolescent rugby union players. The two studies were
related, in that both studies utilised the same measures of sensorimotor function. Study
3 was a cross-sectional study, while study 4 was a prospective nested case-control
study. Participants in study three were eligible for participation in study four in order to
conduct a prospective study of the effects of concussion on the sensorimotor system by
comparing pre-concussion function with post-concussion function.

3.2.1. Participants
Participants in studies 3 and 4 involved players from 6 schools (3 AIC and 3 GPS
schools) in 2016 and 4 schools (2 AIC and 2 GPS) in 2017. The schools were recruited
into the study by provision of information letters and a presentation at a meeting of the
directors of sports explaining the nature of the research. The respective principals gave
a letter of support and permission for the students in their school to participate in the
study. Players in the schools’ senior playing squad or emerging playing squad at the
beginning of the 2016 and 2017 school rugby union season respectively were eligible for
inclusion in the study. Participants nominated by the school, were sent a school cover
letter explaining the purpose of the research and a participant information letter
explaining the research and nature of the proposed assessments.

As the study involved participants who were less than 18 years of age, written assent
was obtained from the participants, in addition to written consent from their parents.
Participants over 18 years of age were only required to provide written consent.
Participants were informed that baseline/preseason data collection would occur at either
the university research laboratory, school campus or at the schools’ preseason rugby
camp locations. Additional information was also provided explaining the data collection
process if participants were to sustain a concussion during the school rugby season.
Post-concussion assessment testing took place at the participants’ school campus. The
study was conducted for a second year in 2017 to increase the number of prospective
post-concussion assessments for study 4. For study 3, 214 players participated in 2016
and 71 players participated in 2017. This resulted in 14 players in 2016 and 6 players in
2017 being eligible to participate in study 4 after sustaining a concussion.

47

For studies 3 and 4 of sensorimotor system assessment at baseline (preseason) and
after concussion, an ethics amendment to a pre-existing study was approved by the
HREC for the Australian Catholic University (HREC 2014 253Q) (See Appendix 1.2). The
pre-existing ethics approval was for a study investigating the effects of concussion on
the function of the sensorimotor system in elite athletes. All electronic data were stored
on university research drives which met the back up and access control requirements of
the National Health and Medical Research Council of Australia (NHMRC) guidelines.
Paper based data were stored in locked filing cabinets in a data storage room.

3.2.2. Study design
A flow chart of the study design and data collection process of studies 3 and 4 are
presented in figure 3.2. Study 3 was a cross-sectional study which compared
sensorimotor function between players with and without a history of concussion. Data
collection was conducted during the preseason prior to commencement of the interschool rugby season. Study 4 was a prospective nested case-control investigation of the
effect of concussion on sensorimotor function in players who sustained a concussion. As
concussions are rare events, using a nested case-control study design allowed the use
of data previously collected from a larger study. Study 4 involved assessment of players
who underwent baseline testing in study 3, and then sustained a concussion during the
school rugby season. The prospective design of study 4 allowed comparison between
pre and post-concussion sensorimotor function and provides greater ability to establish
a cause and effect between concussion and sensorimotor system deficits. Age and
playing position matched control players who underwent baseline testing were also
assessed during the acute post-concussion assessment with the concussed player. The
control players were used to evaluate changes in sensorimotor function as a result of
participating in rugby during the season. The 6 schools involved in the studies were part
of 2 different inter-school competitions which took place during different academic
semesters. The AIC inter-school rugby season occurred from March to June and took
place over 7 weeks, while the GPS rugby season occurred from July to September and
took place over 8 weeks.
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Figure 3.2. Flow chart of the study design of studies 3 and 4.

3.2.3. Collection of data (Study 3 and 4)
Assessments of sensorimotor function (vestibular and musculoskeletal system) were
conducted using portable equipment with minimal set up requirements and utilised
physiotherapy assessment protocols. The assessments for each player took 90 minutes
to complete. The order of data collection was that all participants started with the
questionnaire, and then rotated through to different assessment stations (See figure 3.3).
The rotation process allowed a larger number of players to be assessed in the limited
amount of time made available by the schools to access players during the academic
semester. Physiotherapists and/or research assistants conducted the assessments.
Physiotherapists conducted assessments that required physiotherapy or health
practitioner qualifications (assessment of cervical spine function and SCAT3 testing),
while assessments (balance testing) which did not require physiotherapy qualification
were conducted by research assistants. In addition, physiotherapists attended training
sessions and/or courses conducted by experienced physiotherapists for assessment of
vestibulo-ocular function. Assessments using ultrasound imaging were conducted by
physiotherapists experienced in the use of ultrasound imaging with demonstrated intra
and inter-rater reliability (JH, MS, DM). All physiotherapists and research assistants
involved in the studies underwent a training session for familiarisation of the research
protocol for their testing station, which included standardisation of the assessment
protocol and documentation, and practical training.
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Figure 3.3. Conducting data collection for studies 3 and 4. Participants attended a 90 minute assessment session and rotated through a
series of stations to assess vestibular and musculoskeletal function (Vestibulo-ocular function, cervical spine function, ultrasound assessment
of lumbopelvic muscle size and function, and balance)
50

3.2.4. Collection of data post-concussion (Study 4)
A player met the inclusion criteria for study 4 if they were taken off the field or sought
medical attention for a suspected concussion and met the criteria as listed on the ‘Pocket
Concussion Recognition Tool

’, as published in the 4th consensus statement for

TM

concussion in sport 26. All players suspected of concussion were required by the school
and current concussion consensus guidelines to seek further assessment by a medical
practitioner. The researchers were independent of the concussion diagnosis and return
to play process.

During the rugby season, researchers contacted the schools each week and were
notified of players who sustained a concussion. Players were followed up at two postconcussion time points; 1) acute period within 3 to 5 days post-concussion, and 2) after
return to sport (3 weeks), to undergo assessments of the musculoskeletal and vestibular
systems. As school rugby games are played on Saturdays, the ability to conduct postconcussion assessment testing (PCAT) during the acute period was dependent on when
the school was made aware of the concussion and then a time was arranged to conduct
the assessment before or after school. The return-to-sport PCAT was conducted
approximately 3 weeks after the concussion. Use of the 3-week period followed World
Rugby concussion management guidelines of athletes under 18 years of age

56

. This

includes a 2-week rest period from sport followed by a 1 week graduated return-to-play
protocol 18, 26, 56.

3.2.5. Questionnaires
3.2.5.1.

Preseason (Baseline) questionnaire

All participants in study 3 completed a self-report questionnaire prior to commencement
of sensorimotor assessment to obtain demographic information, and medical information
including current or history of musculoskeletal and concussion injuries (See Appendix
3.1). At each of the assessment stations, a brief interview with the participants was
conducted to confirm accuracy of information and to obtain additional information
relevant for that assessment station. During the vestibular system assessment,
additional questions were asked to obtain information regarding whether the participants
suffered from symptoms of vestibular conditions such as dizziness, gaze stability
difficulty, and headaches. During assessment of cervical spine function, further details
were obtained regarding any current or history of headaches, dizziness, cervical spine
pain, and upper limb or trunk injuries which may affect cervical spine assessment. During
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assessment of lumbopelvic muscle size and function using ultrasound, further details
were obtained regarding any current or history of lumbar spine pain or conditions.

3.2.5.2.

Post-concussion questionnaire

In study 4, participants who sustained a concussion during the rugby season, completed
a PCAT questionnaire at the two post-concussion follow-up assessments; 1) acute
period within 3 to 5 days post-concussion, and 2) after return to sport (3 weeks) (See
Appendix 3.2). At the first PCAT session, the questionnaire obtained information
regarding the concussion injury incident, post-concussion symptoms, confirmation of the
diagnosis of concussion from a medical practitioner, and details of initial post-concussion
management processes. At the second PCAT session, the questionnaire obtained
information regarding ongoing symptoms, post-concussion management and details of
the return-to-sport process.

3.2.5.3.

Sport Concussion Assessment Tool 3 (SCAT3)

The Sport Concussion Assessment Tool (SCAT) is a multimodal clinical tool for the
evaluation of sport concussions. The SCAT is a freely available tool developed by the
Concussion In Sport Group. The SCAT5 is the most recent version and was published
after the 5th International Consensus Conference for Concussion in Sport in Berlin in
2016 161. However, at the commencement of this thesis, only the SCAT3 was available.
The SCAT3 was revised at the 4th International Consensus Conference for Concussion
in Sport in Zurich in 2012

162

.

The SCAT3 includes an initial on-field assessment

component which assesses potential signs of concussion and injury severity, however,
this component was not used in this thesis. This thesis utilised the off-field assessment
component of the SCAT3 which is comprised of 3 major components, which assesses
symptoms (post-concussion symptom scale; PCSS) 163, cognitive function (Standardized
assessment of concussion; SAC) and balance (Modified balance error scoring system;
mBESS). The SCAT3 has been demonstrated to have acceptable sensitivity and
specificity for differentiating athletes with and without a concussion immediately postconcussion, however, the diagnostic ability is reduced significantly after 3 to 5 days postconcussion

161, 164, 165

. Although the SCAT3 has a limited role after 3 to 5 days, the

symptom checklist component has demonstrated clinical utility in tracking recovery

161

.

The SCAT3 was administered during study 3 to provide a baseline comparison for those
who went on to sustain a concussion and therefore were then eligible for participation in
study 4.
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3.3.

Assessment of the vestibular system

Assessment and identification of deficits in vestibular and oculomotor function have been
suggested as an important aspect to guide management of patients with concussion

18,

28

. Common symptoms post-concussion such as dizziness, nausea, visual disturbances

and balance deficits may arise from impairments in vestibulo-ocular function. Although
the Vestibular/Ocular-Motor Screening (VOMS) tool has been designed as a clinical
screening tool to assess vestibulo-ocular impairments post-concussion by measuring the
provocation of symptoms, it is not a complete assessment and is designed to be used in
12

conjunction with other assessments

. A standardised clinical protocol to assess

vestibulo-ocular function was developed for this study similar to a protocol used
previously in assessment of vestibulo-ocular function in elite rugby players postconcussion

107

. Due to the time consuming nature of a multi-system approach to

assessment of concussion in this study, the protocol used to assess vestibulo-ocular
function incorporated mostly clinical bedside assessments and was modified to provide
a broad understanding of vestibulo-ocular function. The protocol used in this thesis
included the use of the Dizziness Handicap Inventory questionnaire and King-Devick
test, followed by assessments of i) oculomotor function, ii) the vestibulo-ocular reflex
(VOR), and iii) benign paroxysmal positional vertigo screening.

3.3.1. Dizziness Handicap Inventory
The Dizziness Handicap Inventory (DHI) is a 25-item questionnaire that assesses the
self-perceived level of impact associated with the patient’s dizziness. The 25 items
assess the impact of dizziness and unsteadiness across three domains (function,
emotion and physical), with a total possible score ranging from 0 to 100 166. The DHI has
been demonstrated to relate well to levels of functional impairment, with higher scores
indicating greater level of impact

167

. The DHI is commonly used in patients with

vestibular disorders and has been used to evaluate the effectiveness of vestibular
rehabilitation in patients with concussion 17.

3.3.2. King Devick Test
The King-Devick Test was also used as an objective assessment of oculomotor
(saccadic eye movement) function, attention, and processing (Figure 3.3.1) 28, 168, 169. The
test involves rapid naming of numbers over 3 test cards with increasing difficulty.
Participants were required to read the numbers out aloud as quickly and accurately as
possible. The time required to complete the 3 cards and total number of errors were
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recorded and compared with baseline performance. The King-Devick Test has been
reported to be an objective and reliable tool used to identify athletes with concussion,
with concussed athletes displaying worse scores compared with baseline 169-171.

Figure 3.3.1. The King-Devick Test involves a series of 4 cards; a practice card
followed by 3 test cards with increasing difficulty.

3.3.3. Assessment of vestibulo-ocular function
All participants were screened to ensure they had adequate range of motion of the
cervical spine required for conducting the vestibular assessments. Infrared video
goggles (Interacoustic AS, Video Frenzel Lens VF405 Unit – Monocular Vision) were
worn during the assessment of the vestibular system to record eye movements (Figure
3.3.2a). The infrared video goggles allowed recording of eye movements while visual
fixation was occluded for some assessments of vestibulo-ocular function (Figure 3.3.2b).
The infrared video goggles used in the studies were of clinical standard and the system
did not have software to allow features of saccades to be recorded or calculated.
Assessments of vestibulo-ocular function were recorded as clinically ‘normal’ or
‘abnormal’ during data collection and all videos of eye movement were further reviewed
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to confirm correct interpretation. Physiotherapists involved in data collection underwent
training in the assessment of the vestibular system by attending a vestibular training
course. The course was a two-day competency-based training event conducted by
experienced vestibular and neurological physiotherapists. Interpretation of vestibular
assessment data was conducted by physiotherapist FL. Analysis of the reliability of
interpretation was conducted on a subset of 37 participants between physiotherapist FL
and an experienced vestibular physiotherapist (AR). Agreement between the two
physiotherapists was 78% for oculomotor function, 70% for clinical assessment of the
VOR and 100% for the diagnosis of BPPV. Videos of eye movement were reviewed after
data collection to confirm correct interpretation and any uncertainty in interpretation was
noted in some cases. Videos were then further reviewed subsequently by two
physiotherapists (AR, FL) to reach agreement.

3.3.4. Oculomotor Function
Assessment of oculomotor function incorporates the evaluation of diffuse and complex
brain circuitry that are commonly affected by concussion

168

. Deficits in oculomotor

function may lead to symptoms such as dizziness, nausea, blurred vision, difficulty
reading or tracking moving objects

168

. The oculomotor system can be assessed

qualitatively using bedside clinical assessments or quantitatively using videography of
eye movements. Although bedside clinical assessment can be challenging and requires
clinical expertise, it provides an inexpensive and useful assessment tool to assist
diagnosis of concussion on the sideline or in the absence of laboratory equipment.
Infrared video goggles were worn during oculomotor function assessment to record eye
movements and allowed removal of visual fixation to enable observation of spontaneous
and gaze-evoked nystagmus with vision occluded (Figure 3.3.2). Testing of oculomotor
function included assessment of smooth pursuit, and screening for the presence of
spontaneous nystagmus and gaze-evoked nystagmus with and without visual fixation 87,
. Oculomotor function was classified as clinically ‘normal’ or ‘abnormal’.
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A.

B.

Figure 3.3.2. Assessment of vestibulo-ocular function using infrared video goggles with
a) vision and b) vision occluded.

During smooth pursuit, participants were instructed to focus on and follow the tip of a
pen with eye movement while keeping the head still (Figure 3.3.3). The therapist moved
the pen in horizontal, vertical and diagonal directions and observed for saccadic eye
movements.

Figure 3.3.3. Assessment of smooth pursuit eye follow while participant is wearing
infrared video goggles.
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Screening for the presence of nystagmus during spontaneous gaze was conducted with
vision and with vision occluded. The participants were instructed to look straight ahead
while the therapist observed for nystagmus. Screening for the presence of nystagmus
during mid-range gaze holding to the left and right side was also conducted. The
participants were instructed to look mid-way (approximately 30°) to each side with eye
movement while keeping the head still. This was conducted with vision and with vision
occluded. A cover was then placed over the infrared goggles to assess the response of
nystagmus (if present) to the removal of visual fixation to assist in differentiating potential
central from peripheral causes of nystagmus 91. The therapist observed the participant’s
eyes or viewed the computer screen which projected the participant’s eye movement
from the infrared video goggles.

3.3.5. Vestibulo-ocular Reflex (VOR)
Maintenance of stable vision during head movements or while the head and body are
moving is dependent on integration of sensory information from the vestibular system
and the elicited motor response through the VOR. The semicircular canals within the
vestibular system are stimulated by angular head movements and are responsible for
the angular VOR which stabilises gaze during head rotations. Common post-concussion
symptoms such as dizziness or difficulty with gaze stabilisation while the head is moving
may be indications of VOR dysfunction 75, 168.

3.3.5.1.

Clinical Head Impulse Test

The VOR was assessed using the clinical Head Impulse Test (HIT) (Figure 3.3.4)

173

.

The HIT has been shown to effectively diagnose peripheral vestibular deficits in the VOR
and involves passive unpredictable head impulses (rotations) while the patient maintains
their gaze at a target in front such as the clinician’s nose. Optimal function of the
semicircular canals elicits the VOR to produce smooth compensatory eye movement to
maintain gaze fixation on the target.

VOR dysfunction can be identified through a

corrective saccade after the head impulse (overt saccade) in an opposite direction to the
head impulse in order to return the gaze to the target

173

. Infrared video goggles were

worn during the HIT to record eye movement and identify overt saccades. The HIT was
classified as abnormal if overt saccades were observed.
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Figure 3.3.4. Assessment of the vestibulo-ocular reflex using the clinical HIT.

3.3.5.2.

Video Head Impulse Test

The VOR was further assessed using the Video Head Impulse Test (VHIT) (EyeSeeCam
Interacoustics AS) (Figure 3.3.5). The VHIT involves the use of tight fitting videooculography goggles, with a high-speed camera and accelerometer sampling at a rate
of 220Hz to quantitatively record eye and head movement during the HIT. The VHIT
objectively quantifies VOR gain which represents the ratio of eye velocity relative to head
velocity, with a gain of 1 representing normal eye velocity compensation for head velocity
174

. Corrective saccades that occur during the head impulse (covert saccade) are also

an indication of semicircular canal dysfunction, but are not detectable by the clinician.
The VHIT is able to detect both overt and covert saccades

175

. Participants were

instructed to maintain their gaze on a target 1 metre in front of them while the examiner
performed a minimum of 10 horizontal head impulses unpredictably to both left and right
directions.
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Figure 3.3.5. Assessment of the vestibulo-ocular reflex using the VHIT.

The VHIT software automatically calculated the instantaneous gains at 40 ms, 60 ms
and 80 ms after the impulse to identify mean VOR gain for left and right vestibular
function (Figure 3.3.6). Use of mean VOR gain and the occurrence of saccades is
indicated for evaluation of vestibular function using the VHIT 176. A mean VOR gain near
1 is considered normal in healthy subjects aged 20 to 70 and remains stable until 70 to
80 years of age 175, 177. The reported cut-off value for normal vestibular function using the
EyeSeeCam VHIT system are gains ranging from 0.68 to 0.79 in different studies

178, 179

.

The VHIT software also calculated gain asymmetry between left and right vestibular
function (Figure 3.3.7), with less than 8% asymmetry considered normal 177.
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Figure 3.3.6. Data output from the assessment of VOR using the VHIT, indicating the
instantaneous gains at 40 ms, 60 ms and 80 ms after the impulse for left and right
vestibular function.

Figure 3.3.7. Data output from the assessment of VOR using the VHIT, indicating the left
and right VOR gain and gain asymmetry.
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3.3.6. Benign Paroxysmal Positional Vertigo (BPPV)
Screening for BPPV was conducted using vestibular positional testing. Dysfunction of
the vestibular system has been demonstrated post-concussion with the presence of
BPPV in patients post head trauma contributing to symptoms of dizziness and vertigo 94,
95

. Assessment of the anterior and posterior semicircular canals was conducted using

the Hallpike-Dix manoeuvre (Figure 3.3.8a). Participants began the test in sitting with the
head rotated 45° to the left or right. The participant is then positioned quickly into supine
with the head extended to 30° while maintaining the 45° rotation. The position was held
for up to a minute, dizziness symptoms were noted, and presence of nystagmus
recorded using infrared video goggles. The horizontal semicircular canals were
assessed using the Head Roll Test (Figure 3.3.8b). Participants began the test in supine
with the head in 30° flexion. The head is then quickly rotated to 90° to the left or right
side. The position was held for up to a minute, dizziness symptoms were noted, and
presence of nystagmus recorded using infrared video goggles. The vestibular positional
tests were conducted with the cover placed on the infrared video goggles to remove
visual fixation, which allows accurate interpretation of nystagmus for BPPV diagnosis.
BPPV was identified if both symptoms and nystagmus were elicited during the
corresponding semicircular canal manoeuvre, following standard clinical assessment
guidelines 180.
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A.

B.
Figure 3.3.8. Screening of the vestibular system for BPPV using the; a) Hall Pike Dix and
b) Head Roll test.
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3.4.

Assessment of the musculoskeletal system

There is growing evidence of the effect of concussion on the musculoskeletal system

16,

87, 96, 97, 107

. This section justifies the selection of the clinical physiotherapy assessments

and describes the methodology used in this thesis to assess the function of the cervical
spine and lumbopelvic muscles.

3.4.1. Cervical spine proprioception
Proprioception of the cervical spine was assessed using a validated joint position error
(JPE) test

181

. The test is a modification of previous JPE test protocols used in the

assessment of patients with pain in the cervical spine region and patients with whiplash.
The modified method is a validated protocol which used active trunk rotation to elicit
cervical rotation to separate input from the cervical spine and vestibular system

181

.

Assessment of proprioception of the cervical spine without stimulating the vestibular
system is important in the assessment of concussion patients as the vestibular system
is often affected after concussion 87. The modified test allows for the differential diagnosis
of cervicogenic versus vestibular causes of dizziness

181

. Assessment of cervical

proprioception error has been demonstrated to differentiate between patients with and
without neck pain (Sensitivity = 78%, Specificity = 85%) 182, 183. This test has been shown
to have moderate test-retest reliability (ICC = 0.68) 182.

The test involved attaching a laser to the
sternum with the beam projecting onto a
target placed on a wall 90 cm from the
participant

(Figure

3.4.1).

The

participants sat with their feet and
buttocks on moderate density foam, and
had their arms folded and held away
from the trunk to reduce proprioceptive
feedback (Figure 3.4.2). A practice trial
was given to the participants in which
they were asked to actively rotate their
trunk while keeping their head still and
then to reposition their trunk back to

Figure 3.4.1. The laser used for joint

where they thought the centre of the

position error (JPE) test was attached to

target was.

the sternum.
63

A physiotherapist lightly held the participant’s head to ensure the head remained still
during the active rotation of the trunk. During the test, the participants were blindfolded
and instructed to rotate their trunk six times to each side alternating left and right. A
second person marked the location of the laser beam on the target when the participant
reported that they had repositioned to where they perceived was the centre of the target.

A.

B.

Figure 3.4.2. Joint position error (JPE) test of the cervical spine, a) in the starting position,
and b) during trunk rotation to the left.
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The targets were scanned and saved as ‘jpeg’ images. A program written in Microsoft
Excel was used to record the degrees of error from the centre of the target for each of
the 12 trials. The images were firstly calibrated in the Microsoft Excel program by locating
the centre and outer right edge of the target prior to the measurement of each target.
The ‘x’ and ‘y’ coordinates for each trial were recorded by manually clicking on the mark
that indicated the trial attempt and entered into the program (See Figure 3.4.3). The
degrees of error were calculated using the formula, angle = tan-1 [error distance/ 90cm]
182

. Cervical joint proprioception error was calculated using the mean absolute error for

the six left and six right trials.

Figure 3.4.3. Microsoft Excel program used to record degrees of JPE.
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3.4.2. Function of the upper cervical spine
Muscle function of the upper cervical spine was assessed using the cranio-cervical
flexion test (CCFT) 184. The deep flexor muscles of the cervical spine (longus capitis and
colli) play an important role in stability and function of the cervical spine by supporting
the cervical lordosis and motion segments 184, 185. Co-activation of the deep cervical flexor
muscles and dorsal cervical muscles are complementary and acts to stabilise the cervical
spine while the head is in functional positions and during movement tasks

185

.

Dysfunction of the deep cervical flexor muscles has been demonstrated in patients with
whiplash associated disorders, cervicogenic headache and insidious onset neck pain 186188

. The mechanism of injury involved in sustaining a concussion injury may affect the

cervical spine and dysfunction of the deep flexor muscles of the cervical spine may
contribute to the symptoms reported in patients with concussion.

The CCFT involved the use of a Pressure Biofeedback Unit (PBU) (Figure 3.4.4)
(Chattanooga Stabilizer Group Inc., Hixson, TN) to assess the activation and isometric
endurance of the deep cervical flexor muscles in progressive inner range positions using
a sequential 5 stage protocol

184

. Assessment of the deep cervical flexor muscles using

the CCFT has been validated in electromyography (EMG) studies
excellent intra-tester reliability (ICC = 0.98)

187, 189

. The test has

190

, and is commonly used in physiotherapy

clinical practice to assess patients with neck pain

191

. It has also been used in

assessment of function of the cervical spine muscles in people with concussion 96, 192.

Figure 3.4.4. Pressure Biofeedback Unit (PBU) (Chattanooga Stabilizer Group Inc.,
Hixson, TN). The PBU pressure gauge indicated change in pressure from 20 mmHg
through to 30 mmHg for the cranio-cervical flexion test (CCFT).
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The participants were positioned in supine crook lying with the cervical spine positioned
in neutral. Towels were used to ensure the position of the neck and face were parallel to
the plinth (Figure 3.4.5). The PBU was placed under the cervical spine with the upper
margin of the PBU positioned at the cervico-occiput junction and inflated to the starting
baseline pressure of 20 mmHg. Participants were instructed to complete a craniocervical flexion movement similar to nodding the head in order to elevate the pressure
from 20 to 22 mmHg. This process was repeated in 2 mmHg increments to complete the
5 stages of the protocol until 30 mmHg was reached. During the assessment of
activation, participants held the flexed position for 2 to 3 seconds before returning to the
resting position. During the assessment of isometric endurance, participants held the
flexed position for 3 repetitions of 10 seconds. Participants were unable to see the
pressure gauge during the protocol but were given verbal instructions to maintain the
flexed position. The physiotherapist monitored the pressure gauge and observed the
participant during each stage of the test. The test was ceased if abnormal activation
patterns were observed or palpated by the physiotherapist, or if the participants were
unable to maintain the pressure during the isometric hold. Abnormal activation patterns
included no increase in head rotation with increasing increments of the test, head
retraction, lifting of the head, movement performed at speed, palpable activity in
superficial flexor or hyoid muscles, or the pressure gauge not returning to the starting
position 184.

Figure 3.4.5. Assessment of deep cervical flexor muscles using the CCFT.
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3.4.3. Ultrasound imaging of lumbopelvic musculature
Ultrasound imaging is used to evaluate morphology and function of trunk musculature. It
is a safe and non-invasive method of quantifying muscle size and activation, and is
inexpensive when compared with other methods of assessing muscle morphology and
function such as magnetic resonance imaging (MRI) and electromyography (EMG)

193

.

Research has primarily focused on ultrasound imaging of the lumbar multifidus and
tranversus abdominis muscles in low back pain patients, however there is emerging
research using ultrasound imaging of lumbopelvic muscles to investigate the effects of
87, 107, 113

concussion injuries on trunk muscles

. Assessment of lumbopelvic muscles

using ultrasound imaging has been documented in studies of elite rugby and football
players 87, 112, 113, 194. Recent studies have demonstrated an association between the size
and function of the lumbar multifidus and tranversus abdominis muscles with concussion
injuries in elite football players

87, 97, 107

. Changes in the size and function of the lumbar

multifidus muscles has been reported in elite rugby players in the acute period postconcussion

87

. Size and function of the quadratus lumborum, lumbar multifidus and

transversus abdominis muscles have also been demonstrated to be predictive of head
and neck injuries in elite footballers

97, 107

. The proprioceptive properties of the lumbar

multifidus muscle are important for the maintenance of the lumbar lordosis to allow
optimal loading and control of the spine

110, 195, 196

. Inadequate control of lumbopelvic

motion and poor transfer of forces through this region has been proposed as possible
mechanisms of injury to the lower limb and also to the head and neck region in elite
athletes 97, 107, 113.

Using ultrasound imaging to quantify the size of the lumbar multifidus muscles is
conducted by measuring the cross-sectional area (CSA) of the muscle and has been
validated by comparison with magnetic resonance imaging (MRI) (ICC = 0.94)

197

.

Muscle contraction is seen on ultrasound imaging as an increase in muscle thickness as
the muscle shortens and can be quantified by comparing the thickness of the muscle at
rest and on contraction. The use of ultrasound imaging to assess contraction of the
lumbar multifidus muscles has also been validated using fine wire and surface
electromyography (EMG)

198, 199

. Reliability of assessors using ultrasound to assess

voluntary isometric contraction of the lumbar multifidus has also been demonstrated (ICC
= 0.88 – 0.95, relaxed and contracted) 198, 200. Similarly, the use of ultrasound imaging to
assess

contraction

of

the abdominal muscles

has

been validated

against

electromyography (EMG)201, 202 and intra-rater reliability has also been established for
the abdominal muscles (Transversus abdominis ICC = 0.62 – 0.98, internal oblique ICC
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= 0.69 – 0.99, relaxed and contracted) 203. Ultrasound measurements have been shown
to reliably detect changes in EMG during contractions of transversus abdominis and
internal oblique muscles, but not during contraction of external oblique muscles

3.4.3.1.

202

.

Ultrasound imaging protocol

Assessment of the size and contraction of lumbopelvic muscles was conducted using a
portable real-time ultrasound unit (LOGIQ e Ultrasound, GE Healthcare, Wuxi, China).
Images were captured using a 5 MHz curvilinear transducer and a generic brand of
water-soluble transmission gel. Participants were positioned in prone lying

(Figure

3.4.6a) for imaging of the lumbar multifidus and quadratus lumborum (QL) muscles, and
positioned in supine crook lying (Figure 3.4.6b) for imaging of the anterolateral abdominal
wall muscles. A pillow was placed under the abdomen during prone lying to minimise the
lumbar lordosis. The lumbar spinous processes were palpated and marked with pen prior
to commencement of imaging. Participants were instructed to relax the paraspinal
musculature during imaging and prior to capturing the thickness of the muscle on
contraction.
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A.

B.
Figure 3.4.6. Patient position during ultrasound imaging. Participants were imaged in a)
a prone lying position, and in b) a supine crook lying position.

3.4.3.2.

Imaging of the lumbar multifidus muscles

The lumbar multifidus muscles were imaged at the L2 – L5 vertebral levels by positioning
the transducer transversely over the spinous process at each vertebral level (Figure
3.4.7a). The spinous process and laminae at the vertebral level of the lumbar multifidus
muscle being imaged were used as the landmarks when capturing the image. Images of
the lumbar multifidus muscles were captured for both sides at each vertebral level where
possible (Figure 3.4.7b). For larger muscles, images of the left and right sides were
captured separately.
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A.

B.

Figure 3.4.7. Ultrasound imaging of lumbar multifidus muscle size. a) Ultrasound
transducer placed transversely over the spinous process to image the lumbar multifius
muscles, b) Ultrasound image of lumbar multifidus muscle CSA

Contraction of the lumbar multifidus muscles was imaged by placing the transducer
longitudinally in the sagittal plane to visualize the zygapophyseal joints, muscle bulk and
thoracolumbar fascia

200

(Figure 3.4.8a). Imaging of the contraction of lumbar multifidus

muscles from L2 – L5 vertebral levels consisted of 4 contractions. The lumbar multifidus
muscles at the levels of L2/3 and L3/4 zygapophyseal joints and the L4/5 and L5/S1
zygapophyseal joints were imaged together and on both sides (left and right).
Contraction of the lumbar multifidus muscles was assessed by imaging the muscles in
both relaxed and contracted conditions. Participants were given standard instructions on
how to isometrically contract the multifidus muscles. Participants were instructed to
“Take a relaxed breath in and out, pause breathing and then try to ‘swell’ or contract the
muscle”

200

.

A familiarisation of the contraction was performed with the therapist

providing tactile and verbal feedback while palpating the multifidus muscles to ensure a
slow gentle sustained contraction without moving the spine or pelvis 200. The participants
were not given any visual feedback as they were unable to see the ultrasound screen
during the contraction. Figure 3.4.8b demonstrates the imaging of lumbar multifidus
muscle at the L4/5 and L5/S1 zygapophyseal joints at rest. The use of the split screen
function during ultrasound imaging allowed the therapist to visualise the change in
muscle thickness during voluntary isometric contraction by the participants and for
consistent placement of the ultrasound transducer when capturing the image (Figure
3.4.8c).
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A.

B.

C.
Figure 3.4.8. Ultrasound imaging of lumbar multifidus muscle contraction. a) Ultrasound
transducer placed longitudinally to image the contraction of the lumbar multifidus
muscles, b) ultrasound image of lumbar mutlifidus muscle thickness at the L4/5 and
L5/S1 zygapophyseal joints, c) imaging of muscle thickness relaxed (left) and on
contraction (right) using the split screen function.
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3.4.3.3.

Imaging of the quadratus lumborum muscle

The quadratus lumborum muscles were imaged bilaterally at the L3-4 vertebral level.
The transducer was placed transversely at the L3-4 vertebral interspace and then shifted
laterally on each side

194

(Figure 3.4.9a). The image was captured with the quadratus

lumborum muscle in the centre of the field of view with the fascial borders of interest
clearly identified (Figure 3.4.9b). The transverse process of L3 was used as the bony
landmark to indicate the medial edge of the quadratus lumborum muscle. The quadratus
lumborum CSA has been shown to be largest at the L3/4 level 204.

A.

B.

C.
Figure 3.4.9. Ultrasound imaging of quadratus lumborum muscle size. a) Ultrasound
transducer placed transversely at the L3-4 vertebral interspace and then shifted laterally
to image the quadratus lumborum muscle, b) Ultrasound image of the left QL muscle
CSA in transverse section at the L3-4 vertebral level, and c) line drawing depicting crosssectional anatomy of structures imaged in line with the L3 transverse process. (QL =
quadratus lumborum muscle, LES = lumbar erector spinae, MF = lumbar multifidus
muscle, PsMa = psoas major muscle, TP = transverse process)
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3.4.3.4.

Imaging of the abdominal wall muscles

The muscles of the anterolateral abdominal wall (transversus abdominis and internal
oblique muscles) were imaged with the transducer placed transversely along a line midway between the inferior angle of the rib cage and iliac crest (Figure 3.4.10a). The
ultrasound transducer was aligned perpendicular to the muscles. The image was
captured with the muscles in the centre of the field of view and the fascia covering the
muscles approximately perpendicular to the transducer (Figure 3.4.10b). Contraction of
the muscles of the anterolateral abdominal wall was assessed by imaging the muscles
in both relaxed and contracted conditions. Participants were given standard instructions
on how to activate their transversus abdominis muscle using the drawing-in manoeuvre.
Participants were instructed to “take a relaxed breath in and out, hold the breath out, and
then draw in your lower abdomen without moving your spine”

203

. The ultrasound image

was captured during contraction while the participant was holding the drawing-in
manoeuvre. Images were captured using the split screen function (Figure 3.4.10c).

A.

B.

C.
Figure 3.4.10. Ultrasound imaging of anterolateral abdominal muscle contraction. a)
Ultrasound transducer placed transversely mid-way between the inferior angle of the rib
cage and iliac crest, b) ultrasound image of the anterolateral abdominal muscles aligned
perpendicular to the ultrasound transducer. c) imaging of muscle thickness relaxed (left)
and on contraction (right) using the split screen function.
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3.4.3.5.

Image measurement protocol

Ultrasound images were stored as DICOM (Digital imaging and communication in
medicine) files and measured offsite at a later time. OsiriX medical imaging software
(www.osirix-viewer.com; Geneva, Switzerland) was used for measurement of images on
a Mac computer. Osirix software can import and display medical images transferred from
the ultrasound unit to a USB device using DICOM communication protocol and is
compliant with DICOM standards. Measurements of CSA (cm2) of lumbar multifidus
(Figure 3.4.11a) and quadratus lumborum (Figure 3.4.11b) muscles were performed by
tracing the borders of the muscles.

A.

B.
Figure 3.4.11. Measurement of muscle CSA. The CSA of a) lumbar multifidus muscle
and b) quadratus lumborum muscle. (MF = lumbar multifidus muscle, QL = quadratus
lumborum muscle, SP = shadow of the spinous process, TP = transverse process, ST =
Subcutaneous tissue, L = Lamina, LES = lumbar erector spinae muscle)
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Contraction size of the lumbar multifidus and anterolateral abdominal wall muscles
(transversus abdominis and internal obliques) was calculated by measuring the
thickness of the muscles in relaxed and contracted conditions. The thickness (cm) of the
lumbar multifidus muscle was obtained by drawing a line from the tip of the
zygapophyseal joint perpendicularly to the border demarcating thoracolumbar fascia and
subcutaneous tissue (Figure 3.4.12a). The thickness (cm) of the transversus abdominis
and internal oblique muscles was obtained by drawing a line perpendicular to the fascial
line at the centre of the muscle captured in the field of view (Figure 3.4.12b).

A.

B.
Figure 3.4.12. Measurement of muscle thickness. The thickness of; a) lumbar multifidus
muscles, and b) anterolateral abdominal wall muscles relaxed (left) and on contraction
(right). (TrA = transversus abdominis muscle, IO = internal oblique muscle, EO = external
oblique muscle, SP = spinous process, ST = Subcutaneous tissue)
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3.4.3.6.

Reliability of ultrasound image measurements

Analyses of reliability of the measurements of ultrasound images were conducted using
SPSS Version 22.0 [IBM, USA]. Intraclass correlation coefficient (ICC) was used to
assess the intra-rater (ICC

(3,1))

and inter-rater (ICC

(2,1))

reliability for a subset of 10

participants. The 10 participants were male adolescent rugby union players and therefore
representative of the population in the studies. Intra-rater reliability between time points
was conducted for measurer FL one week apart. Inter-rater reliability was conducted
between measurer FL and a physiotherapist (JH) with extensive experience in ultrasound
imaging and measurement of the relevant muscles. ICCs were considered to be high if
they ranged from greater than 0.7 to 0.9 and very high if they were greater than 0.9 205.
For each muscle, an analysis of variance (ANOVA) was conducted to assess the
difference between mean values from each measurement time point and between
measurers respectively. Consistency of measurement was demonstrated across the 2
time points for measurer FL (See table 3.1). Absolute agreement of the mean values was
demonstrated for measurer FL and a physiotherapist (JH) (See table 3.1).
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Table 3.1. Intra-rater and inter-rater reliability for measurement of ultrasound images. Intra-rater reliability for measurer FL, and inter-rater
reliability between measurer FL with measurer JH (ICC = intraclass correlation coefficient, CI = confidence interval, MF = Multifidus muscle,
TA = Transversus Abdominis muscle, IO = Internal Oblique muscle). P value > 0.05 indicates no difference in mean values between
measurement time points.
Intra-rater Reliability
Muscle

Inter-rater Reliability

ICC (3,1)

95% CI

F (P Value)

ICC (2,1)

95% CI

F (P Value)

MF CSA L2

0.966

0.869 – 0.991

1.181 (0.305)

0.966

0.875 – 0.991

1.670 (0.228)

MF CSA L3

0.937

0.769 – 0.984

3.560 (0.092)

0.799

0.411 – 0.945

1.549 (0.245)

MF CSA L4

0.963

0.860 – 0.991

0.381 (0.552)

0.952

0.774 – 0.989

4.627 (0.060)

MF CSA L5

0.990

0.960 – 0.997

0.863 (0.377)

0.978

0.917 – 0.994

0.690 (0.428)

QL CSA

0.990

0.962 – 0.998

0.012 (0.916)

0.996

0.983 – 0.999

1.783 (0.215)

MF Relax L2/3

0.949

0.809 – 0.987

0.452 (0.518)

0.983

0.907 – 0.996

5.076 (0.051)

MF Contract L2/3

0.923

0.722 – 0.980

1.921 (0.199)

0.989

0.957 – 0.997

0.331 (0.579)

MF Relax L3/4

0.955

0.830 – 0.989

0.014 (0.908)

0.969

0.886 – 0.992

1.535 (0.247)

MF Contract L3/4

0.988

0.953 – 0.997

2.325 (0.162)

0.952

0.823 – 0.988

0.311 (0.591)

MF Relax L4/5

0.985

0.941 – 0.996

0.155 (0.703)

0.984

0.940 – 0.996

0.645 (0.443)

MF Contract L4/5

0.987

0.947 – 0.997

1.258 (0.291)

0.977

0.916 – 0.994

0.867 (0.376)

MF Relax L5/S1

0.997

0.988 – 0.999

0.028 (0.870)

0.973

0.884 – 0.993

3.475 (0.095)

MF Contract L5/S1

0.994

0.977 – 0.999

0.420 (0.533)

0.989

0.957 – 0.997

2.025 (0.188)

TA Relax

0.960

0.848 – 0.990

1.589 (0.239)

0.924

0.697 – 0.981

3.682 (0.087)

TA Contract

0.976

0.906 – 0.994

0.505 (0.495)

0.950

0.813 – 0.987

0.060 (0.812)

IO Relax

0.993

0.973 – 0.998

3.899 (0.080)

0.995

0.981 – 0.999

0.145 (0.712)

IO Contract

0.997

0.989 – 0.999

3.255 (0.105)

0.991

0.965 – 0.998

0.600 (0.458)
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3.5.

Assessment of postural stability

Balance and postural control deficits have been identified post-concussion 74, 78. In order
to maintain balance, integration of afferent input from the vestibular, visual and
somatosensory systems is required to generate an appropriate musculoskeletal
response 83 . Assessment of static postural control using both clinical balance tests and
force plate technology have shown deficits lasting 3 to 5 days post-concussion

32, 83

.

Assessment and management of balance and postural control deficits is an important
aspect in the multifactorial approach to ensuring the safe return to sport of an athlete
post-concussion

18

. Clinical balance tests such as the Balance Error Scoring System

(BESS) are widely used in athletes post-concussion, however there is an inability to
detect balance deficits greater than 5 days post-concussion and the test has low
reliability due to the subjective nature of the protocol

206, 207

. Use of computerised force

plate posturography such as the Sensory Organisation Test (SOT) is a more objective
method of assessing balance and the associated sensory deficits, however equipment
required for the SOT is expensive, non-portable and not readily available for clinician use
83, 207

. In order to assess balance at multiple locations objectively in our studies,

assessment of balance using portable force plates was required.

3.5.1. Stability Evaluation Test
Balance and postural stability was assessed objectively using a portable computerised
force-platform system. The Stability Evaluation Test (SET) 172, 208 protocol uses a portable
Balance Master force plate (VSRTM Sport Portable Balance System, Natus Medical
Incorporated, USA) to objectively analyse balance and postural control through
measurement of sway velocity. The protocol involved 3 stance conditions (Feet together,
single leg stance and tandem stance) on a firm surface and dense foam (Figure 3.5.1).
Participants were required to balance for 20 seconds with their eyes closed and hands
on their iliac crest. Testing for each condition ended if a balance error was made (if one
or both hands lifted off the iliac crests, the participant opened their eyes, moved out of
position or lost their balance). The average sway velocity (degrees/second) of all 6
conditions was presented as a composite SET score with lower values indicating better
balance

208

. The SET has demonstrated good to excellent test-retest reliability on all

conditions and the composite score (ICC = 0.75 – 0.88)208.
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Figure 3.5.1 The Stability Evaluation Test (SET) protocol using the VSRTM Sport Portable
Balance System. The protocol involved 3 stance conditions (Feet together, single leg
stance and tandem stance) on a firm surface and dense foam with eyes closed.
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Chapter 4
Injuries in Australian school level rugby union
This chapter is comprised of the injury surveillance conducted in study 1 with the purpose
of establishing the incidence and nature of injuries in school level rugby union in
Australia. The study was also conducted to establish the incidence of concussion injuries
in this population to determine the suitability of conducting a prospective study design to
investigate the sensorimotor system in adolescent rugby union players. This study was
conducted on school-aged rugby union players from one school in Queensland,
Australia. This study then provided guidance in the development of a larger-scale injury
surveillance (Study 2 – chapter 5 of this thesis) in school level rugby union and assisted
in the study design and data collection protocols. This chapter is adapted from: Leung,
FT., Franettovich Smith, MM. & Hides, JA. (2017) Injuries in Australian school-level rugby
union. Journal of Sport Sciences. 35(21): 2088-2092.

4.1.

Abstract

Objectives: There is a high incidence of injuries in rugby union due to the physical nature
of the game. In youth rugby union, there are large variations in injury rates reported. Our
study investigated the rates of injuries in school level rugby union players in Australia
using the consensus statement for rugby union injuries.
Design: Prospective observational study
Methods: Injury surveillance was conducted on 480 rugby players from one school in
Queensland, Australia. Injury data were collected using paper-based injury recording
forms during the 8 week rugby season using a ‘medical-attention’ injury definition.
Results: 76 players sustained one or more injuries, with a total of 80 injuries recorded.
The overall injury rate was 31.8 injuries/1000 match player hours (95% CI, 25.4-39.4).
Concussion had an incidence rate of 6.0/1000 match player hours (95% CI, 3.5-9.6). The
incidence of upper limb and lower limb injuries were 9.1 and 9.9/1000 match player hours
respectively (95% CI, 5.9-13.5 and 6.6-14.5). The older age divisions had higher injury
rates, and most injuries occurred while tackling or being tackled.
Conclusions: The injury rates observed in this sample of Australian school rugby union
players provides direction for future studies to enable informed decisions relating to
development of injury prevention programs at this level of rugby.
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4.2.

Introduction

Rugby union is a physically demanding contact sport involving high intensity running,
rucking and tackling

127

. It is played between two teams of 15 players on a rectangular

field worldwide from the junior level to the senior professional level, with over 7.73 million
men, women and children playing the sport in 2015

209

. In Australia, there has been a

steady growth in participation with currently over 706 000 players participating in rugby
union with the greatest number playing at the amateur level (Australian Rugby Union,
2015). With the increase in participation, the incidence and aetiology of injury is of
increased importance. Injuries are of concern in any sport, and governing bodies are
always striving to improve management and prevention strategies to make their game
safer. Injury epidemiology data have been used to guide injury prevention programs in
rugby union

151, 152

. Programs focused on education of coaches and officials regarding

injury management, physical conditioning and techniques during tackling and
scrummaging have successfully reduced incidence of injuries in rugby union 152, 210. Rule
changes have also been implemented in rugby union scrums to improve safety and
reduce the risk of spinal injuries

210

rates in professional rugby union

. There have been many studies investigating injury

126

with emerging research focusing on injuries at the

amateur and junior levels of the sport

24, 136

. It is important to identify the incidence and

pattern of injuries at the amateur levels of sport in order to identify management and
prevention strategies specific to junior and amateur rugby union, as they may differ to
those that are effective at the professional level.

The high incidence of injuries observed in rugby union is primarily due to the physical
nature of the game

118

. Rugby union is reported to have the highest risk of exercise

related injury per 1000 occasions of participation when compared with other sports in the
United Kingdom

211

. There have been several other epidemiological studies conducted

in adolescent and school level rugby players in Australia, England, New Zealand and
South Africa 140, 141, 212, 213, however injury definitions and data collection methods differed
between studies making it difficult to compare results. In youth rugby union, there is a
large variation in reported rates of injury

124

. A consensus statement was developed to

improve injury definitions in rugby union to allow better comparisons between studies 137.
A systematic review of adolescent rugby union injuries reported incidence rates ranging
from 28 to 130 injuries per 1000 match hours using a ‘medical-attention’ injury definition,
and 12 to 22 per 1000 match hours using a ‘time-loss’ injury definition

136

. More recent

epidemiology studies in adolescent and school level rugby union continue to show a high
incidence of injury, with 47 and 48 injuries per / 1000 match player hours reported in
83

studies in England and South Africa respectively

156, 214

. A study of youth rugby union

players in Australian club and school level found a high incidence of head, neck and
facial injuries

215

. Compared with other adolescent sports, rugby union has the highest

incidence rate of concussions 23.

In Australian school level rugby union, competitions exist that consist of 6-9 teams who
play each other during an 8-10 week season. Each team plays one match per week
throughout the season, and at the end of that period, the team with the most competition
points is awarded the premiership. Due to the short nature of the competition compared
with the junior club level rugby season, there may be potential for an increased risk of
injury due to reduced time for training and conditioning. Players that also participate in
club level rugby union concurrently or play in the higher level teams may participate in
preseason conditioning, however not all players will be exposed to the same preseason
preparation in the lead up to the school competition. No recent studies have investigated
the epidemiology of injuries in the short interschool rugby union competition in Australia.
Our study aimed to investigate the rates and types of injuries in school level rugby union
players in Australia using the consensus statement for rugby union injuries.

4.3.

Methods

Injury surveillance was conducted on 480 male rugby players from a school participating
in the Greater Private School (GPS) competition in Queensland, Australia. The
surveillance was conducted for each age group with players from open grades (17 to 18
year olds) through to Under 11s teams (10 and 11 year olds). This sample represented
the total number of eligible participants. The school had four home and four away fixtures
during the 2015 season and match injury data were collected at all games. Injury data
are routinely collected by the school. Permission to conduct the study and the use of deidentified injury data was given by the principal of the school. The study was approved
by the university ethics committee (HREC 2016-3N).

Injury data were collected by sport trainers and physiotherapists using paper-based
injury recording forms modified from the Sport Medicine Australia injury record forms 160.
Information collected included age, team division, player position, location of injury,
mechanism of injury (tackling and being tackle were grouped together), type of injury,
treatment provided and further referral. A ‘medical-attention’ injury definition was used in
this study in accord with the international consensus statement of rugby union injuries137.
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An injury was recorded if a player was removed or assisted from the field of play due to
an incident that required medical attention, or if the player sought medical assistance at
the first aid tent. Injury data were recorded for match injuries. A concussion was recorded
if a player was taken off the field for a suspected concussion and met the criteria as listed
on the concussion recognition tool as published in the 4th consensus statement for
concussion in sport 26. Concussion injuries in this study were suspected concussions and
not diagnosed confirmed concussions. Injuries were grouped into 8 different body
regions (Table 4.1). Head, face and neck injuries were grouped into one body region.
The type of injury was grouped into 5 categories (Concussion, contusions / lacerations,
joint (non-bone) / ligament, muscle, and bone).

Injuries were calculated as rates per 1000 match player hours with 95% confidence
intervals 216. Player hours were calculated using the number of players in each team, the
duration of the games and the number of games during the season. The duration for
each game was different for different age divisions and was factored into the calculation.
In the open age division, first XV games were 70 minutes in duration. All other games
were 50 minutes in duration with the exception of the U11 games which consisted of 12
players and were 40 minutes in duration. A linear regression of injury rate versus age
was conducted using SPSS version 22.0 (IBM, USA).

4.4.

Results

In total, 2515 match player hours were recorded over 29 teams and 213 games during
the GPS rugby season (Table 4.2). A total of 80 injuries were recorded. There were 76
players that sustained one or more injuries, in which two players sustained a recurrent
injury (one open and one U15) and two players sustained two separate injuries (one
open and one U13). The injury rates and percentage of the injury total by body region
are shown in table 1. The overall injury rate was 31.8 injuries/1000 match player hours
(95% CI, 25.4-39.4). The rate for all head, face and neck injuries was 10.3/1000 match
player hours (95% CI, 6.9-14.9) and all upper limb and lower limb injuries were 9.1 and
9.9/1000 match player hours respectively (95% CI, 5.9-13.5 and 6.6-14.5).

There were 15 suspected concussion injuries with an incidence rate of 6.0 /1000 match
player hours (95% CI, 3.5-9.6) (Table 4.1). Contusions and lacerations injuries were
sustained to the head / face/ neck (n = 7), shoulder (n = 2), wrist/ hand (n= 2), trunk (n =
3), hip/ groin/ thigh (n = 3), knee (n = 2), and leg (n = 2) regions. Joint and ligament
injuries occurred mostly to the shoulder (n = 8), hand and wrist (n = 5), knee (n = 7),
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ankle (n = 7) regions. Muscle injuries occurred to the neck (n = 2), trunk (n = 2), hip/
groin/ thigh (n = 2) and leg (n = 2) regions. Bone injuries occurred to the hand/wrist (n =
5), face (n = 1), shoulder (n = 1) and trunk (n = 1) regions. Injury rates increased with
age (p = 0.014) (Table 2), and most injuries occurred while tackling or being tackled.
(Figure 4.1).

Table 4.1. Incidence rates of injuries per 1000 match player hours and percentage of
total injuries by body region and injury category.

Injury

Injuries per 1000 match

Percentage of Total

player hours

Injuries

(95% CI)

(95% CI)

Body Region
Head/ Face/ Neck

10.3 (6.9, 14.9)

32.5 (23.2, 43.4)

Shoulder

4.4 (2.3, 7.6)

13.8 (7.6, 23.0)

Wrist/Hand

4.8 (2.6, 8.1)

15.0 (8.8, 24.4)

Trunk

2.4 (1.0, 5.0)

7.5 (3.5, 15.4)

Hip/Groin/Thigh

2.0 (0.7, 4.4)

6.3 (2.7, 13.8)

Knee

3.6 (1.7, 6.6)

11.3 (6.0, 20.0)

Leg

1.2 (0.3, 3.2)

3.8 (1.3, 10.5)

Ankle/Foot

3.2 (1.5, 6.0)

10.0 (5.2, 18.5)

Injury Category
Concussion

6.0 (3.5, 9.6)

18.8 (11.7, 28.7)

Contusions / Lacerations

8.4 (5.3, 12.6)

26.3 (17.9, 36.8)

Joint (non-bone) &

10.7 (7.2, 15.4)

33.8 (24.4, 44.6)

Muscle

3.2 (1.5, 6.0)

10.0 (5.2, 18.5)

Bone

3.2 (1.5, 6.0)

10.0 (5.2, 18.5)

Ligament
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4.5.

Discussion

4.5.1. Injury rates and patterns in adolescent rugby union
This study reported an overall injury rate of 31.8/1000 match player hours. Previous
studies conducted in English and New Zealand school rugby players have reported ‘timeloss’ injuries

140, 213, 214

. In comparison with 2 older studies conducted on school level

rugby over a period of 18 and 30 years which reported an overall injury rate of 17.7 and
19.8/1000 match player hours for ‘medical-attention’ injuries respectively 212, 217, our rate
was much higher. This may reflect changes in reporting of injuries and greater emphasis
and quality of injury data collection. Although this study captured injuries over a short 8
week competition season compared with the other studies, this injury surveillance study
provide injury rates specific to the Australian school level rugby union competitions.
There was also a high incidence of upper limb injuries, with shoulder and wrist/hand
injuries making up 28.8% of all injuries and a rate of 9.1/ 1000 match player hours. Most
of the wrist/hand injuries involved the fingers and thumbs. A high number of ligament
injuries to the shoulder and upper limb in rugby union was consistent with other studies
of school level rugby union 24, 214, 218. Lower limb injuries made up 31.3% of all injuries at
a rate of 9.9/1000 match player hours, with most of the injuries being ligament injuries to
the knee and ankle. This is in contrast to injuries in professional rugby union players,
with studies reporting significantly higher rates of lower limb injuries than upper limb
injuries

132, 219

. This highlights the importance of conducting injury studies at the school

level to identify the injuries specific to that level of rugby.

4.5.2. Head, neck and facial injuries
One third (32.5%) of all injuries recorded in our study were sustained to the head, face
and neck region (Table 4.1). These findings are similar to that of another study of injuries
in youth rugby players. McIntosh et al.215 reported 30% of Australian youth rugby injuries
involved the head, face and neck region and also used a ‘medical-attention’ injury
definition. McIntosh et al.215 also reported a ‘time-loss’ definition injury rate for the head,
face and neck region which resulted in a lower rate of 13%. The use of a ‘medicalattention’ injury definition in our study may have led to reporting of a higher number of
injuries compared with a ‘time loss’ injury definition, as injuries such as lacerations would
not lead to missing any training or game time but would require a player being attended
to. However, both definitions provide valuable information as ‘medical-attention’ injuries
would provide an understanding for first aid requirements and on-field management at
games, while the ‘time loss’ injuries would provide medical professionals with clinically
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relevant injury information. Injuries serious enough to lead to missed training or games
are more important for governing bodies and injury prevention programs.

4.5.3. Concussion injuries
The results showed there were 15 cases of suspected concussions, which accounted for
19% of all the injuries reported. Our study reported a rate of 6 suspected concussion
injuries /1000 match player hours. However caution must be taken when interpreting this
finding. A concussion was reported in our data collection if a player was taken off the
field for a suspected concussion. Our study design did not allow follow-up of players after
assessment by a medical practitioner, and therefore the actual confirmed concussion
rate in this study is unknown. The current consensus statement on concussion in sport
and world rugby guidelines for junior rugby

26

states that a player suspected of a

concussion must be removed from the field of play immediately and must not take part
in any further training or game activity that day. Although the rate reported in this study
is for suspected concussions, this provides valuable information regarding the scale and
nature of injury presentations in school level rugby union. Due to the vulnerability of the
developing brain, adolescents are at greater risk of significant cognitive morbidity and
prolonged symptom recovery and a more cautious approach is taken by medical or first
aid staff at this level of rugby union 220. This is the first study to investigate epidemiology
of concussion in school level rugby union in Australia since the consensus statement on
concussion in sport at the 4th International Conference on Concussion in Sport held in
Zurich, November 2012

26

. With a greater emphasis on appropriate concussion

recognition and management, this study demonstrated a high rate of suspected
concussion injuries when compared with findings from a review and meta-analysis of
concussion in rugby union and warrants performance of a larger scale study to establish
the epidemiology of concussion in school level rugby union players

147

.

4.5.4. Injury patterns and age
This study is the first study to investigate Australian school level rugby competition and
follow the injuries from an U11 age group to the U18/Open age groups. Our study
showed higher injury rates in the older playing groups similar to findings of other studies
of youth injuries in rugby union

136

. A similar study of injuries incurred in an Australian

school level rugby competition over its 8-10 game competition also reported increasing
injury rates with age, however this study only followed 3 age groups (U18, U15 and U13)
142

. There has been an emphasis on safety of players and on player sizes in recent times
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in the Australian school level rugby competition with some schools forfeiting rugby
matches due to the mismatch in player size between teams

142

. Players with different

levels of fitness, strength and physical attributes may compete in the same team as team
grading is made by subjective observation of skill level. There is a large variation in
player morphology in school level rugby players of the same age
size is not necessarily predictive of performance

130

129

, however, player

. A recent study reported heavier

players were more frequently associated with rugby-related injuries 130, which is contrary
to beliefs that smaller or lighter players were more at risk of injury. Future studies of
rugby injury epidemiology should investigate player demographics and rugby exposure
as risk factors for injury, and also identify the different types of injuries sustained in each
age group.

Table 4.2. Incidence rates of injuries in each age division
Age

Number of

Number of

Number of

Injuries per 1000

division

Teams

Games

Injuries

match player hours
n (95% CI)

Opens

5

34

26

56.2 (37.5, 81.1)

U/16

3

21

12

45.9 (24.9, 78.0)

U/15

5

31

9

23.3 (11.4, 42.8)

U/14

3

24

10

33.5 (17.0, 59.7)

U/13

5

39

11

22.7 (11.9, 39.4)

U/12

3

24

5

16.7 (6.1, 37.1)

U/11

5

40

7

21.8 (10.4, 45.7)

4.5.5. Mechanism of injury
The most common reported cause of injury was tackling, which includes both tackling
and being tackled (see figure 4.1). This is consistent across professional, amateur and
junior levels of rugby union 118, 142, 143. Many studies have suggested that injury prevention
programs should focus on improving the tackling component of rugby union.
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Figure 4.1. The number of injuries by mechanism of injury.

Due to the unpredictable nature of tackling in open play, poor tackling technique could
potentially place the player’s head, neck and shoulder in a dangerous position. The
inability to dissipate forces due to poor body positioning while being tackled may also
lead to injuries

118

. Injury prevention programs targeting players, coaches and referees

have aimed to improve injury and concussion recognition, and risk identification with
correct tackling drills. In New Zealand, the introduction of the RugbySmart Program has
seen a reduction in injury claims

151, 152

. The skill level of an individual player has been

suggested to be a risk factor for injuries; however there is a higher rate of injury within
the higher ranked teams compared with the lower ranked teams

213, 214

. As the standard

of rugby increases, the intensity and competitiveness also increases, resulting in
increased physicality and speed of play. School level rugby in Australia is unique with a
mixture of players with different skill levels and exposures to rugby all participating within
a short format season which may be a risk factor for injuries. A high incidence of injury
in school level rugby has been suggested to be a result of the relatively low amount of
time spent training in comparison to playing matches

218

. Future research could also

incorporate whether the players also play rugby outside of school at the club level when
calculating exposure and load, and the years they have played rugby. Exposure to rugby
greater than the 8-10 week school rugby season may impact on the player’s ability,
fitness, game specific conditioning, and fatigue which could have an effect on risk of
sustaining an injury.
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4.5.6. Methodological considerations
There are inherent difficulties associated with conducting injury surveillance at school
and community levels. At the non-elite level, players do not have the same access to
physiotherapists or medical practitioners for injury assessment and follow through
management compared with the elite level. A limitation of our study is the lack of followup of players post-games. Injuries that may not present immediately, or have a latent
onset of symptoms would be missed in this study. Also, the injuries reported in our study
may not have captured the full number of match injuries that occurred, as a player’s
perception of their injury may dictate whether or not they seek medical attention.
Understanding the attitudes and beliefs of players, parents and coaches in school level
rugby union may provide important information for effective injury prevention and
management programs. The data collected did not differentiate the mechanism of injury
between tackling and being tackled, and future studies should investigate the injuries
sustained during the different contact components of rugby union to provide more
specific information for targeted intervention programs. The present study only reported
game related injuries and didn’t include training injuries. Training injuries are difficult to
capture in school level sport, as designated first aid or medical personnel may not be
available at training sessions. The calculation of number of injuries per 1000 player hours
to report injury rate provides information for researchers which could be used to make
comparisons between studies and further identify risk factors of injuries.

4.6.

Conclusion

The injury rates observed in this sample of Australian school rugby union players provide
direction for future studies to enable informed decisions relating to development of injury
prevention programs at this level of rugby. The high number of suspected concussion
injuries is of interest, and warrants further investigation. Future injury surveillance studies
should use both a ‘medical-attention’ and time-loss’ injury definition to record injury to
allow meaningful comparisons of injury incidence and rates. Injury epidemiology data
from large cohorts could inform decisions made by sport governing bodies to improve
the safety of school level rugby union.
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Chapter 5
Epidemiology of injuries in Australian school level
rugby union
The previous chapter established a high incidence of injuries to the head, face and neck
region and indicated that concussion is a problem in school level rugby union in Australia.
This chapter is comprised of a large-scale injury surveillance conducted as study 2 of
this thesis. The study was conducted on school-aged rugby union players in a whole
inter-school rugby competition in Queensland, Australia. This study aimed to establish
the incidence and nature of injuries across a larger sample of school-aged rugby union
players. This chapter is adapted from: Leung, FT., Franettovich Smith, MM., Brown, M.,
Rahmann, A., Mendis, MD. & Hides, JA. (2017) Epidemiology of injuries in Australian
school level rugby union. Journal of Science and Medicine in Sport. 20(8): 740-744. A
report of results from this study was presented to the Associated Independent Colleges

5.1.

Abstract

Objective: There is a high incidence of injuries in rugby union due to the physical nature
of the game. There is a lack of large-scale injury surveillance data reported for school
level rugby players of different ages. Our study aimed to investigate the frequency and
nature of injuries being sustained during an Australian school level rugby union season.
Design: Prospective observational study
Methods: Injury surveillance was conducted on 3,585 rugby players from all 8 schools
participating in an interschool rugby competition in Queensland, Australia. Match injury
data were collected using paper-based injury recording forms during the season using a
‘medical-attention’ injury definition for each age group from opens (17 and 18 year olds)
through to year 5 teams (9 to 10 year olds).
Results: There were 332 injuries recorded over 14,029 player hours during the season.
The overall rate of injury was 23.7 / 1000 player hours (95% CI, 21.2 – 26.3). The
incidence of upper and lower limb injuries were 6.3 and 5.6 injuries / 1000 player hours
respectively (95% CI, 5.1 – 7.8 and 4.5 – 7.0). The incidence of suspected concussion
injuries was 4.3 / 1000 player hours (95% CI, 3.6 – 5.5). Injuries differed across age
groups and tackling was the most common mechanism of injury.
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Conclusions: The injury patterns observed in this large sample of players could be used
to guide injury prevention programs in school level rugby union. Injury prevention
programs should include age appropriate interventions and focus on improving the
techniques used during the contact phase of rugby.

5.2.

Introduction

Rugby union is a popular sport played in 129 countries worldwide, with over 7.73 million
men, women and children playing the game 209. In Australia, there are currently over 706
000 players participating in rugby union with the greatest number at the school and
amateur level

121

. However, despite an overall increase in participation in various forms

of rugby union in Australia, there has recently been a decline in participation at the club
rugby level, especially at lower and junior levels

121

. While there may be many

contributing factors, possible explanations could include the associated time and
financial commitments for families, as well as parental aversion to children playing
contact sports due to injury concerns. In support of this, it has been reported that the risk
of incurring an injury is the primary reason parents discourage children from playing a
particular sport

123

. While adolescents are thought to be at a greater risk of sustaining

rugby injuries than adult participants

129, 130

, there are numerous positive benefits

associated with playing team sport. Thorough investigation of injury rates associated
with rugby union in younger players is therefore warranted.

Rugby union is a physically demanding contact sport involving high intensity running and
sprinting with intermittent bouts of physical exertion during tackling, rucking, and
scrummaging
injuries

127

. Due to the physical nature of the game there is a high incidence of

118

. Governing bodies strive to improve game safety and reduce injuries using

strategies such as modifying the playing rules and implementing injury prevention
programs

121, 151

. Injury surveillance is an integral part of this process, and longitudinal

surveillance allows evaluation of the effectiveness of injury prevention strategies over
time. While injury surveillance has previously been conducted at the professional level
in rugby union 118, 132, there are limited studies conducted in large cohorts of school and
junior players. This is necessary, as it is not possible to use injury data from mature
players and extrapolate findings to younger players as factors such as player physique,
increased physicality, skill level, speed of play and playing conditions vary considerably.
Injury prevention programs effective for professional players may therefore not be
appropriate for adolescents and schoolboys 136.
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Large-scale studies investigating injuries in Australian junior rugby union players are
currently lacking. A recent study of school level rugby union in Australia did report injuries
across various ages, but only players from one school were studied 221. Other studies of
injuries in school level rugby union players have primarily focused on teams in the open
age groups (17 to 18 year olds). Another issue is that previous studies have reported
both a wide variation in injury rates and conflicting results depending on the injury
definition used. A systematic review reported injury rates ranging from 28 to 130 injuries
per 1000 match hours using a ‘medical-attention’ injury definition, compared with a lower
rate of 12 to 22 injuries per 1000 match hours using a ‘time-loss’ injury definition

136

. In

contrast, yet another review reported an injury rate of 26.7 per 1000 player hours
irrespective of whether a ‘medical-attention’ or ‘time-loss’ injury definition was used

124

.

A comprehensive large-scale study of injuries associated with playing rugby union across
school aged rugby players is therefore required to provide valuable information regarding
the rates of different type of injuries that occur in different age groups.

The primary aim of this injury surveillance study was to investigate the frequency and
nature of match injuries sustained in the playing season of an Australian school level
rugby union competition. The secondary aim of this study was to investigate the injury
patterns across different age groups in this population.

5.3.

Methods

Injury surveillance was conducted on an interschool rugby union competition in
Queensland, Australia. All eight schools in the Associated Independent Colleges (AIC)
competition participated in the study. The school principals and the executive officer of
the AIC gave permission to conduct the study during the 2016 playing season. Parents
and players were informed of the study via a notice in the sports newsletter which
provided explanatory information about the purpose and nature of the study to gain
passive consent. Parents and players could decline from participating or having their
injury records included in the study by contacting the school. No parents declined
participation. Injury data were collected by the schools and sent to a university data
management unit for data entry and de-identification. De-identified data were then sent
to researchers for analysis. Information routinely collected by the schools for their
records such as player name, date of birth and parental contact details of the injured
player was not provided to the researchers. The study was approved by the university
ethics committee (HREC2016-3N).
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Injury surveillance was conducted on 3,585 male players who participated in rugby union
during the 2016 playing season. Match injury data were collected for each of the eight
age groups including players from open grades (17 and 18 year olds) through to year 5
teams (9 to 10 year olds). Injury data were collected by the schools’ designated first aid
providers using a standardised paper-based injury record form adapted from the Sports
Medicine Australia (SMA) injury record forms

. The schools’ first aid providers were

160

given written instructions for recording on the injury forms and research assistants (with
SMA level one sports trainer accreditation) attended home games to assist with data
collection. A ‘medical-attention’ injury definition was used in this study in accordance
with the international consensus statement of rugby union injuries

137

. A ‘medical-

attention’ injury was recorded if a player was attended to or assisted from the field of play
due to an incident that required medical assistance, or if the player sought medical
assistance at the first aid station. Injuries were grouped by body regions and also injury
category. The locations of injuries were grouped into 5 body regions (head/face, neck,
upper limb, trunk and lower limb injuries). Injuries were grouped into 6 categories
(concussion, muscle and tendon, joint (non-bone) and ligament, contusions, bone and
other injuries). A concussion was recorded if a player was taken off the field for a
suspected concussion and met the criteria as listed on the ‘Pocket Concussion
Recognition Tool TM’, as published in the 4th consensus statement for concussion in sport
26

. The mechanism of injury, treatment received and qualifications of first aid providers

were also recorded. Injury rates were calculated as the rate of injury per 1000 player
hours with 95% confidence intervals. Player hours were calculated using the number of
players per team, the duration of the games and the total number of games during the
season. The duration of games for first XV teams was 70 minutes and for second XV
and 16As was 60 minutes. Year 5 games were 40 minutes in duration. Remaining teams’
games were 50 minutes in duration. All teams were comprised of 15 players, except for
year 5 teams which had 12 players. Players participated in full contact tackling in all age
groups, while minor rule variations in lineouts and scrums occurred between age groups.
Injuries were also presented as proportions with 95% confidence intervals.

5.4.

Results

A total of 14,029 player hours were recorded over 197 teams during the season. There
were 7 scheduled rounds of rugby during the season, but one round was cancelled due
to rain. A total of 332 injuries (Table 5.1) were recorded for 310 players, with 22 players
sustaining 2 injuries during the season. The overall injury rate was 23.7 / 1 000 player
hours (95% CI; 21.2 – 26.3). Injuries to the head and face region had the greatest
96

Table 5.1. The number of injury incidents per body region per injury category. ( ) indicates number of cases of missing data for that field.
Injury Location

Head/ Face
Neck

Injury Category

Total

Concussion

Muscle &
Tendon

Joint (non-bone) &
Ligament

Contusion

Bone

Other
Injuries

Injuries

61

-

-

26

4

18 (3)

112

-

9

3

2

10

1

25

Upper

Shoulder/Clavicle

-

11

28

4

4

2

49

Limb

Upper Arm

-

-

-

1

1

-

2

Elbow

-

-

4

2

-

-

6

Forearm

-

-

-

2

1

-

3

Wrist

-

-

1

-

7

-

8

Hand/ Finger/ Thumb

-

2

6

4

8

1

21
89

Trunk

Sternum/ Ribs/ Thoracic Spine

-

2

1

8

5

2

18

Lumbar Spine

-

3

-

4

-

1

8
26

Lower

Hip & Groin

-

5

-

2

-

2

9

Limb

Thigh

-

4

-

3

-

1

8

Knee

-

3

16

7

-

1

27

Calf & Achilles

-

1

-

4

1

1 (1)

7

Ankle

-

-

20

-

2

2

24

Foot & Toe

-

-

-

-

2

1

3
79
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number of injuries (n = 112), accounting for 33.7% (95% CI; 28.8 – 39.0) of all injuries.
There were 61 cases of suspected concussion injuries with an incidence of 4.3
suspected concussions / 1000 player hours (95% CI; 3.6 – 5.5). There were more upper
limb injuries (n=89, 26.8%, 95% CI; 22.3 – 31.8) than lower limb injuries (n = 79, 23.8%,
95% CI; 19.5 – 28.7) with an incidence of 6.3 upper limb injuries / 1000 player hours
(95% CI; 5.1 – 7.8) and 5.6 lower limb injuries / 1000 player hours (95% CI; 4.5 – 7.0).
Injuries to the neck (n = 25) and trunk region (n= 26) accounted for the least number of
injuries.

The highest number of injuries were reported in 14 to 16 year olds (Table 5.2), and in
particular, the number of injuries were highest for the head and face, upper and lower
limb regions (Figure 5.1). The number of neck and trunk injuries remained consistently
low across all age groups. Injuries occurred mostly during the contact phase of rugby
with tackling (n = 93), being tackled (n = 91) and collision with either a player or the
ground (n = 72) resulting in over 77% of all injuries. Injuries also occurred during the
ruck (n = 22), running (n = 15), lineouts (n = 5) and scrums (n = 3), while other
mechanisms of injury (n = 13) and missing data (n = 18) were also reported.

Table 5.2. Incidence of injuries for each age group.
Age Group

Number of

Number of

Injuries per 1000 player hours

Teams

Injuries

n (95% CI)

Opens

27

34

14.8 (10.4, 20.4)

16

21

57

34.9 (26.7, 44.9)

15

22

57

35.9 (27.5, 46.2)

14

19

64

49.2 (38.2, 62.5)

13

30

21

9.7 (6.2, 14.6)

12

30

19

9.1 (5.7, 13.8)

11

22

20

12.3 (7.7, 18.7)

10

26

19

15.5 (9.6, 23.8)
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5.5.

Discussion

5.5.1. Injury rates and patterns in adolescent rugby union
The current study is the first to report patterns and incidence of injuries in Australian
school level rugby union players across a full competition and season since the
introduction of a consensus statement for reporting of rugby union injuries. The overall
injury rate of 23.7 / 1000 player hours reported in this study is lower than the rates of
26.7 and 28 to 130 injuries / 1000 player hours reported in 2 recent systematic reviews
124, 136

, but higher than previous studies of Australian school level rugby union (10.6 and

17.6 injuries / 1000 player hours)

142, 212

. Overall injury rates in the current study may

have been lower than those reported in other studies due to the inclusion of younger
players, who suffered less injuries than older players.

There were more upper limb (26.8%) than lower limb injuries (23.8%) reported in the
current study. This distribution differs from that reported in professional rugby union
players 118, 132, where greater proportions of lower limb injuries have been reported. This
finding supports the importance of conducting injury surveillance at different levels of
rugby union to identify the types and distriubtion of injuries specific to the level of sport.
There were 6.3 upper limb injuries / 1000 player hours. The shoulder joint was most
commonly injured followed by injuries to the hand, finger and thumb region. Joint and
ligament injuries were the most common form of shoulder injury, which included
dislocation/ subluxations, acromio-clavicular and shoulder joint sprains. The lower limb
injury rate was 5.6 injuries / 1000 player hours. Injuries to the lower limb consisted of
mostly knee and ankle injuries, in which injuries to the joint (non-bone) structures and
ligaments were most common. Injuries of the hip, groin and thigh were mostly muscle
related. These results are similar to those reported in other school level studies, which
also found that the shoulder joint was most commonly injured followed by the knees and
ankles 214, 218, 221.

5.5.2. Head and facial injuries
A large proportion of injuries reported in the current investigation involved the head and
face region (33.7%). Previous studies have reported that one third of injuries in
adolescent rugby union involved the head, face and neck region

215, 221

. Our results

showed a slightly higher proportion than these previous studies to the head and face
region and even more so if neck injuries are included in this category.
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5.5.3. Concussion injuries
The results also showed that there were 61 suspected concussions, which accounted
for 18.4% (95% CI; 14.6 – 22.9) of overall injuries sustained. The incidence rate of
suspected concussion injuries was 4.3 / 1000 player hours, which is within the range of
0.2 to 6.9 concussions / 1000 player hours reported in a systematic review 155, but higher
than the rate of 0.62 concussions / 1000 player hours as reported in a meta-analysis of
adolescent rugby union injuries

147

. Use of a suspected concussion definition in the

current study is in line with World Rugby and Australian Rugby Union guidelines for
adolescents whereby a player is removed from the field and must not return to play on
the same day if concussion is suspected. Use of this definition may have inflated the rate
of concussions reported, as it does not reflect players who are later cleared by a medical
assessment. In contrast, there may also be underreporting of concussion injuries in this
cohort for various reasons. Studies have shown there is only a basic level of knowledge
of concussion and return-to-play guidelines

57, 61

, and potential concussions may be

missed by players, coaches and parents, who are often the first to observe injuries.

5.5.4. Increased injuries during adolescence
There was a general pattern observed for different age groups, with an increase in the
number of injuries reported for older age groups. A large spike in the rate of injuries to
the head, face, upper and lower limbs was seen at 14 years of age (Figure 5.1). The
reasons for this are not currently well understood, however some factors such as large
variations in player sizes and performance may contribute to an increased injury risk

129,

130

. The timing of the spike in injuries coincides with a period of what has been termed

“adolescent awkwardness”

25

. Growth spurts start at 12 years of age and peak at 14

years of age. Delays or regression in sensorimotor function can occur relative to rapid
growth spurts, and could be associated with increased susceptibility to injury

25

. In

addition, other internal risk factors such as increases in risk-taking behaviour in
adolescents 222, and childhood / adolescent specific musculoskeletal conditions may be
associated with increased injury risk during these age groups

223

. The results observed

in our study may suggest a need for greater monitoring of players to include age
appropriate strength and conditioning during musculoskeletal maturation to reduce the
risk of injury in these age groups.
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5.5.5. Mechanism of injury
The mechanism associated with the highest number of injuries was tackling or being
tackled. In addition to collisions (with another player or the ground), the contact phase of
rugby union accounted for three-quarters of all injuries reported. The injury pattern during
the contact phase is consistent across all levels of rugby union, and results would
suggest that tackling technique and body position whilst being tackled should be a focus
of injury prevention programs.

5.5.6. Methodological Considerations
This surveillance study captured injuries across a wider range of age groups than
previous studies and may provide a more accurate representation of injury rates and
patterns for this population. Accurate reporting of the number of injuries requiring
‘medical-attention’ provides valuable information regarding the scale and nature of
injuries, which could be used by governing bodies to guide first aid requirements for
school rugby games. A possible explanation for the higher rates in the current study
compared with other Australian studies may be related to the methodology adopted. Due
to the large-scale nature of this surveillance study, with multiple venues and varying
qualifications of first aid providers, a ‘medical-attention’ injury definition was used. This
may have led to increased injury reporting compared with studies using a ‘time loss’
injury definition, as some injuries (e.g. lacerations) may have required attention but not
resulted in missed training or games.

Conducting injury surveillance within school and non-elite community settings is
challenging for many reasons. The qualifications of medical personnel at school sport
venues varied considerably from first aiders through to doctors and physiotherapists, and
therefore the detail and accuracy of injury data varied accordingly. Injury rates reported
in this study may not have included all of the injuries that actually occurred, as factors
such as perception or knowledge of injury by the coach, parent or player may have
influenced whether or not they sought medical attention. Minor injuries or injuries with a
latent onset may not have been captured in this study. Although the strength of the
current study is its large-scale nature, there were some differences in compliance with
injury recording at different sites. To compound this, the data collected for our study was
often conducted in addition to that routinely performed by the schools’ first aid providers.
As a result, there were some missing data, such as information on player position, height,
weight, team division and the first aider’s qualification.
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Figure 5.1. The number of injuries reported for each age group and body region.
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5.6.

Conclusion

The patterns of injury observed in this study were mostly similar to those previously
reported in other studies of adolescent rugby union players, but highlight a greater
proportion of head and face injuries. Suspected concussions were the greatest in
number, however this may have been lower if further follow up by a medical doctor was
recorded. The incidence of upper limb injuries, in particular of the shoulder region, was
higher than that of lower limb injuries. Age related findings highlight an increase in injury
during adolescent development. Injury prevention programs should therefore focus on
age appropriate strength and conditioning and improving the techniques used during the
contact phase of rugby. Ongoing injury surveillance would allow a greater understanding
of injury risk factors and allow evaluation of the effectiveness of future injury prevention
interventions.

5.7.


Practical Implications
The high number of suspected concussion, shoulder and upper limb injuries
observed in school aged rugby union players may indicate that prevention
programs should target these areas.



As a spike in incidence of head, face, upper and lower limb injuries occurred at
14 years of age, an increased focus on age appropriate preparation of players
may be of benefit.



Injury prevention programs in school level rugby union need to focus on the
contact component of rugby especially tackling and being tackled.
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Chapter 6
Vestibulo-ocular dysfunction in adolescent rugby
union players with and without a history of
concussion
In chapters 4 and 5, it was established that concussion is commonly reported in school
level rugby union. As discussed in the background chapter, there are variations in
sensorimotor function in adolescents and chapter 5 highlighted a spike in injuries and
suggested that changes or delays in sensorimotor function maturation may increase the
risk of injuries in adolescents. In order to understand the effect of concussion on the
sensorimotor system in adolescent, it is also important to establish whether there are
residual deficits in sensorimotor function in players with a history of concussion. The
sensorimotor system incorporates the integration of sensory information from a number
of systems, including the vestibular, visual and somatosensory system and produces
appropriate motor responses that control postural stability. Study 3 investigated whether
a history of concussion has an effect on the sensorimotor system by examining the
vestibular and musculoskeletal systems in adolescent rugby union players. This chapter
examines the implications of a history of concussion on vestibulo-ocular function, while
the next chapter examines the implications on musculoskeletal function. In addition, this
chapter discusses the prevalence of vestibulo-ocular dysfunction within adolescent
rugby union players and identifies implications for assessment of adolescents postconcussion. This chapter is adapted from: Leung, FT., Rahmann, A., Mendis, MD.,
Franettovich Smith, MM., Sonsearay, C., Low Choy, N. & Hides, JA. (2019) Vestibuloocular dysfunction in adolescent rugby union players with and without a history of
concussion. Musculoskeletal Science and Practice 39: 144-149.
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6.1.

Abstract

Objectives: Sport-related concussions are common in adolescent contact sports.
Vestibulo-ocular dysfunction has been reported in athletes post-concussion. There is a
lack of research on vestibulo-ocular function in sporting adolescents, and the influence
of previous concussions on the vestibular system in this population. The aim of this study
was to investigate vestibulo-ocular function in a cohort of adolescent rugby players with
and without a history of concussion during preseason assessment.
Design: Cross-sectional study
Methods: 213 male adolescent (13-18 years old) rugby players were recruited from six
schools in Queensland, Australia. Vestibulo-ocular assessments were conducted during
the preseason and included clinical assessment of oculomotor function and the
vestibulo-ocular reflex (VOR) using the clinical and video-Head Impulse Test (HIT).
Players were allocated into two groups: no history of concussion in the last 12 months
(n = 165), and concussion in the last 12 months (n = 48).
Results: There were no between group differences in vestibulo-ocular function for
players with and without a history of concussion (p = 0.65). However, vestibulo-ocular
dysfunction was reported in 69 (32.7%) of the players tested, who had either abnormal
oculomotor control or VOR function.
Conclusions: The high prevalence of vestibulo-ocular dysfunction in adolescent rugby
players suggests that positive clinical findings post-concussion need to be interpreted
carefully in the absence of baseline or pre-concussion assessments.

6.2.

Introduction

Sports-related concussions are a growing concern and are amongst the most common
sporting injuries in adolescents playing contact sports 224. Concussions in this age group
are of great concern due to the uncertainty surrounding the pathophysiology of
concussion injuries and the effects during cognitive maturation 9. The vulnerability of the
developing brain places adolescents at greater risk of significant cognitive morbidity and
prolonged recovery

10

. Like many other contact sports, there is a high incidence of

concussion in rugby union 148. Compared with other sports played by adolescents, rugby
union has the highest incidence of concussion 23, and these injuries have been reported
to be more common in adolescents than adult players

225

. Recent injury surveillance of

players from school level rugby union reported that a large proportion of injuries were
sustained to the head and face region, with concussions being the most common injury
24, 221, 226

.
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There is emerging evidence of deficits in vestibular and oculomotor function in children
and adolescents following a concussion
30-80%

42, 44

, with dysfunction reported in as many as

12, 42, 44

. Dizziness is commonly reported following concussion and may reflect

an underlying vestibular and/or oculomotor dysfunction

12

. Visual symptoms such as

blurred vision, double vision and light sensitivity are also commonly reported after
concussion and may indicate functional oculomotor control issues

168

. Benign

parosxysmal positional vertigo (BPPV) is also a common cause of dizziness and vertigo
post head trauma and has been reported in children and adolescents post-concussion
94, 95

. Recent research has shown that deficits in vestibulo-ocular function in this age

group can be associated with delayed symptom recovery, longer time to recover from
neurocognitive deficits and delayed return to school

42, 44

. The presence of vestibulo-

ocular dysfunction post-concussion has also been shown to be predictive of the
development of post-concussion syndrome in adolescents 44, 45.

Optimal vestibulo-ocular function is important for adolescents participating in sports and
academic activities. The vestibular system contributes to postural control through the
vestibulo-spinal reflex and gaze stabilisation during head movement through the
vestibulo-ocular reflex (VOR)

75, 91

. Oculomotor control involves eye movements and

visual fixation which, in combination with the vestibular system, maintains gaze stability
and the ability to scan and keep visual targets stationary when the head is still or moving
at various velocities

75

.

The vestibulo-ocular component of the vestibular system

functions to stabilise vision during rapid or variable head movement which is important
in sports requiring stable vision while running, tracking or catching a ball. Academic
activities such as reading and notetaking require integration of the oculomotor system
with cognition and other processes in the central nervous system 42, 75, 227. Sensorimotor
systems mature during childhood and adolescence, with the vestibular system
demonstrated to be the slowest sensory system associated with postural control to
mature

115

. Concussion-related disruption to the vestibular and / or oculomotor system

could therefore have a significant impact in adolescents.

During adolescence, there may be a regression or delay in sensorimotor function during
rapid growth spurts 25, while other studies have reported that vestibulo-ocular dysfunction
commonly occurs in children

227

. There are however, a lack of studies investigating

vestibulo-ocular function in sporting adolescent populations and it is unknown whether
participation in contact sports during adolescent development affects vestibulo-ocular
function. It is also unknown how concussion affects vestibulo-ocular function during
107

adolescent development. Whilst many studies have documented vestibulo-ocular deficits
in adolescents post-concussion

12, 42, 44

, these studies did not compare vestibulo-ocular

function pre and post-concussion in order to understand the causal relationship between
concussion and vestibulo-ocular deficits. Understanding usual vestibulo-ocular function
in sporting adolescents is important when assessing these players post-concussion from
a diagnosis and management perspective. If the stage of adolescent development
negatively affects the vestibular system, there is potential for false positive results when
testing adolescent players post-concussion. Another confounding variable could be the
presence of residual negative effects on vestibulo-ocular function in those with a history
of a previous concussion, and whether there are long term effects of concussion which
could be targeted for intervention. The aim of this study was to investigate differences in
vestibulo-ocular function in a cohort of adolescent rugby union players with and without
a history of concussion.

6.3.

Methods

6.3.1. Participants
Two-hundred and thirteen male school aged rugby union players were recruited from six
schools in Queensland, Australia. The school principals gave permission for the students
to participate. Players in the schools’ senior playing squad or emerging playing squad at
the beginning of the 2016 school rugby union season were eligible for inclusion in the
study. Written informed player assent and parental consent were obtained for all
participants. The study was approved by the university’s ethics committee (HREC 2014253Q).

Participants were assessed during the preseason at either the school campus or at the
schools’ preseason rugby camps. All participants completed a self-report questionnaire
to obtain demographic information, rugby playing position, years playing rugby and
medical information including history of concussion in the last 12 months. A concussion
history was recorded if it met the definitional criteria of concussion based of the 4th
consensus statement for concussion in sport

26

. An interview was conducted with all

participants to confirm the accuracy of self-report and document the occurrence of the
most recent concussion. The Dizziness Handicap Inventory (DHI)

166

was administered

to determine the impact of dizziness on daily life and the 22-item Post-Concussion
Symptom Scale (PCSS)

163

was also used to establish the baseline symptom profile of

players.
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6.3.2. Assessment of vestibulo-ocular function
A standardised clinical assessment of vestibulo-ocular function was conducted by
physiotherapists with additional training in the assessment of the vestibular system (AR,
FL, CS). All players were screened to ensure that they had adequate cervical spine range
of motion required for conducting the tests. Frenzel Goggles (Interacoustic AS, Video
Frenzel Lens VF405 Unit – Monocular Vision) were worn during the assessment to
record eye movements. The protocol used to evaluate vestibulo-ocular function included
assessment of oculomotor function, the vestibulo-ocular reflex (VOR) and screening for
benign paroxysmal positional vertigo (BPPV).

Testing of oculomotor function included assessment of smooth pursuit eye movement
and testing for spontaneous and gaze-evoked nystagmus with vision, and with vision
occluded

87, 172

. The use of Frenzel Goggles enabled observation of spontaneous and

gaze-evoked nystagmus with vision occluded. Oculomotor function was classified as
normal or abnormal.

The horizontal VOR was assessed using the standard clinical-Head Impulse Test (HIT)
(Figure 6.1a)

173

and the test was recorded with the Frenzel Goggles to identify overt

saccades. The clinical-HIT was classified as normal or abnormal. The horizontal VOR
was further assessed using video-oculography goggles (EyeSeeCam Interacoustics AS)
with a sampling rate of 220Hz. The Video-Head Impulse Test (VHIT) (Figure 6.1b)
recorded overt and covert saccades and calculated horizontal VOR gain 175. Participants
were instructed to maintain fixed gaze on a target 1 metre in front of them while the
examiner performed a minimum of 10 horizontal head impulses unpredictably to both left
and right directions. The VOR gain represents eye velocity relative to head velocity and
the VHIT software automatically calculated the instantaneous gains at 60 ms and 80 ms
after the impulse to identify mean horizontal VOR gain and asymmetry between the left
and right vestibular function. Gain values at 60 ms were used for further analysis as 80
ms may be affected by catch-up saccades

175

. There are currently no studies reporting

normative ranges of the VOR in healthy adolescents using the VHIT EyeSeeCam system
(Interacoustic AS). To establish a comparison range for use in the current investigation,
preliminary results from the players with no history of concussion (n = 115) were used.
The mean horizontal VOR gain at 60ms for those without a history of concussion was
0.97 (SD 0.18) for the left and 0.98 (SD 0.16) for the right side. VHIT gains were
dichotomized as ‘normal’ if they were within 2 standard deviations of the mean value and
as ‘abnormal’ if they were outside of this range.
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Figure 6.1. Assessment of the vestibulo-ocular function. The horizontal VOR was
assessed using the a) Clinical-Head Impulse Test, and b) Video-Head Impulse Test.
Screening the vestibular system for BPPV in the anterior and posterior semicircular canal
using the, c) Hall Pike-Dix Manoeuvre, and in the horizontal semicircular canal using the,
d) Head Roll Test.

Screening for BPPV was conducted using vestibular positional testing. Dysfunction of
the vestibular system has been demonstrated post-concussion with the presence of
BPPV in patients post head trauma contributing to symptoms of dizziness and vertigo 94,
95

. Assessment of the anterior and posterior semicircular canals was conducted using

the Hallpike-Dix manoeuvre (Figure 6.1c) and the horizontal semicircular canals were
assessed using the Head Roll Test (Figure 6.1d). During testing, dizziness symptoms
were noted and presence of nystagmus recorded using Frenzel goggles. BPPV was
identified if both symptoms and corresponding nystagmus were elicited during that
testing manoeuvre, following standard clinical assessment guidelines 180.
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6.3.3. Statistical Analysis
Data analysis was conducted using SPSS version 22.0 (IBM, USA). To determine if there
was a difference in vestibulo-ocular function between players with and without a history
of concussion, players were categorised into two groups based on self-reported history
of concussion in the last 12 months (no concussion in the last 12 months or concussion
within the last 12 months). One-way analyses of variance (ANOVAs) were used to
compare demographic data, DHI and PCSS between groups. Pearson’s chi squared
tests (χ2) were used to compare clinical measures between groups for oculomotor
function, VOR function, and vestibular positional testing (normal versus abnormal).
Significance was set at p < 0.05. The overall vestibulo-ocular function (normal versus
abnormal) was assessed with Pearson’s chi squared test and Bonferroni corrections
were made, with significance set at p < 0.02. All cases were assessed (n = 213) except
for the VHIT measure, where VHIT gains were recorded for 210 players and recordings
for 3 players were discarded due to poor data output.

6.4.

Results

A total of 213 players participated in the study. The mean values (standard deviation) for
age, height and weight of all participants were 15.9 (1.1) years, 180.5 (7.7) centimetres
and 82.4 (3.6) kilograms. The mean number of years playing rugby was 8.2 (2.9) years.
The distribution of players in the two groups was: no concussion in the last 12 months,
n = 165, and concussion in the last 12 months, n = 48. There were no significant
differences between groups for age, height, weight, number of years playing rugby, DHI
and PCSS scores (p > 0.05) (Table 6.1).

There were no differences between the two groups for oculomotor function (p = 0.91),
the vestibulo-ocular reflex (p = 0.71) and overall vestibulo-ocular function (p = 0.65).
Results of vestibulo-ocular function testing are presented for each group in table 6.2.
While no differences between groups were found, 32-35% of adolescent rugby players
were found to have deficits in vestibulo-ocular function irrespective of their history of
concussion (Table 6.2). During the positional testing for BPPV, no players were
diagnosed with BPPV. However, positional nystagmus was noted during the testing
procedure in 56 players.
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Table 6.1. The mean and standard deviations for demographic information, Dizziness
Handicap Inventory (DHI) and Post-Concussion Symptom Scale (PCSS) of players with
and without a self-reported history of concussion within the last 12 months.
No concussion in

Concussion in

last 12 months

last 12 months

(n = 165)

(n = 48)

Mean (SD)

Mean (SD)

Age

15.9 (1.2)

16.0 (0.9)

0.41

Height

180.5 (8.0)

180.6 (6.7)

0.94

Weight

82.4 (14.0)

82.5 (12.3)

0.96

Years playing rugby

8.1 (3.0)

8.5 (2.9)

0.48

Dizziness Handicap Inventory

4.8 (7.8)

6.2 (9.9)

0.09

PCSS – Total Symptoms

1.9 (2.8)

2.5 (4.0)

0.29

PCSS – Symptom Severity

3.4 (5.7)

3.8 (6.4)

0.74

6.5.

p-value

Discussion

Our study of vestibulo-ocular function in adolescent rugby players during preseason
assessment showed that there were no between group differences in oculomotor
function or the horizontal VOR for players with and without a history of concussion in the
last 12 months. Interestingly, our study also demonstrated that deficits in vestibulo-ocular
function were present in as many as 32-35% of adolescent rugby players irrespective of
their history of concussion. Establishing if a relationship exists between history of
concussion and function of the vestibulo-ocular system may be important information to
consider when interpreting post-concussion assessments. If residual deficits in function
were shown to persist post-concussion, it would be difficult to determine if vestibuloocular dysfunction (if present) after an injury was actually associated with the recent
concussion.
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Table 6.2. The proportion and number of adolescent rugby union players with abnormal oculomotor and VOR function, presence of BPPV and
overall vestibulo-ocular dysfunction for those with and without a self-reported history of concussion within the last 12 months.
No concussion in last 12

Concussion in last 12

p-

Total Group

months (n = 165)

months (n = 48)

value

(n = 213)

Proportion (%)

Proportion (%)

Proportion (%)

Oculomotor Function
Smooth Pursuit (Abnormal)

14/165 (8.5%)

6/48 (12.5%)

Gaze-evoked Nystagmus – Vision (Abnormal)

2/165 (1.2%)

0/48

Gaze-evoked Nystagmus – Vision Occluded (Abnormal)

34/165 (20.6%)

8/48 (16.7%)

Oculomotor Dysfunction

46/165 (27.9%)

13/48 (27.1%)

0.91

59/213 (27.7%)

19/210 (9%)

Vestibulo-ocular Reflex (VOR)
Clinical-HIT (Abnormal)

8/165 (4.8%)

2/48 (4.2%)

Video-HIT gain at 60ms (Abnormal)

7/162 (4.3%)

3/48 (6.3%)

VOR Dysfunction

14/162 (8.6%)

5/48 (10.4%)

0.71

Vestibular Positional Testing
Hall Pike Dix – (BPPV Present)

0/117

0/48

-

Head Roll – (BPPV Present)

0/117

0/48

-

BPPV Diagnosed

0/117

0/48

-

0/213

17/48 (35.4%)

0.65

69/211 (32.7%)

Vestibulo-ocular Dysfunction
52/163 (31.9%)
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6.5.1. High prevalence of vestibulo-ocular dysfunction
Previous studies have reported the presence of vestibulo-ocular dysfunction in
adolescent athletes post-concussion. However, wide variations in the prevalence of
vestibulo-ocular dysfunction were reported, ranging from 30 to 80%

42-44

. One possible

explanation for the relatively high rates of vestibulo-ocular dysfunction observed in our
current investigation, and the wide variation reported in previous studies, could be that
some of the changes observed were age related. Our cohort ranged in age from 13 to
18 years. The vestibulo-ocular and vestibulo-spinal pathways are still maturing between
6 to 12 years of age and may not reach integrated function similar to an adult until 15
years of age

. The VOR may still be maturing until the age of 15 years, and its’

91, 114

function only becomes similar to that of adults after 16 years of age

228

. The prevalence

of vestibulo-ocular dysfunction observed across the two groups in the current
investigation could therefore represent different maturation rates of the vestibular system
during adolescent development. Although we are unable to verify maturation from the
methodology employed in the current investigation, a systematic review has indicated
that not only may sensorimotor function not be fully mature as children reach
adolescence, regressions of some aspects of sensorimotor function may also occur at
this time

25

. Clinical findings of vestibulo-ocular dysfunction in adolescents post-

concussion therefore need to be interpreted carefully as they may be related to athlete
age and stage of maturation of the vestibular and ocular systems.

6.5.2. Age appropriate normative data of vestibulo-ocular reflex
The current investigation is the first study to report results of VHIT assessment of the
horizontal VOR in a healthy athletic adolescent population. A recent study of the VOR
using the VHIT in infants and children found rapid increases in VOR gain up until 6 years
of age and a significant increase up until 16 years 228. This study, however did not report
differences in VOR gain between children aged 10 to 15 years and adults 228. Variations
in horizontal VOR velocity gain have been presumed to be associated with ageing in
adults, however the differences reported were minor and normative ranges were
therefore reported for a group of people aged from 20 to 80 years
stable until 90 years of age

175

and this remained

229

. Preliminary calculation of normal horizontal VOR function

in our study base on previously published normative data using the EyeSeeCam
(Interacoustics AS) led to classification of a large number of players with ‘abnormal’ VOR
function 175, 179. These previous studies conducted on normal adult populations reported
horizontal VOR velocity gain of 0.94 (SD 0.10)

175

and 0.96 (SD 0.08)

179

. A normative

range for horizontal VOR gain calculated from data of the players in our study without
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any history of concussion was deemed to be more appropriate to use to classify VOR
function as ‘normal’ or ‘abnormal’ in our study of adolescent rugby players. The standard
deviation reported in our study was considerably larger when compared with previously
published normative data. Calculation of normative ranges using 2 x standard deviation
from our cohort led to a larger range in gain for horizontal VOR velocity which we would
propose should be considered as ‘normal’ for this adolescent population. Comparisons
with adult VOR function may not be appropriate due to the potential influence of
developmental maturation. The current study is the first to investigate vestibulo-ocular
function in adolescent rugby union players. Although assessment and management of
the vestibular system post-concussion has attracted great attention, our results suggest
further investigation of vestibulo-ocular function in adolescents and the effect of
concussion on the vestibular system is required.

6.5.3. Methodological considerations
This study had some limitations, in that group allocation was based on player selfreported concussion history. It is possible that some players mistakenly allocated
themselves to the no concussion history group due to misconceptions and basic
knowledge of concussion among adolescent rugby union players

230

. However,

measures were taken in the questionnaire to ascertain history of concussion based on a
definitional criteria of concussion

26

, followed by a participant interview to confirm

accuracy of self-reported concussion and occurrence of the most recent concussion.
Although our study adopted different vestibulo-ocular assessment protocols to the
Vestibular/Ocular Motor Screen Assessment

12

, our study protocol included positional

testing to identify BPPV and comprehensively assessed the VOR using instrumented
head impulse testing. The instrumented equipment used in our study is commonly used
clinically in vestibular physiotherapy, and was chosen because assessments were
conducted at school facilities and not in a laboratory. Comprehensive assessment using
laboratory-based vestibular equipment may provide a more detailed understanding of
vestibulo-ocular function in adolescents. Another limitation of the current study was that
the results were from a cohort of male adolescent rugby players, and results may not be
generalizable to other sports, or to adolescent female athletes. Future studies could
compare changes in vestibulo-ocular function assessed post-concussion with baseline
pre-concussion measures to confirm that vestibulo-ocular function changes observed
post-concussion in adolescents are related to the concussion.
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6.6.

Conclusion

Deficits in vestibulo-ocular function were present in as many as one third of adolescent
rugby players, irrespective of self-reported history of concussion. Whilst the presence or
absence of abnormal vestibulo-ocular findings are important to consider in the diagnosis
and management of sports-related concussion, abnormal findings are common in this
age group and could possibly be related to other factors such as maturation. Positive
clinical findings post-concussion in adolescents should therefore be interpreted carefully
in the absence of pre-concussion assessments. Comparison between baseline and
post-concussion assessment is likely to provide further understanding of the effect of
concussion on the vestibular system in adolescents.

6.7.


Practical Implications

Vestibulo-ocular dysfunction was relatively common among adolescent rugby
union players with and without a history of concussion.



Health and medical practitioners require an understanding of the players’ preinjury vestibulo-ocular function in order to interpret positive clinical findings postconcussion and avoid false positives on testing.



Vestibulo-ocular dysfunction in adolescents may be due to maturation or
regression, and therefore vestibulo-ocular assessments should not be used in
isolation when assessing adolescents post-concussion.



For future research, availability of preseason measures would allow appropriate
interpretation of the effect of concussion on vestibulo-ocular function in this
population.
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Chapter 7
Altered musculoskeletal function in adolescent
rugby union players with a history of concussion
In chapter 6, it was established that there were no differences in vestibulo-ocular function
in adolescent rugby union players with and without a history of concussion. However, a
relatively high prevalence of dysfunction was noted in the cohort of adolescent rugby
union players, and it was suggested that this might represent variation in maturation rates
of the vestibular system during adolescent development. As discussed in the previous
chapter, it is important to establish whether there are residual deficits in sensorimotor
function in players with a history of concussion. Study 3 investigated whether a history
of concussion has an effect on the sensorimotor system by examining the vestibular and
musculoskeletal systems in adolescent rugby union players. The previous chapter
examined the implications of a history of concussion on vestibulo-ocular function, while
this chapter examines the implications on musculoskeletal function. This chapter
examines musculoskeletal function of the cervical spine and trunk in adolescent rugby
union players with and without a history of concussion. This chapter is adapted from:
Leung, FT., Franettovich Smith, MM., Mendis, MD., Rahmann, A. & Hides, JA. Altered
musculoskeletal function in adolescent rugby union players with a history of concussion.
(In preparation)

7.1.

Abstract

Objectives: There is emerging evidence that a link exists between a history of
concussion and an increased risk of sustaining subsequent concussions and
musculoskeletal injuries in athletes. Sensorimotor deficits have been demonstrated in
athletes post-concussion, however, little is known about the effects of concussion on the
musculoskeletal system. Physiotherapy intervention may assist in rehabilitation of
sensorimotor deficits post-concussion; however, it is important to first establish whether
a history of concussion has residual effects on the sensorimotor system, in particular the
musculoskeletal system.
Design: Cross-sectional study
Methods: A total of 214 male adolescent (13-18 years old) rugby players in Queensland,
Australia underwent assessment of sensorimotor function during the preseason.
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Assessment of sensorimotor function included testing of cervical spine function,
measurement of size and contraction of lumbopelvic muscles (ultrasound imaging) and
balance testing (sway velocity). Players were allocated into two groups: no history of
concussion in the last 12 months (n = 165), and concussion in the last 12 months (n =
49). Repeated measures analysis of covariance (ANCOVA) was used to analyse
lumbopelvic muscle size and contraction.
Results: The results indicated that the players with a history of concussion had
significantly larger lumbopelvic muscles than players without a history of concussion (p
< 0.05). The largest mean differences occurred for quadratus lumborum (8.3% larger;
7.42 and 6.85 cm2 in players with and without a history of concussion respectively) and
for lumbar multifidus at L5 vertebral level (6.6% larger; 8.13 and 7.63 cm2 in players with
and without a history of concussion respectively). The results also indicated that the
players with a history of concussion had a 24% larger lumbar multifidus muscle
contraction on testing at the L2/3 zygapophyseal joint level (p = 0.04). There were no
differences between the two groups for assessment of cervical spine function and
balance testing (p > 0.05).
Conclusion: A difference in lumbopelvic muscle size and function was found in
adolescent rugby union players with a history of concussion. This may represent residual
effects of concussion on the musculoskeletal system. Deficits in sensorimotor function
are amenable to physiotherapy and interventions to address these may possibly
minimise the risk of subsequent injuries in athletes with a history of concussion.

7.2.

Introduction

Concussion is a common injury in many contact sports, and has been reported to be the
most common injury in adolescent rugby union

5, 221, 226

. Concussion in adolescent

athletes is of concern due to the uncertainty surrounding the pathophysiology of
concussion injuries and its effects during periods of cognitive development 9. As such, a
more conservative approach to the management of adolescent concussion injuries has
been adopted, with a longer time before return-to-sport advised

19

. The current

consensus on management of athletes with concussion focuses mostly on physical and
cognitive rest until they are asymptomatic before commencement of a graduated return
to exercise and sport protocol

18

. The symptoms of concussion are usually short-lived

and resolve spontaneously and most athletes achieve full clinical recovery within 10 –
14 days for adults, and within 1 month for children and adolescents 18, 19.
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It has already been established that a history of concussion increases the risk of
sustaining a further concussion, with players 3 to 6 times more likely to sustain a second
concussion in the same season 66-68. There is emerging evidence which demonstrates a
link between concussion and an increased risk of sustaining a subsequent injury in
athletes returning to sports 62, 231. The presence of increased injury risk after concussion
may suggest that current symptom based assessment and management of athletes may
not be adequately addressing all the systems affected after a sport-related concussion
22

. If deficits in these systems persist post-concussion, this could possibly be a

contributing factor for future concussions or injuries. Although there may be a number of
underlying mechanisms for the increased injury risk post-concussion, it has been
proposed that a loss in neuromuscular control could persist after concussion and may
be associated with future injury risk

97, 231

. Balance and sensorimotor deficits have been

demonstrated in athletes after return to sport with deficits lasting longer than the
symptomatic period

32, 90

. Establishing the effects of concussion on the sensorimotor

system may provide an understanding of residual deficits that could be addressed postconcussion.
Sensorimotor

function incorporates the central nervous system’s integration and

processing of sensory information to produce an appropriate motor output

13

. Elements

of sensory information arise from the vestibular, visual and somatosensory systems;
while neuromuscular control, balance and coordination are indicative of the motor
responses

13, 74

. There are extensive anatomical connections that allow sensory

information from cervical proprioceptors, and the vestibular and visual systems to control
posture and balance 84. The mechanisms of injury involved in sustaining a concussion
injury may involve trauma to the cervical spine 98, and pain in the cervical spine region is
often reported by players post-concussion

16, 99

. Dysfunction of the cervical spine has

also been documented in athletes post-concussion, including altered cervical muscle
function and proprioception 11, 96, 97. Studies conducted in adult rugby union players have
identified changes in sensorimotor function of the cervical spine and trunk region
associated with concussion

87, 97

. A prospective study demonstrated changes in

lumbopelvic muscle size, motor control, and balance measures in rugby union players
within 3 to 5 days following concussion

87

. The vestibular system also influences deep

trunk musculature via connections between the vestibular nuclei and the lateral
vestibulospinal tract

28

. Previous studies have demonstrated no difference in vestibular

and oculomotor function between players with and without a history of concussion in
adult and adolescent rugby union players

97, 232

. However, if residual deficits in

musculoskeletal function are identified in the rugby union players post-concussion,
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physiotherapy intervention may assist in rehabilitation of neuromuscular control and joint
proprioception 62.

Physiotherapy intervention has been demonstrated to be effective in the management of
patients with sensorimotor deficits post-concussion 16. However, there is currently a lack
of evidence of the effect of concussion on the musculoskeletal system in adolescent
rugby union players. Integration of physiotherapy assessment of sensorimotor function
following concussion may provide further understanding of the effect of concussion on
the musculoskeletal system which could guide physiotherapy intervention. However, in
order to understand the effect of concussion in adolescents, it is important to first
establish whether a history of concussion has residual effects on the sensorimotor
system. Therefore, the aim of this study was to investigate differences in sensorimotor
function, in particular musculoskeletal function of the cervical spine, and trunk
(lumbopelvic muscle function, and balance) in a cohort of adolescent rugby union players
with and without a history of concussion.

7.3.

Methods

7.3.1. Participants
The study was conducted on 214 male school aged rugby union players (aged 13 to 18)
from six schools in Queensland, Australia. Players in the schools’ senior or emerging
playing squads at the beginning of the 2016 school rugby union season were eligible for
inclusion in the study. Written informed player assent and parental consent were
obtained for all participants. The study was approved by the university’s ethics committee
(HREC 2014-253Q).

7.3.2. Assessment of musculoskeletal function
Participants were assessed during the preseason at the respective schools or schools’
preseason rugby camps. All participants completed a self-report questionnaire to obtain
demographic information, rugby playing position, years playing rugby and medical
information including history of concussion in the last 12 months. The protocol used to
evaluate musculoskeletal function of the trunk included assessment of cervical spine
function, lumbopelvic muscle size and function, and balance. A brief interview was
conducted with participants at each assessment to screen for the presence of cervical
and lumbar spine pain, cervicogenic headaches, dizziness and history of injury to the
cervical, thoracic and lumbar spine.
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Testing of cervical spine function included assessment of cervical joint proprioception
and muscle function of the upper cervical spine. Cervical joint proprioception was
assessed using a validated cervical joint position error (JPE) test

181

. The test has been

modified to elicit cervical rotation via active trunk torsion to avoid stimulation of the
vestibular system

181

. The test involved attaching a laser to the sternum with the beam

projecting onto a target on a wall 90 cm from the participant (Figure 7.1a). The participant
was blindfolded and asked to actively rotate the trunk while keeping the head still, and
then reposition the beam back into the centre of the target. The participant sat with their
feet and buttocks on moderate density foam to reduce proprioceptive feedback. Muscle
function of the upper cervical spine was assessed using the craniocervical flexion test
(CCFT) (Figure 7.1b) 184. The test involved the use of a Pressure Biofeedback Unit (PBU)
(Chattanooga Stabilizer Group Inc., Hixson, TN) to assess the activation and endurance
of the deep cervical flexor muscles using a 5 stage protocol 184. Cranio-cervical muscle
function for both activation and endurance was classified as ‘good’ if participants reached
the last 3 stages, or ‘poor’ if they were unable to perform the test correctly or could only
reach the first 2 stages.

Assessment of lumbopelvic muscle size and contraction was conducted using previously
published ultrasound imaging protocols

87, 107

. Ultrasound imaging of lumbopelvic

musculature was conducted using a portable real-time ultrasound unit (LOGIQ e
Ultrasound, GE Healthcare, Wuxi, China) (Figure 7.1c). The lumbar multifidus muscles
were imaged bilaterally at the L2 – L5 vertebral levels and the quadratus lumborum (QL)
muscles were imaged laterally from the L3-4 vertebral level on each side 194. Contraction
of the lumbar multifidus muscles at the levels of L2/3 – L5/S1 zygapophyseal joints was
imaged by capturing the muscle at rest and on contraction. The contraction of the
anterolateral abdominal wall muscles (transversus abdominis and internal oblique
muscles) was captured by imaging the muscles at rest and on contraction with the
transducer placed transversely along a line mid-way between the inferior angle of the rib
cage and iliac crest. Ultrasound images were stored and later measured using OsiriX
medical imaging software (Geneva, Switzerland). Measurements of the cross-sectional
areas (CSA) of the lumbar multifidus (Figure 7.1d) and quadratus lumborum muscles
were performed by tracing the borders of the muscles. The contraction size of the lumbar
multifidus (Figure 7.1e) and anterolateral abdominal wall muscles (transversus
abdominis and internal obliques) was calculated by measuring the thickness of the
muscles in relaxed and contracted conditions. Measurement of the ultrasound images
was conducted by a physiotherapist with demonstrated intra-rater reliability (Intraclass
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correlation coefficient (ICC (3,1)) = 0.79–0.99) and inter-rater reliability (ICC

(2,1)

= 0.78-

0.99) with a physiotherapist with extensive experience in ultrasound imaging and
measurement.

Balance was assessed using the Stability Evaluation Test (SET)
the Balance Master portable force plate (VSR

TM

172, 208

protocol using

Sport Portable Balance System, Natus

Medical Incorporated, USA). The protocol involved 3 stance conditions (Feet together,
single leg stance and tandem stance) on a firm surface and dense foam (Figure 7.1f).
Participants were required to balance for 20 seconds with their eyes closed and their
hands placed on their iliac crests. Each testing condition ended if a balance error was
made (if one or both hands lifted off the iliac crests, participant opened their eyes, moved
out of position or lost their balance). The average sway velocity (degrees/second) of all
6 conditions were presented as a composite SET score.

7.3.3. Statistical analysis
Data analysis was conducted using SPSS version 22.0 (IBM, USA). Descriptive statistics
were calculated for demographic data and years playing rugby. To examine if there was
a difference in sensorimotor function between players with and without a history of
concussion, players were categorised into two groups based on concussion history (no
history of concussion in the last 12 months and a history of concussion in the last 12
months). A preliminary analysis of variance (ANOVA) was used to compare concussion
history groups in relation to age, height, weight, and years playing rugby. Repeatedmeasures ANOVA was used to analyse JPE of the cervical spine, with “side” as the
within subject factor and “history of concussion” group as the between subjects factor.
Pearson’s chi squared test (χ2) was used to compare clinical measures between groups
for the CCFT (Good versus poor).

Repeated measures analysis of covariance

(ANCOVA) was used to analyse multifidus and QL muscle CSA, multifidus and
abdominal muscle contraction size, with “side” as the within subject factor and “history
of concussion” group as the between subjects factor. Age, height and weight were added
as covariates.

Analysis was conducted separately for each muscle and for each

vertebral level of the multifidus muscle using a type I sums-of-squares model to address
the difficulties of higher-order interactions between muscle size, height, and weight

233

.

For balance, one-way ANOVA was used to analyse sway velocity between groups. To
identify clinically meaningful effects, effect sizes (mean difference/weighted pooled
standard deviation) were calculated using Hedge’s g to account for unequal group sizes.

123

Hedge’s g >0.2, >0.6 and >1.2 represented small, moderate and large effect sizes
respectively 234. Statistical significance was set at p ≤ 0.05.

Figure 7.1. Assessment of musculoskeletal function. a) Cervical Joint Position Sense. b)
Craniocervical Flexion Test. c) Ultrasound imaging of trunk muscles. d) Ultrasound
measurement of lumbar Multifidus muscle CSA, and e) lumbar Multifidus muscle
thickness relaxed (left) and on contraction (right) (MF = lumbar multifidus, SP = shadow
of the spinous process, ST = subcutaneous tissue, L = lamina). f) Stability Evaluation
Test (Double leg, single leg and tandem stance on foam conditions)
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7.4.

Results

A total of 214 players participated in the study. The mean values (standard deviation) for
age, height and weight of all participants were 15.9 (1.1) years, 180.5 (7.7) centimetres
and 82.4 (3.6) kilograms. The mean number of years playing rugby was 8.2 (2.9) years.
There were 49 players in the history of concussion group and 165 players in the no
history of concussion group. There were no significant differences between groups for
age, height, weight and the number of years playing rugby (p > 0.05) (Table 7.1).

Table 7.1. The means and standard deviations for demographic information of players
with and without a self-reported history of concussion within the last 12 months.
No Concussion in

Concussion in

p-

last 12 months

last 12 months

value

(n = 165)

(n = 49)

Player Demographics
Age (years)

15.9 (1.2)

16.0 (0.9)

0.41

Height (cm)

180.5 (8.0)

180.6 (6.7)

0.94

Weight (kg)

82.4 (14.0)

82.5 (12.3)

0.96

8.1 (3.0)

8.4 (2.9)

0.48

Years playing rugby (years)

There were no differences between the two groups for cervical spine proprioception
testing (p = 0.35), and activation and endurance of the upper cervical muscles using the
CCFT (p > 0.05) (Table 7.2).

The size and amount of contraction of lumbopelvic muscles for players in the two groups
are presented in table 7.2. Results indicated that the size of the lumbar multifidus at the
L2, 3, 4, and 5 vertebral levels and the quadratus lumborum muscles were significantly
different between groups. Players with a self-reported history of concussion in the last
12 months had larger lumbar multifidus muscles at the L2 to L5 vertebral levels and
quadratus lumborum muscles (all p < 0.05). The mean values also indicated that players
with a history of concussion in the last 12 months had increased contraction of the lumbar
multifidus muscle at all levels, but this only reached significance at the L2/3
zygapophyseal joint level (p = 0.04), with a trend at the at the L3/4 zygapophyseal joint
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level (p = 0.08). There were no differences between groups for the contraction of the
transversus abdominis and internal oblique muscles (p > 0.05).

Results for balance testing showed there were no between group differences in sway
velocity on the firm or foam conditions (p > 0.05), however a trend was observed
suggesting reduced sway velocity in players with a history of concussion in the last 12
months (p = 0.07) (Table 7.2).
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Table 7.2. The results for assessment of cervical spine, lumbopelvic muscle function, and balance. Results are presented as proportions, or group
means and standard error (adjusted for age, height and weight) and mean difference (95% Confidence Interval) for players with and without a
self-reported history of concussion within the last 12 months.
No Concussion in

Concussion in last

Mean Difference

Effect Size

p-

last 12 months

12 months

(95% CI)

(Hedge’s g)

value

(n = 165)

(n = 49)

0.23 (-0.25, 0.71)

0.15

0.35

Cervical Spine Function
Joint Position Sense (degrees)
-

Average Absolute Error

Cranio-cervical Function (Good)

(n = 161)

(n=47)

4.36 (0.12)
(n = 162)

4.58 (0.21)
(n = 46)

-

Activation

134 / 162 (82.7%)

39 / 46 (84.8 %)

-

-

0.74

-

Endurance

58 / 162 (35.8%)

17 / 46 (37.0%)

-

-

0.89

Lumbopelvic Muscle Function
Muscle Size (CSA cm2)

(n = 158)

(n = 47)

-

Multifidus Muscle L2

2.34 (0.05)

2.52 (0.09)

0.18 (-0.01,0.38)

0.29

0.05

-

Multifidus Muscle L3

3.44 (0.07)

3.88 (0.13)

0.44 (0.16, 0.72)

0.50

<0.01

-

Multifidus Muscle L4

6.33 (0.10)

6.79 (0.18)

0.46 (0.05, 0.85)

0.37

0.03

-

Multifidus Muscle L5

7.64 (0.09)

8.13 (0.17)

0.49 (0.11, 0.88)

0.43

0.01

-

Quadratus Lumborum Muscle

6.85 (0.11)

7.41 (0.21)

0.56 (0.09, 1.02)

0.41

0.02
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Size of Contraction (mm)
-

Multifidus Muscle L2/3

2.34 (0.13)

2.90 (0.24)

0.56 (0.02, 1.09)

0.34

0.04

-

Multifidus Muscle L3/4

2.43 (0.15)

2.97 (0.27)

0.54 (-0.07, 1.16)

0.29

0.08

-

Multifidus Muscle L4/5

3.67 (0.18)

4.05 (0.32)

0.38 (-0.35, 1.11)

0.17

0.30

-

Multifidus Muscle L5/S1

3.47 (0.18)

3.79 (0.33)

0.32 (-0.42, 1.06)

0.14

0.39

-

Transversus Abdominis Muscle

2.09 (0.08)

1.99 (0.15)

0.10 (-0.24, 0.44)

0.10

0.56

-

Internal Oblique Muscle

1.99 (0.12)

2.33 (0.23)

0.34 (-0.16, 0.85)

0.22

0.18

Balance
SET (Sway Velocity °/sec)

(n = 164)

(n = 49)

-

Average Firm Sway

1.53 (0.04)

1.39 (0.07)

0.14 (-0.03, 0.30)

0.28

0.11

-

Average Foam Sway

4.14 (0.10)

3.85 (0.17)

0.29 (-0.11, 0.69)

0.23

0.16

-

Composite Sway

2.84 (0.06)

2.62 (0.10)

0.22 (-0.02, 0.45)

0.29

0.07

128

7.5.

Discussion

The results of this study demonstrated changes in the sensorimotor system in adolescent
rugby union players with a history of concussion. Although it has been previously
demonstrated in rugby union players that there were no differences in vestibulo-ocular
function between players with and without a history of concussion

232

, this study

investigated musculoskeletal function. Similar to previous studies conducted in adult
rugby union players

87, 97

, this study found changes in lumbopelvic muscle size and

function in adolescent rugby union players with a history of concussion.

In the current study, adolescent rugby union players with a self-reported history of
concussion had larger lumbar multifidus and quadratus lumborum muscles than players
with no reported history of concussion in the last 12 months. The differences in size of
the multifidus muscles between groups were greatest at the L3, 4 and L5 vertebral levels.
These differences represented a small effect size and exceeded the minimal detectable
change (MDC) of 0.40 cm2

235

. The difference in quadratus lumborum muscle size

between groups represented a small effect size and also exceeded the MDC of 0.22 cm2
194

. Players with a history of concussion also had a significantly larger contraction of the

lumbar multifidus muscle at the L2/3 zygapophyseal joint level with a small effect size,
and a trend towards a larger contraction at the L3/4 zygapophyseal joint level. Muscles
along the spine play an important role in segmental control and positioning of the spine
to allow optimal loading

110

. The proprioceptive role of lumbar spine muscles allow

appropriate positioning of the trunk and assist in dissipating forces to the head and neck
during contact sports 107. A recent study has compared size of lumbopelvic muscles using
ultrasound imaging in elite athletes with and without a history of concussion, and found
that players with a history of concussion had smaller lumbar multifidus muscles than
97

players without a history of concussion

. Although our results are different to those of

adult rugby union players reported in that study, our results may represent the
differences in movement and postural strategies between adolescents and adults 116, 236,
237

. The effect of concussion on balance and postural control have been shown to affect

adults and adolescents differently

238

. Adolescents demonstrated greater difficulty

controlling balance during walking tasks and deficits persisted longer than adults
following concussion

238, 239

. These differences may underpin the different results seen

in this study of adolescents compared with adult rugby union players and may indicate
residual effects of concussion in adolescents. Increased size of the lumbar multifidus
muscles has been previously demonstrated in elite rugby players in the acute period
post-concussion

87

. It has been suggested that these changes represent a central
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nervous system response to injury by increasing trunk stiffness and altering movement
strategies

87, 90

. The changes in lumbopelvic muscle size and function observed in the

current investigation may represent residual effects of concussion on the sensorimotor
system in adolescent athletes. The increased size and contraction of lumbopelvic
muscles may reflect altered movement strategies such as splinting and over-holding of
trunk muscles

87, 90

. Although there were no differences between groups for balance

testing in our cohort of adolescent rugby union players, there was a pattern depicting a
trend towards reduced composite sway velocity in players with a history of concussion.
Reduction in sway velocity may reflect a compensatory movement strategy used to
increase trunk stiffness to reduce further injury 87, 88. Establishing the effect of concussion
on lumbopelvic muscle function may help identify changes in neuromuscular control that
are amenable to intervention.

Cervical spine proprioception and muscle function of the upper cervical spine were not
significantly different between players with and without a history of concussion. However,
it was observed that adolescent rugby union players in this study performed worse on
cervical spine proprioception testing when compared with results of studies conducted
in adult rugby union players

97, 102

. Although our study is unable to verify maturation of

players, these results may indicate poor cervical spine proprioception in adolescents
during this period of sensorimotor development. Adolescents use different postural and
segmental stabilisation strategies compared with adults; and during sensorimotor
maturation, there is a transient period of proprioceptive neglect in sensory integration of
postural control and segmental stabilisation 116. Head and body positioning is important
during tackling, and altered proprioception of the cervical spine may lead to non-optimal
positioning of head and neck in order to dissipate forces during a tackle

97, 102, 118

.

Although our study did not demonstrate between group differences in assessment of the
cervical spine, further investigation of the effect of concussion on cervical spine
proprioception and the implications on injury risk in adolescent rugby union players may
provide evidence of deficits amenable to physiotherapy.

Management of athletes with concussion has focused mostly on a period of physical and
cognitive rest. The emerging evidence of the increased risk of concussion and
musculoskeletal injuries in athletes post-concussion suggests that management should
also include the sensorimotor system. However, using symptom-based criteria for returnto-play guidelines may not adequately assess the sequelae of concussion on the
sensorimotor system. Physiotherapy has been demonstrated to be effective in managing
athletes with persistent symptoms post-concussion
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14, 16

, however, there is a lack of

research regarding physiotherapy intervention during the clinical recovery period postconcussion or in athletes who do not develop persistent symptoms. This study provides
evidence that concussion may have some residual effects on the musculoskeletal
system. The implications of these findings on subsequent concussion and
musculoskeletal injury risk is unknown, however, it may indicate that management of
athletes post-concussion may need to focus on rehabilitation of neuromuscular control
and joint proprioception

62

. There is currently a lack of prospective investigation of the

effect of concussion on the sensorimotor system, in particular the vestibular and
musculoskeletal systems. Further research is needed to establish the deficits associated
with concussion, in order to guide physiotherapy intervention of athletes after
concussion.

This study had some limitations, in that the results of this study were based on player
self-reported concussion history. It is possible there were players with a history of
concussion in the ‘no concussion history’ group due to misconceptions and basic
knowledge of concussion among youth rugby union players

230

. However, measures

were taken in the questionnaire to ascertain history of concussion based on a definitional
criteria of concussion

26

, followed by an interview with a physiotherapist to confirm

accuracy of self-reported concussion and occurrence of the most recent concussion.
Another limitation is that this was a cross-sectional study comparing sensorimotor
function in players with and without a history of concussion and a causal relationship
between concussion and lumbopelvic muscle function cannot be established. A
prospective study is necessary to establish whether the observed changes in
lumbopelvic muscle size and contraction are directly associated with concussion. Future
studies could prospectively investigate the effects of concussion on musculoskeletal
function during the clinical recovery period and establish whether changes, if present,
return to baseline upon return to sport.

7.6.

Conclusion

Changes in lumbopelvic muscle function were found in adolescent rugby union players
with a history of concussion. Assessment of the lumbopelvic region may provide further
understanding of the effect of concussion on sensorimotor function in adolescent rugby
union players. Alterations in sensorimotor function are amenable to physiotherapy and
interventions may potentially minimise the risk of subsequent injuries in athletes with a
history of concussion. Further prospective research is needed to establish if the deficits
and changes to cervical spine function, and motor control and muscle size of the
131

lumbopelvic region observed in this study can be attributed to the concussion, in order
to guide physiotherapy intervention of athletes after concussion.

7.7.


Practical Implications

Altered lumbopelvic muscle function may be a residual effect of concussion and
may need to be considered in players with a history of concussion.



Assessment of neuromuscular control of the cervical spine and trunk following
concussion may help identify deficits associated with an increased risk of
subsequent concussion and injury in athletes returning to sport after concussion.



Integration of clinical physiotherapy assessments of musculoskeletal (cervical
spine and lumbopelvic region) function following concussion may provide
important information to guide management of sport-related concussions and the
associated injury risk post-concussion.
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Chapter 8
Sensorimotor system changes in adolescent
rugby players post-concussion: A prospective
investigation from the acute period through to
return-to-sport
The previous chapters (6 and 7) discussed the results of study 3 which investigated
sensorimotor function in adolescent rugby players with a history of concussion. Chapter
6 highlighted the prevalence of vestibulo-ocular dysfunction in adolescent rugby union
players regardless of the history of concussion, while chapter 7 demonstrated differences
in musculoskeletal function in players with a history of concussion compared with those
without a history of concussion. Deficits in sensorimotor function are amenable to
treatment; however, it is necessary to identify the underlying impairments in sensorimotor
function that are related to concussion for physiotherapy to optimally address these
issues. The results discussed in chapters 6 and 7 highlight the need to establish preconcussion sensorimotor function in adolescents to compare changes in function postconcussion. The final study (Study 4) of this thesis investigated the effect of concussion
on the sensorimotor system using a prospective nested case-control study design. Study
3 established the baseline sensorimotor function of a large number of adolescent rugby
players, and study 4 involved the follow up of players who went on to sustain a
concussion during the playing season. This chapter provides evidence of changes in
sensorimotor function following concussion in adolescent rugby union players and
discusses implications for the assessment and management of adolescents after
concussion. This chapter is adapted from: Leung, FT., Franettovich Smith, MM., Mendis,
MD., Rahmann, A., Treleaven J. & Hides, JA. Sensorimotor system changes postconcussion in adolescent rugby players: A prospective investigation from the acute
period through to return-to-sport. (In preparation)

134

8.1.

Abstract

Objectives: Symptoms experienced by athletes following concussion vary considerably.
Sensorimotor deficits have been demonstrated in adult rugby union players postconcussion, but no studies have been conducted in adolescent rugby union players. A
prospective multifaceted approach to the assessment of the sensorimotor system may
provide greater understanding of the specific deficits present in adolescents postconcussion.
Design: Prospective nested case-control study
Methods: A total of 285 male adolescent rugby union players in Queensland, Australia
underwent assessment of sensorimotor function during the preseason. Players who
sustained a concussion during the season and control players, matched for age and
playing position, were assessed in the acute period post-concussion (3-5 days) and
again after return-to-sport (3 weeks). Assessment of sensorimotor function included
balance testing (sway velocity), testing of cervical spine and vestibulo-ocular function,
and measurement of the size and contraction of lumbopelvic muscles (ultrasound
imaging).
Results: Twenty-three players (8%) sustained a concussion. Of these, 20 players were
assessed during the acute period and 17 players also assessed following return-to-sport.
The prevalence of vestibulo-ocular dysfunction increased from 38.9 % to 72.2% during
the acute post-concussion period and dysfunction was present in 83.3% of players after
return-to-sport (p = 0.01). Changes in lumbar multifidus muscle size (p = 0.002) and
thickness (p = 0.05) at the L5 vertebral level were observed. No statistically significant
changes in balance, cervical spine function, or contraction of lumbopelvic muscles were
found (p > 0.05).
Conclusion: Changes in sensorimotor function were observed in the acute period postconcussion, with some persisting after return-to-sport. There is evidence of deficits in the
sensorimotor system post-concussion that may be amenable to physiotherapy
intervention.

8.2.

Introduction

There is a high risk of sustaining a concussion in contact and collision sports 5.
Concussion is commonly reported in adolescent rugby union

221, 226

, and in comparison

with other adolescent sports, rugby union has the highest incidence of this injury

23

.

Concussions in children and adolescents are of concern due to the different effects on
the developing brain

33

, and the increased risk of developing significant cognitive
135

morbidities and persistent symptoms

35

. There is also evidence of an increased risk of

injury in athletes returning to sport after concussion despite resolution of symptoms

21

,

suggesting that there may be residual deficits in the sensorimotor system that may last
longer than the symptomatic period. Physiotherapy has been demonstrated to be
effective in managing athletes with persistent symptoms post-concussion 14, 16, however,
there is a lack of research regarding physiotherapy intervention during the normal clinical
recovery period post-concussion or in athletes who do not develop persistent symptoms.
It is therefore important to establish the deficits in sensorimotor function post-concussion
in order to guide physiotherapy treatment and possibly minimise the potential risk of
subsequent concussions or musculoskeletal injuries 21.

Deficits in any of the sensorimotor systems after concussion may contribute to the
symptoms and impairments which are commonly reported. Integration of the vestibular,
visual and somatosensory systems is important in maintaining optimal balance and
postural control, as well as enabling stable vision during dynamic functional activities
92

13,

(Figure 8.1). Impairments in the vestibular and oculomotor systems have been

demonstrated in adolescent athletes post-concussion

12

. Common symptoms including

dizziness, nausea, vertigo, balance deficits and visual/tracking disturbances may
indicate an underlying impairment in vestibular and oculomotor function

12, 75

. The

mechanism of injury is similar for concussion and whiplash injuries, and comparable
patterns of pain and associated deficits of the cervical spine have been demonstrated
post-concussion

11, 96

. Recent studies in adult rugby union players have also

demonstrated altered sensorimotor function post-concussion, including changes in
balance strategies and altered motor control of the lumbopelvic region

87, 97

. These

findings suggest that identification of impairments in specific systems within the
sensorimotor system is necessary to inform appropriate physiotherapy management of
people with concussion 11, 16.

A prospective multifaceted assessment of the sensorimotor system was therefore
undertaken in adolescent rugby players to identify specific deficits which may guide
physiotherapy management to optimise recovery after concussion and possibly minimise
the risk of a subsequent concussion or musculoskeletal injury. This study aimed to
investigate, i) whether changes in sensorimotor function are evident in adolescent rugby
players in the acute period after concussion, and ii) whether sensorimotor function
returns to pre-concussion (baseline) levels following return to sport.
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Figure 8.1. A schematic representation of the sensorimotor system. The sensorimotor
system incorporates integration of input from the vestibular, visual and somatosensory
systems to provide optimal motor output and postural control during dynamic functional
activities.

8.3.

Methods

8.3.1. Participants
Participants included 285 adolescent male rugby union players (aged 13 to 18 years)
from six schools during the 2016 and 2017 school rugby seasons in Queensland,
Australia. Players in the senior or emerging playing squads at the beginning of the school
rugby union seasons were eligible for inclusion in the study. Written informed player
assent and parental consent was obtained for all participants. The study was approved
by the university’s ethics committee (HREC 2014-253Q).

8.3.2. Study Design
A prospective nested case-control study was conducted, with assessments at preseason
(baseline), acute period post-concussion and return-to-sport time points. Participants
137

underwent assessments at either the university’s research laboratory, the school
campuses or at preseason rugby camps. All participants were assessed prior to
commencement of the rugby season. During the rugby season, researchers contacted
the schools each week and were notified of players who sustained a concussion. Players
who sustained a concussion during the season underwent assessment at two postconcussion time points; 1) acute period within 3 to 5 days post-concussion, and 2) after
return to sport (3 weeks). A participant met the inclusion criteria if they were removed
from the field or sought medical attention for a suspected concussion and met the criteria
as listed on the ‘Pocket Concussion Recognition Tool
consensus statement for concussion in sport

TM’

, as published in the 4th

26

. As per the current concussion

consensus guidelines, all players suspected of concussion were required by the school
to seek further assessment by a medical practitioner. The researchers were independent
of the medical diagnosis and return-to-play process. A control player, matched by age
and playing position, and assessed at baseline was also assessed at the same time as
the concussed player. This was undertaken to ensure that any changes seen postconcussion were not due to the changes over time associated with playing rugby.

8.3.3. Assessment of sensorimotor function
All participants completed a self-report questionnaire to obtain demographic information
and medical information including prior history of concussion. The Sport Concussion
Assessment Tool Version 3 (SCAT3), which included assessment of symptom severity
(Post-concussion symptom scale; PCSS), balance (Modified balance error scoring
system; tandem gait), and cognitive function (standardised assessment of concussion;
SAC), and the King-Devick Test were administered. Assessment of sensorimotor
function included measurements of i) balance, ii) cervical spine function, iii) vestibuloocular function, and iv) lumbopelvic muscle size and contraction. For those who
sustained a concussion during the season, additional information regarding the
mechanism of injury and post-concussion symptoms was obtained at follow-up
assessments.

Balance was assessed using the Stability Evaluation Test (SET)
Balance Master portable force plate (VSR

TM

208

protocol using the

Sport Portable Balance System, Natus

Medical Incorporated, USA). The protocol involved 3 stance conditions (feet together,
single leg stance and tandem stance) on a firm surface and dense foam (Figure 8.2a).
Participants were required to balance for 20 seconds with their eyes closed and hands
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on their iliac crests. The average sway velocity (degrees/second) of all 6 conditions was
presented as a composite SET score.

Measurement of cervical spine function included assessment of cervical joint
proprioception and muscle function of the upper cervical spine. Cervical joint
proprioception was assessed using a validated cervical joint position error (JPE) test
using active trunk torsion to elicit cervical rotation to avoid stimulation of the vestibular
system (Figure 8.2b) 181. Cervical JPE was presented as mean absolute error (degrees)
for the left and right trials and the average error (left and right). Muscle function of the
upper cervical spine was assessed using the cranio-cervical flexion test (CCFT) (Figure
8.2c) 184. The test involved the use of a Pressure Biofeedback Unit (PBU) (Chattanooga
Stabilizer Group Inc., Hixson, TN) to assess both the activation pattern and isometric
endurance of the deep cervical flexor muscles in progressive inner range positions of
upper cervical flexion using a sequential 5 stage protocol

184

. Cranio-cervical muscle

function for both activation and endurance was classified as ‘good’ if participants reached
the last 3 stages, or ‘poor’ if they were unable to perform the test correctly or could only
reach the first 2 stages.

Assessment of vestibulo-ocular function was conducted using a standardised clinical
assessment protocol similar to that used in previous studies of elite and adolescent rugby
players

. Infrared goggles (Interacoustic AS, Video Frenzel Lens VF405 Unit –

87, 232

Monocular Vision) were worn during the assessment to record eye movements (Figure
8.2d). The protocol included assessment of oculomotor function, the vestibulo-ocular
reflex (VOR) and screening for benign paroxysmal positional vertigo (BPPV). Vestibuloocular function was classified as ‘normal’ or ‘abnormal’.

Assessment of lumbopelvic muscle size and contraction was conducted using previously
published protocols 87, 107. Ultrasound imaging was conducted using a portable real-time
ultrasound unit (LOGIQe Ultrasound, GE Healthcare, China). The lumbar multifidus
muscles were imaged bilaterally in transverse section at the L2 – L5 vertebral levels.
Contractions of the lumbar multifidus muscles were imaged in a parasagittal section at
the levels of the L2/3, L3/4, L4/5 and L5/S1 zygapophyseal joints bilaterally.

The

quadratus lumborum muscles were imaged in transverse section and in line with the L34 vertebral interspace on each side

194

. The anterolateral abdominal wall muscles

(transversus abdominis and internal oblique) were imaged in transverse section at rest
and on contraction. Ultrasound images were stored and later measured using OsiriX
medical imaging software (Geneva, Switzerland). Measurements of the cross-sectional
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areas (CSA) of the lumbar multifidus (Figure 8.2e) and QL muscles were performed by
tracing the borders of the muscles. The contraction size of the lumbar multifidus and
anterolateral abdominal wall muscles (Figure 8.2f) was calculated by measuring the
thickness of the muscles in relaxed and contracted conditions.

8.3.4. Statistical Analysis
Data analysis was conducted using SPSS version 24.0 (IBM, USA). Descriptive statistics
were used for demographic data. Preliminary analyses using one-way ANOVAs
(continuous variables) or Pearson’s chi-squared tests (categorical variables) were
conducted to compare baseline function between players who did and did not go on to
sustain a concussion. Separate models were conducted for each variable. Linear mixed
models were used to analyse the effect of concussion on the continuous variables over
3 time points. Fixed factors of ‘time’ (baseline, acute period, and return to sport) and
‘group’ (concussion or control), and a 2-way interaction between these factors were fitted
for each variable. Balance (sway velocity, modified BESS score, tandem gait time), SAC
(total score), PCSS (number of symptoms and severity) and King-Devick test (time and
errors) were analysed with ‘time’ and ‘group’ as factors. Cervical spine reposition error
(degrees), and muscle CSA (cm2), muscle thickness at rest (cm) and contraction size
(cm) were analysed with ‘time’, ‘side’ (left and right) and ‘group’ as factors. Effect sizes
(mean difference/pooled baseline standard deviation) were calculated using Cohen’s d
to identify clinically meaningful effects. Cohen’s d >0.2, >0.6 and >1.2 represented small,
moderate and large effect sizes respectively 234. Cochran’s Q Tests were used to analyse
the categorical variables over 3 time points for the concussion group. McNemar’s Test
was used to analyse the categorical variables over 2 time points (baseline and acute
period) for the control group. Categorical variables were dichotomised for vestibuloocular function (normal, abnormal) and cranio-cervical function (poor, good) for analysis.
Statistical significance was set at p ≤ 0.05.
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Figure 8.2. Assessment of the sensorimotor system. Assessments included the, a)
Stability Evaluation Test (SET) protocol, b) cervical joint reposition error (JPE) test, c)
cranio-cervical flexion test (CCFT), and d) assessment of vestibulo-ocular function while
wearing infrared video goggles. Measurement of ultrasound images of, e) lumbar
multifidus muscle cross-sectional area (CSA), and f) lumbar multifidus muscle thickness
relaxed (left) and on contraction (right) (MF = lumbar multifidus, SP = shadow of the
spinous process, ST = subcutaneous tissue, L = vertebral lamina).
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8.4.

Results

Twenty-three of the 285 participants (8%) sustained a concussion during either the 2016
or 2017 playing season. Preliminary analysis demonstrated that at baseline there were
no significant differences between groups for balance, cervical spine function, vestibuloocular function and lumbopelvic muscle size and contraction for players who did and did
not go on to sustain a concussion. Twenty players who sustained a concussion and 14
age and position matched control players were assessed in the acute period postconcussion. Seventeen of the participants who suffered concussion were also assessed
at a second post-concussion time point following return-to-sport. Only 1 of the 14 control
players attended the second post-concussion assessment and therefore the return-tosport time point was excluded from data analysis for the control players. All 20 of the
participants in the concussion group completed baseline assessment of balance,
vestibulo-ocular function and post-concussion questionnaires. Lumbopelvic muscle
function assessment was not conducted for two participants and one participant did not
complete assessment of cervical spine function during baseline testing. All 14 of the
control participants completed baseline assessments, except for one participant who did
not complete assessment of vestibulo-ocular function due to availability.

The mean (standard deviation, SD) time between baseline assessment and the first postconcussion assessment was 42.4 (26.3) days. The mean (SD) number of days between
the concussion injury and acute post-concussion assessment was 4.5 (2.5) days. All 20
players in the concussion group had returned to sport by 3 weeks post-injury and were
assessed on average 27.8 (7.7) days after concussion. The mean (SD) values for age,
height and weight of the players in the concussion group were 16.2 (0.8) years, 181.8
(7.7) centimetres and 85.7 (13.1) kilograms; and for the control group were 16.4 (0.6)
years, 181.6 (6.2) centimetres and 85.4 (12.1) kilograms. Of the 20 players in the
concussion group, 9 players (45%) had a history of concussion and 5 of these players
had sustained a concussion within the last 12 months. Of the 14 control players, 7 players
(50%) reported a history of concussion and 2 of these players sustained a concussion
within the last 12 months. The concussion injuries occurred during the contact
component of rugby union with both tackling (40%) and being tackled (40%), being the
most commonly reported mechanism of injury, while rucks and mauls accounted for the
remaining injuries (20%). Following concussion, symptoms of headache were reported
by 35% (7/20) of players, neck pain by 15% (3/20), and dizziness by 10% (2/20).

142

Results of the SCAT3, King-Devick test and sensorimotor assessments for the
concussion group at the 3 time points, and the control group at the 2 time points are
presented in table 8.1. A significant interaction effect of ‘time’ and ‘group’ was observed
for the PCSS score (F = 9.58, p = 0.01), PCSS severity (F = 8.38, p = 0.01) and total
SAC score (F = 5.37, p = 0.01) indicating worse scores for the concussion group after
concussion. No significant interaction effects were found for balance measures (Modified
BESS, tandem gait and sway velocity) and the King-Devick test (all p > 0.05). There were
no statistically significant differences between groups or across time points observed for
cervical joint reposition error and activation of cranio-cervical muscles (p > 0.05).
However, for cranio-cervical muscle endurance, a significantly greater proportion of
players with concussion were categorized as having ‘good’ cranio-cervical muscle
endurance during the acute post-concussion time point, and again after return-to-sport
compared with baseline (p = 0.05). In the concussion group, the prevalence of vestibuloocular dysfunction increased from 38.9% to 72.2% during the acute period postconcussion and dysfunction was present in 83.3% of players after return-to-sport (p =
0.01). For the control group, there were no differences in vestibulo-ocular function over
time (p > 0.05).

The size, muscle thickness at rest and amount of contraction of the lumbopelvic muscles
for the concussion group at the 3 time points and the control group at the 2 time points
are presented in table 8.1. There was a significant interaction between ‘time’ and ‘group’
for the size of the lumbar multifidus muscle at the L5 vertebral level (F = 11.4, p < 0.01).
A significant increase in muscle size in the acute period post-concussion (ES = 0.28, p
= 0.01) was followed by a significant decrease after return-to-sport (ES = 0.41, p = 0.01)
in the concussion group, while no significant changes over time were found for this
muscle in the control group (p = 0.07). For the concussion group, there were no
significant differences between baseline and return-to-sport measures (at the L5
vertebral level), indicating that the muscle returned to pre-concussion size (p = 0.32).
There was a significant interaction between ‘time’ and ‘group’ for the thickness of the
lumbar multifidus muscle at the level of the L5/S1 zygapophyseal joint (F = 4.11, p =
0.05). Muscle thickness significantly increased in the acute period post-concussion for
the concussion group (ES = 0.48, p = 0.05), while no significant change was observed
in the control group. There was also a significant interaction between ‘time’ and ‘group’
for the ability to contract the internal oblique muscles (F = 8.54, p = 0.01). Contraction
size in the control group significantly increased in between time points, while no
significant changes were found for the concussion group. No significant interaction
effects were found for the size of quadratus lumborum, size of the lumbar multifidus
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muscles at the L2-4 vertebral levels, thickness at rest for lumbar multifidus muscles at
the L2/3 to L4/5 vertebral levels, thickness at rest of anterolateral abdominal muscles or
the ability to contract the lumbar multifidus or transversus abdominis muscles (all p >
0.05).
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Table 8.1. Results of sensorimotor assessment for players who sustained a concussion and players in the control group over time (preseason,
acute post-concussion and after return-to-sport). Values are marginal means (standard error) or proportions.
Control
Measure

SCAT 3

Concussion

Preseason

Acute Post-

Preseason

Acute Post-

After return-to-

(Baseline)

concussion

(Baseline)

concussion

sport

(n = 14)

(n = 20)

PCSS Total Symptoms #

2.79 (0.57)

1.00 (0.47)*

0.52 (0.49)

1.85 (0.40)*

0.65 (0.25)**

PCSS Symptom Severity #

6.64 (1.58)

1.71 (0.93)*

1.14 (1.35)

2.85 (0.78)

0.89 (0.35)**

SAC (score) #

25.21 (0.49)

25.71 (0.59)

24.98 (0.42)

25.65 (0.49)

22.60 (2.03)

Modified BESS (errors)

2.91 (0.77)

1.57 (0.74)

2.85 (0.64)

2.90 (0.62)

2.64 (0.49)

Tandem Gait (sec)

10.80 (0.60)

11.02 (0.56)

11.05 (0.50)

11.28 (0.46)

10.38 (0.33)

King-Devick Test

(n = 14)

(n = 20)

Time

41.17 (2.91)

41.75 (3.13)

46.03 (2.43)

46.17 (2.62)

44.63 (2.15)

Errors

0.21 (0.12)

0.36 (0.24)

0.45 (0.10)

0.85 (0.20)

0.61 (0.20)

Balance
Composite (Sway velocity °/s)

(n = 14)

(n = 20)

2.59 (0.15)

2.49 (0.22)

2.91 (0.13)

2.82 (0.18)

2.64 (0.15)

-

Average Firm Sway

1.40 (0.15)

1.55 (0.20)

1.48 (0.13)

1.65 (0.17)

1.50 (0.11)

-

Average Foam Sway

3.77 (0.28)

3.43 (0.31)

4.33 (0.23)

3.96 (0.26)

3.72 (0.23)
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Cervical Spine Function
Joint Position Sense (degrees)
-

Average Error

Cranio-cervical Function (Poor)

(n=14)

(n = 19)

4.41 (0.41)

4.44 (0.35)

(n=14)

3.97 (0.35)

4.36 (0.30)

4.51 (0.42)

(n = 16)

-

Activation Pattern

2/14

0/14

3/16

2/16

1/16

-

Endurance ⸸

5/14

4/14

11/16

9/16

5/16

Vestibular/ Oculomotor Function

(n = 13)

(n = 17)

Vestibulo-ocular Dysfunction ⸸

5/13

7/13

6/17

13/17

14/17

Oculomotor (Abnormal)

3/13

4/13

6/17

8/17

12/17

VOR (Abnormal) ⸸

4/13

5/13

2/17

9/17

10/17

BPPV (Present)

0/13

0/13

0/17

3/17

0/17

Lumbopelvic Muscle Function

(n = 14)

(n = 19)

Muscle Size (CSA cm2)
-

Multifidus L2

2.41 (0.13)

2.68 (0.17)

2.67 (0.12)

2.72 (0.15)

2.67 (0.14)

-

Multifidus L3

3.52 (0.20)

3.96 (0.27)

4.00 (0.17)

4.14 (0.23)

3.91 (0.20)

-

Multifidus L4

7.20 (0.43)

7.60 (0.46)

7.72 (0.37)

7.59 (0.40)

7.18 (0.41)

-

Multifidus L5 #

8.58 (0.40)

8.27 (0.42)

8.95 (0.34)

9.38 (0.36)*

8.76 (0.33)**

-

Quadratus Lumborum

7.72 (0.58)

7.28 (0.43)

7.31 (0.50)

7.37 (0.37)

7.48 (0.43)
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Muscle Contraction (cm)
-

-

Muscle thickness at rest
Multifidus L2/3

2.37 (0.10)

2.33 (0.10)

2.39 (0.09)

2.49 (0.08)

2.41 (0.11)

Multifidus L3/4

2.66 (0.12)

2.59 (0.11)

2.61 (0.10)

2.72 (0.09)

2.74 (0.08)

Multifidus L4/5

3.35 (0.11)

3.23 (0.14)

3.22 (0.10)

3.25 (0.12)

3.23 (0.10)

Multifidus L5/S1#

3.36 (0.12)

3.26 (0.11)

3.21 (0.10)

3.41 (0.09)*

3.29 (0.09)

Transversus Abdominis

0.40 (0.03)

0.37 (0.03)

0.41 (0.02)

0.40 (0.02)

0.40 (0.03)

Internal Oblique

1.20 (0.06)

1.18 (0.05)

1.15 (0.05)

1.15 (0.04)

1.12 (0.05)

Multifidus L2/3

0.26 (0.04)

0.21 (0.03)

0.21 (0.04)

0.20 (0.02)

0.20 (0.04)

Multifidus L3/4

0.24 (0.04)

0.24 (0.03)

0.28 (0.04)

0.23 (0.03)

0.25 (0.04)

Multifidus L4/5

0.43 (0.06)

0.32 (0.04)

0.33 (0.05)

0.35 (0.04)

0.39 (0.05)

Multifidus L5/S1

0.41 (0.05)

0.35 (0.05)

0.35 (0.04)

0.35 (0.05)

0.42 (0.04)

Transversus Abdominis

0.21 (0.02)

0.23 (0.03)

0.20 (0.02)

0.17 (0.03)

0.18 (0.02)

Internal Oblique #

0.12 (0.04)

0.23 (0.04)*

0.21 (0.03)

0.15 (0.03)

0.15 (0.03)

Size of contraction

# indicate significant interaction effect of ‘time’ and ‘group’ (p < 0.05); * indicate significant difference to Time 1 (Baseline); ** indicate significant
difference to Time 2 (Acute Post-concussion); ⸸ indicates significant Cochran’s Q test (p < 0.05)
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8.5.

Discussion

Our study demonstrated changes in vestibulo-ocular function, cervical spine function and
the size and thickness of lumbopelvic muscles during the acute period post-concussion,
with some changes persisting after players had returned to sport.

8.5.1. Increased vestibulo-ocular dysfunction
The current investigation indicated an increase in vestibulo-ocular dysfunction in
adolescent rugby players following concussion. Previous studies have also reported the
presence of vestibulo-ocular dysfunction in adolescent athletes post-concussion 12, 35, 45.
However, it is important to note that our study demonstrated a proportion of players with
vestibulo-ocular dysfunction in both the control (38.5%) and concussion groups (38.9%)
during preseason assessment. In the concussion group, the prevalence of vestibuloocular dysfunction increased during the acute period post-concussion. Although all
players were cleared to return-to-sport and reported that they were symptom-free within
three weeks, an increase in the prevalence of vestibulo-ocular dysfunction in these
players was observed. While it is possible that some players may have had residual
symptoms, but were reluctant to report these fearing it would delay their return to sport,
it is possible that there were ongoing subclinical deficits in the absence of symptoms. In
support of this premise, although most adult athletes are thought to exhibit full clinical
recovery of symptoms by 14 days, there is emerging evidence suggesting that
abnormalities in brain and motor functioning can persist well beyond the typical time
course of recovery 240. Although there may be a number of explanations for the findings
related to vestibulo-ocular dysfunction, the results may indicate the capacity of the
central nervous system to reorganise integration of sensory information and compensate
for impaired vestibular and visual input

91

. The clinical implications of these deficits are

not clear, however, these findings suggest that assessment and management of the
vestibular and oculomotor systems may be indicated despite resolution of symptoms in
adolescents. In support of the possible implications of this finding, an increased risk of
cognitive morbidities and prolonged symptom recovery has been reported in adolescents
with vestibulo-ocular dysfunction post-concussion

35, 45

. Further investigation of the

possible impact associated with returning to sport with residual vestibulo-ocular
dysfunction on academic or sporting performance and the risk of sustaining subsequent
concussions or musculoskeletal injuries may be warranted 21.
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8.5.2. Changes in cervical spine function
Pain in the cervical spine region is often reported post-concussion. Disruption in
sensorimotor input resulting from dysfunction in this region may present as dizziness,
headaches and balance deficits which are similar to symptoms reported post-concussion
84, 96

. A recent study of adolescent athletes demonstrated deficits in cervical spine muscle

endurance and strength post-concussion

11

. In the current investigation, an improved

rating of cranio-cervical muscle endurance was observed in players post-concussion,
while no changes were observed in control players. Interestingly, there were no changes
in activation observed in the CCFT. There were also no significant overall differences in
cervical joint proprioception as assessed by cervical JPE test post-concussion. Players
did not report receiving any treatment during this period. While previous studies in
adolescents have found dysfunction of both cervical and vestibulo-ocular systems postconcussion 11, 12, our study only demonstrated changes in vestibulo-ocular function postconcussion and individual variations in cervical spine function. Previous studies have
reported a higher prevalence of players with neck pain, headache and dizziness than
found in our current study

11, 16

. However, in our current investigation, only 3 out of the

20 players reported pain in the cervical region post-concussion, while 7 players
complained of headaches and only 2 players complained of dizziness. It was observed
in the assessment of vestibulo-ocular and cervical spine function (Table 8.2) that
individual results varied considerably between players and some players showed
changes in cervical spine function post-concussion. Despite the lack of a consistent
pattern or direction of the results, the clinical implication may be that these systems
respond differently in different people and require individual assessment. Tailored
treatment may therefore be indicated when dysfunction outside of clinical normal values
are demonstrated. This highlights the importance of a thorough and individualised
assessment of multiple systems and the value of pre-concussion measures to allow valid
comparisons with post-concussion tests to document impairments and inform optimal
physiotherapy management.
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Table 8.2. The prevalence of self-reported headache, dizziness and neck pain at the time of acute post-concussion testing for the 20 players
who sustained a concussion. Results of the assessment of vestibulo-ocular and cervical spine function for the 20 players who sustained a
concussion at preseason (baseline), acute post-concussion and return to sport time points.
Symptoms
Player

Headache

Dizziness

Neck

Baseline

pain
1

No

Yes

CCFT – Activation

Vestibulo-ocular Function
Post-

Return to

concussion

sport

Baseline
Good

JPE – Average Absolute Error

CCFT - Endurance

Post-

Return

concussion

to sport

Poor

Good

Baseline

Post-

Return

concussion

to sport

Poor

Poor

Baseline

Post-

Return

concussion

to sport

4.60

3.00

2.26

4.89

4.44

No

Normal

Abnormal

Abnormal

Abnormal

Abnormal

Good

Good

Good

Poor

Good

Good

4.87

Abnormal

Abnormal

Good

Good

Good

Good

Good

Good

4.23

4.08

6.34

Good

Good

Good

Good

Good

Good

4.30

2.55

3.40

5.02

2.46

Poor

2

No

No

No

Normal

3

Yes

No

No

Normal

4

No

No

Yes

Normal

Normal

Abnormal

Abnormal

Abnormal

Good

Good

Good

Poor

Good

Good

2.94

5

Yes

No

No

Normal

6

Yes

No

No

Normal

Abnormal

Abnormal

Good

Good

Good

Good

Good

Good

2.20

3.63

3.57

7

No

No

No

Normal

Abnormal

Abnormal

Good

Good

Good

Poor

Poor

Poor

1.69

3.77

5.14

8

No

No

No

Abnormal

Abnormal

-

Poor

-

-

Poor

-

-

3.60

6.92

-

9

Yes

No

Yes

Normal

Abnormal

-

Good

Good

-

Poor

Good

-

2.45

5.08

-

10

No

No

No

Normal

Abnormal

-

Poor

Good

-

Poor

Poor

-

5.12

2.96

-

11

No

No

No

Normal

Abnormal

Abnormal

Poor

Poor

Good

Poor

Poor

Good

3.17

3.74

2.74

12

No

No

No

Abnormal

Abnormal

Abnormal

Good

-

Good

Poor

-

Good

3.13

3.37

3.93

13

No

No

No

Abnormal

Abnormal

Abnormal

-

-

-

-

-

-

-

-

-

14

No

No

No

Normal

Abnormal

Abnormal

Good

Poor

Good

Poor

Poor

Good

3.33

3.80

3.19

15

Yes

No

No

Abnormal

Abnormal

Abnormal

Poor

Poor

Good

Poor

Poor

Good

5.14

3.91

5.10

16

No

No

No

Normal

Normal

Normal

Good

Good

Good

Good

Poor

Poor

3.18

2.82

3.56

17

Yes

Yes

No

Abnormal

Normal

Abnormal

Poor

Good

Poor

Poor

Good

Poor

4.88

4.82

8.94

18

Yes

No

Yes

Abnormal

Abnormal

Normal

Good

Good

Good

Poor

Poor

Poor

7.29

4.90

6.28

19

No

No

No

Abnormal

Abnormal

Abnormal

Good

Good

Good

Poor

Poor

Good

3.32

7.18

5.36

20

No

No

No

Normal

Normal

Normal

Good

Good

Good

Poor

Poor

Good

5.89

6.37

4.86

Bolded text indicates i) a decrease in cervical spine function on the CCFT, ii) an increase in error on the JPE test and iii) a decrease in
vestibulo-ocular function during the acute post-concussion.
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8.5.3. Changes in lumbopelvic musculature
In players with concussion, assessment of lumbopelvic muscles indicated an initial
increase in lumbar multifidus muscle size during the acute period post-concussion
followed by a decrease and return to baseline size after return-to-sport. The thickness of
the lumbar multifidus muscle at rest also indicated an initial increase during the acute
period post-concussion. These changes were significantly different following concussion
with a small effect size. Increased size and thickness of the lumbar multifidus muscle
during the acute period post-concussion has also been previously demonstrated in elite
rugby players

87

. Furthermore, the changes exceed the minimal detectable change

(MDC) of 0.40 cm2 previously demonstrated for the lumbar multifidus muscle

87, 235

. The

comparison with control players also indicated that changes in lumbar multifidus size at
the L5 vertebral level in the acute period post-concussion were different between groups.
Although assessment of the anterolateral abdominal muscles indicated a change in
contraction size of the internal oblique muscles, the changes did not exceed the MDC of
0.12 cm for this muscle 203. Although the initial increases in the size and thickness of the
multifidus muscle post-concussion in the current investigation are small and only seen
at the one vertebral level, these changes may represent a protective response to adopt
a movement strategy which increased trunk stiffness and reduced trunk motion. This
may reflect an altered movement response by the central nervous system to minimize
pain and further injury by decreasing trunk movement

87, 111

. Previous studies have

demonstrated changes in excitability of corticomotor inputs to lumbopelvic muscles in
patients with low back pain 241, 242. The change in lumbopelvic muscle size and thickness
size during the acute period post-concussion may relate to an ‘upregulation’ by the
central nervous system to increase co-contraction and bracing by these muscles which
is reflective of a protective movement pattern 87, 243, 244.

8.5.4. Altered movement strategy
One potential explanation for the results seen in the current investigation could be a
change in postural control due to disruption of vestibulo-ocular function. Impairment in
sensory input from either the musculoskeletal or vestibulo-ocular system may impact on
postural control and gaze stability in movement

85

. The vestibular nuclei and their

connections with the motor-neuronal pool through the lateral vestibulo-spinal tract
subsequently affect activation and control of trunk musculature

28

. Decreased sway

velocity has been demonstrated post-concussion in elite rugby players

87

. A more

conservative movement strategy is thought to be adopted to maintain dynamic stability
due to impaired vestibular and visual input and sensory integration by the central nervous
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system 64. Although no significant differences in balance measures were observed in our
study, the changes in trunk muscle size and thickness observed may reflect an altered
movement strategy due to impaired vestibulo-ocular function. The changes in endurance
of the cervical spine deep flexor muscles may also support these findings indicating
changes in postural stability strategies post-concussion as both muscle groups would be
employed to increase spinal stiffness. However, future research is required to better
understand these findings. The pathophysiology of concussion is complex and disruption
in any of the vestibular, visual or somatosensory systems could result in the wide range
of symptoms and impairments reported post-concussion 11, 75.

8.5.5. Methodological considerations
This study had some limitations, in that some players were not available for assessment
post-concussion, or were lost to follow-up at the final time point after return-to-sport. In
addition, the planned design of the study aimed to assess the control group at all 3 time
points. However, due to the limited player availability, control players were not assessed
at the third time point. The study also relied on the schools reporting concussion incidents
to researchers, and some concussion injuries may not have been reported by the players
to the schools. While significant changes in the sensorimotor system were detected, the
changes were relatively limited when considered across the whole suite of measures.
This may be due to the small sample size in this study. Due to time constraints, the suite
of assessments of sensorimotor function selected for this study were prioritised even
though several other measures would have provided potentially additional and important
information. Assessment of the cervical spine could have included a manual
examination, strength testing and ultrasound imaging of the cranio-cervical muscles.
Future research could investigate whether players with sensorimotor changes after
return-to-sport are more likely to sustain future concussion or musculoskeletal injuries.
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8.6.

Conclusion

Changes in sensorimotor function were observed in the acute period post-concussion,
with some persisting after return-to-sport. Using symptom-based criteria for return-tosport may not adequately reflect the sequelae of concussion on the sensorimotor system.
Impairments in the sensorimotor system were identified after concussion and these may
be amenable to physiotherapy. The results of our study warrant further investigation of
the implications of altered sensorimotor function post-concussion and whether the
residual changes observed contribute to the increased risk of future concussion and
musculoskeletal injuries in adolescents.

8.7.


Practical Implications

Assessment of the vestibular and musculoskeletal systems may be necessary to
identify deficits during the normal clinical recovery period following concussion.



Physiotherapy treatment should be based on identifiable deficits as self-reported
symptoms alone did not match the results of clinical assessment of the vestibular
and oculomotor system.



A comprehensive assessment of the sensorimotor system may be needed in
addition to the use of symptom-based criteria for return-to-sport.
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Chapter 9
General Discussion
9.1.

Introduction

The aim of this thesis was to identify the effects of concussion injuries on the
sensorimotor system in adolescent rugby union players. Concussions in adolescents are
of concern during cognitive development, and the associated risk of developing
persistent problems may have long-term impact on their health

9, 10

. Physiotherapy

intervention can facilitate recovery in adolescents who are slow to recover; however,
there is limited evidence for physiotherapy during the normal clinical recovery period
following concussion before athletes develop persistent problems. In addition, athletes
who return to sport after concussion are at an increased risk of sustaining subsequent
concussions or musculoskeletal injuries. Current management that focuses on
symptoms may not adequately address the underlying sensorimotor impairments
resulting from the concussion. The symptoms of concussion are not specific and are
often associated with injury to the cervical spine and vestibular system

50, 54

. The

pathophysiology of concussion is complex and disruption in any of the vestibular, visual
or somatosensory systems could result in the wide range of signs and symptoms postconcussion

11, 75

. Deficits in the vestibular and musculoskeletal systems, which are

components of the sensorimotor system, are amenable to physiotherapy treatment 14-17.
Identifying the underlying impairments in the sensorimotor system after concussion in
adolescents using physiotherapy assessment protocols is necessary to guide effective
physiotherapy management. The findings of this thesis provided evidence of the effect
of concussion on the vestibular and musculoskeletal systems in adolescent rugby union
players. This chapter integrates the major findings of the thesis, and discusses the
implications of these findings on clinical practice and directions for further research.

155

9.2.

Incidence of concussion in Australian school level rugby union

The findings from this thesis established concussion as a problem in Australian school
level rugby union. Chapters 4 and 5 highlighted the high incidence of concussion injuries
in school level rugby union in Australia. This result is consistent with recent studies
conducted in the United Kingdom that found concussion was the most common injury
24, 144

reported in adolescent rugby union

. However, despite the high incidence of

concussion injuries, this may be an underestimation of the actual incidence for several
reasons. There is a lack of awareness and/or willingness to report concussions among
adolescent rugby union players

57, 61

. The heterogeneous presentation of concussion

signs and symptoms, and the reluctance to report their injuries due to fear of missing
games may result in under-reporting. In addition, this thesis also identified that a high
proportion of injuries in school level rugby union involved the head, face and neck regions
and the contact component (tackling and being tackled) was the most common
mechanism of injury. Injury surveillance is an important component to establishing the
extent of the problem in sport and identifying the contributing factors to injury. This thesis
provided evidence to direct healthcare professionals of the areas in which to prioritise
injury prevention and management strategies in school level rugby union in Australia. In
addition, this information can be used to monitor the effectiveness of intervention
strategies in reducing injuries in this population.

9.3.

Injuries in adolescents

A novel finding from the injury surveillance was that there was a spike in injuries during
the adolescent ages. The injury surveillance data from study 1 higlighted a pattern of
increased injuries in older (17 to 18 years) players, while study 2 higlighted a spike in
injuries during the ages of adolescent development (14 to 16 years). As discussed in
chapter 4, a higher rate of injuries occurred in the older age groups similar to previous
studies of youth injuries in rugby union

136, 142

. The finding from study 2 was that there

was a spike in injuries to the head, face, upper, and lower limbs in players between the
ages of 14 and 16 years. This study is the first to demonstrate this injury pattern in rugby
union players and due to the large-scale nature of the injury surveillance, the results are
likely to be representive of this population. A spike in injuries is not surprising, as
adolescents are thought to be at a greater risk of sustaining rugby injuries due to large
variations in player physical attributes during this period 129, 130. Although there may be a
number of reasons for increased incidence of injuries during adolescence, chapter 5
highlighted the observation that the timing of the spike in injuries coincided with a period
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of what has been termed “adolescent awkwardness”

25, 116

. Growth spurts in adolescent

boys commonly start at 12 years of age and peak at 14 years of age. Delays or
regression in sensorimotor function maturation can occur relative to rapid growth spurts,
and could be associated with increased susceptibility to injury

25

. In addition, a large

proportion of adolescent rugby union players have reportedly sustained at least one
concussion during their playing history

153, 154

. Concussion has been demonstrated to

affect sensorimotor function and the presence of residual deficits in players with a history
of concussion may also increase the susceptibility to injury

97

. Comprehensive

assessment of the sensorimotor system in adolescent school level rugby union players
is therefore warranted to further understand the impact of concussion in this age group.

9.4.

Effect of concussion history on the sensorimotor system

Measures of sensorimotor function are often highly variable between children and
adolescents of the same age reflecting different stages of development

25, 117

. While

many studies have documented sensorimotor system deficits in adolescents following
concussion 11, 12, 42, 44, these results are underpinned by the assumption that sensorimotor
function is normal in adolescents prior to sustaining a concussion and that there are no
residual negative effects associated with a history of concussion. It was therefore
necessary to first establish whether players with a history of concussion had any residual
deficits in the sensorimotor system. Study 3 identified a number of novel findings in the
sensorimotor system in our cohort of adolescent rugby union players, in particular, the
vestibular and musculoskeletal systems.

In chapter 6, we reported that there were no differences in vestibulo-ocular dysfunction
between adolescent rugby union players with and without a history of concussion.
Considering that most adults recover within 10 to 14 days and adolescents within 4
weeks, this result is not unexpected and therefore previous studies have assumed
normal vestibulo-ocular function in adolescents prior to sustaining a concussion. The
novel finding from study 3 (discussed in chapter 6) was that deficits in vestibulo-ocular
function were present in one third of our cohort of adolescent rugby players irrespective
of their history of concussion. No previous studies have investigated preseason
vestibulo-ocular function in adolescents participating in sports, and therefore the
prevalence of vestibulo-ocular dysfunction in this population cannot be compared with
previous research. The concept of “adolescent awkwardness” was introduced in chapter
5, which suggested that during adolescence, delays or regression in sensorimotor
function can occur relative to rapid growth spurts
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25

. The relatively high prevalence of

vestibulo-ocular dysfunction at baseline assessment in our study cohort may be age
related and represent normal variation in maturation of the vestibular system in
adolescents. The vestibulo-ocular and vestibulo-spinal pathways are still maturing up to
12 years of age and may not reach fully integrated function similar to an adult until 15
years of age 91, 114, with the VOR maturing at least a year later, after 16 years of age 228.
Study 3 of this thesis provided a dataset of normal prevalence of vestibulo-ocular
dysfunction in adolescent rugby union players. The results from our cohort also indicate
using a wider range for determining normal horizontal VOR gains for adolescents is
necessary due to the influence of different rates of developmental maturation in this
system. The results of this study demonstrated that vestibulo-ocular dysfunction is
relatively common in adolescent rugby union players, and positive clinical findings after
concussion in adolescent rugby union players could be age related. Therefore, in order
to determine the impact of concussion on the vestibular system, baseline pre-concussion
function needs to be assessed to enable appropriate interpretation of the postconcussion findings.

The results of study 3 provide insight into possible reasons for the high injury rates
reported during adolescence. Optimal vestibulo-ocular function is important for
adolescents participating in sports that require the ability to track an opposition player or
catch a moving object in open play while running. Oculomotor control involves eye
movements and visual fixation, which, in combination with the vestibular system,
maintains gaze stability and the ability to scan and keep visual targets stationary when
the head is moving

75

.

Efficient integration of these systems stabilise vision during

variable head movement, which is integral in sports requiring stable vision while running,
tracking or catching a ball. Deficits in vestibulo-ocular function may not only affect
sporting ability, but also increase the risk of sustaining an injury while playing sport.
During this period of “adolescent awkwardness”, there may be an increased susceptibility
to injury

25

. Although a direct analysis could not be conducted, the high prevalence of

vestibulo-ocular dysfunction in adolescent rugby union players may help explain the
spike in injuries in adolescent rugby union players reported in chapter 5.

Another finding from study 3 discussed in chapter 7 was the altered musculoskeletal
function in adolescent rugby union players with a history of concussion. Our cohort of
players with a history of concussion had larger lumbar multifidus and quadratus
lumborum muscles when compared with players with no reported history of concussion.
Players with a history of concussion were also able to contract their multifidus muscles
more than players without a history of concussion. Investigation of the effects of
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concussion on lumbopelvic muscles using ultrasound imaging has been conducted
previously 87, 97, 107; however, this is the first time this assessment has been conducted in
adolescent rugby union players. These results provide further evidence of localised
muscle changes in the lumbopelvic region that may contribute to postural control and
balance deficits after concussion as reported in previous research. Although our study
did not demonstrate statistical differences between groups for balance, there was a
pattern towards reduced sway velocity in players with a history of concussion. Increased
lumbopelvic muscle size and contraction, and reduced sway velocity may reflect an
altered postural control strategy after concussion

87

. There are extensive anatomical

connections that allow sensory information from cervical proprioceptors, and the
vestibular and visual systems to control posture and balance

84

. The results from this

thesis and a previous study conducted in elite athletes both highlighted that there were
no effect of concussion history on balance and vestibulo-ocular function

97

; however,

changes in lumbopelvic muscle size and function were demonstrated in both studies.
These results suggest that while balance and vestibulo-ocular deficits appears to recover
within 12 months, changes in lumbopelvic muscle function are still evident 12 months
following concussion. Alternatively, these results could indicate that residual deficits in
sensorimotor function after concussion may not be evident when assessed using current
protocols such as assessment of the cervical spine, vestibulo-ocular function, or balance.
Residual effects of concussion may manifest in changes to the deep lumbopelvic
muscles. This thesis provides further evidence of the effect of concussion on
neuromuscular control, and assessment of lumbopelvic muscle function may identify
potentially modifiable risk factors associated with subsequent injury risk postconcussion.

9.5.

Sensorimotor system changes after concussion

Physiotherapy intervention is guided by treating the underlying impairments found on
assessment. Study 3 established that normal vestibulo-ocular function cannot be
assumed in adolescents and there is evidence of residual effects of concussion on the
musculoskeletal system. Unless comparisons are made between preseason baseline
and post-concussion sensorimotor function, it is unlikely that implementing current
management strategies will optimally address the effect of concussion on the
sensorimotor system in adolescents. Identifying the specific deficits in the sensorimotor
system of each individual after concussion is necessary to guide physiotherapy
intervention for effective management of individual players returning to sport after
concussion. Study 4 of this thesis prospectively investigated the effect of concussion on
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the sensorimotor system in adolescent rugby union players. Study 4 was a nested casecontrol study with longitudinal follow-up of players who sustained a concussion. The
design of this study lead to a small sample size; however, comparisons with baseline
pre-concussion and post-concussion measures allowed for greater interpretation of the
causal relationship between concussion and sensorimotor system deficits. The findings
provided evidence of changes in the vestibular and musculoskeletal systems after
concussion that may require specific physiotherapy intervention prior to returning to
sport.

A novel finding from study 4 was that vestibulo-ocular dysfunction after concussion did
not resolve spontaneously with the resolution of symptoms and after the players had
returned to sport. Chapter 8 established that vestibulo-ocular function is affected after
concussion in adolescent rugby union players. Studies have previously demonstrated
vestibulo-ocular dysfunction in adolescents after concussion

12, 42, 44

, however, the

persistence of vestibulo-ocular dysfunction when self-reported symptoms have resolved
has not been thoroughly investigated in players who have returned to sport after
concussion. This thesis provided evidence that ongoing deficits in the vestibular system
exist after concussion in the absence of symptoms. The presence of subclinical deficits
despite the lack of symptoms may be explained by the central nervous system’s plasticity
and ability to compensate for impaired function

91, 245

. Emerging evidence suggest that

abnormalities in brain and motor functioning can persist well beyond the typical time
course of recovery

240, 246

. Our results are supported by other studies that have also

demonstrated deficits in vestibulo-ocular function and sensorimotor integration despite
players being clinically asymptomatic post-concussion

247-249

. The duration of vestibulo-

ocular deficits after concussion is unknown; however, results from study 3 would indicate
that deficits resolve within 12 months. The current management of concussion places
great emphasis on rest and the resolution of self-reported symptoms prior to returning to
sports. The criteria for return to sport are based on symptom reporting during a stepwise
re-introduction of exercise and sport-specific tasks. The results of study 4 suggests that
symptom-based criteria for determining return to sport may not adequately identify
deficits in the vestibular system in adolescents after concussion.

Another finding from study 4 was the effect of concussion on musculoskeletal function of
the lumbopelvic region and cervical spine. It is important to consider that the sample size
in study 4 was small; however, the prospective study design allowed longitudinal
comparison between pre-concussion and post-concussion measures to establish the
changes in the lumbopelvic region and cervical spine due to concussion. In chapter 8, it
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was discussed that the increase in size and resting thickness of the lumbar multifidus
muscle was possibly indicative of an acute response immediately following a concussion
injury. Improved cranio-cervical muscle endurance was also demonstrated after
concussion. The deep lumbar multifidus and cranio-cervical muscles play an important
role in segmental control and positioning of the spine to allow optimal loading 110, 184. The
increased size and resting thickness of the lumbar multifidus muscle, and improved
cranio-cervical muscle endurance after concussion could potentially indicate protective
changes in postural control strategies post-concussion. This is the first study to
prospectively investigate changes in lumbopelvic muscles using ultrasound imaging in
adolescent rugby union players following concussion. The results of study 4 support the
findings from study 3, which suggested changes in lumbopelvic muscles might reflect
residual effects of concussion in adolescent rugby players. Although the changes in
lumbar multifidus muscle had a small effect size and occurred only at the L5 vertebral
level, these results provide evidence of localised muscle changes in the lumbopelvic
region that may contribute to postural control and balance deficits after concussion. In
study 4, the lumbopelvic muscles increased in size during the acute period (3 to 5 days)
after concussion followed by a decrease in size after returning to sport, indicating return
to pre-concussion levels. In study 3, players with a history of concussion had larger
lumbopelvic muscle size and function compared with those without a history of
concussion. The implication of these changes, and whether increased lumbopelvic
muscles size and function are positive or negative adaptations are unclear. It is possible
that changes in neuromuscular control may be useful in the short term to protect the
body from further injury; however, the effect of persistent changes in neuromuscular
control on subsequent concussion or musculoskeletal injury risk is not understood.

The underlying mechanism underpinning the effect of concussion on lumbopelvic
muscles is unclear. Previous studies have demonstrated plasticity of corticomotor
pathways, with reorganisation of lumbopelvic muscle representation in the motor cortex
with pain

241, 242

. Changes in excitability of corticomotor inputs to lumbopelvic muscles

occur with low back pain

241, 242

, and similar changes may occur following concussion.

The initial increase in lumbar multifidus size during the acute period post-concussion
may indicate an upregulation by the central nervous system to reduce movement and
increase control of the trunk as a protective movement strategy to minimise pain and
further injury

87, 111, 243

. Another potential explanation of the underlying mechanism that

resulted in changes in lumbar multifidus muscle size and cranio-cervical muscle
endurance post-concussion could be the effect of concussion on the vestibular system.
This thesis is the first investigation to demonstrate concurrent changes in lumbopelvic
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muscles using ultrasound imaging and changes in vestibulo-ocular function in athletes
post-concussion. The vestibular system influences deep trunk musculature via
connections between the vestibular nuclei and the motor-neuronal pool through the
lateral vestibulo-spinal tract 28, 91. Impairment in sensory input from the vestibular system
may impact postural control muscles as a result of compensation by the central nervous
system via the lateral vestibulo-spinal tract 28, 85. Increased trunk stiffness may reflect an
altered postural control strategy used to reduce sensory stimulation of the vestibular
system after concussion

87, 88

. The influence of the vestibular system on lumbopelvic

muscles is unclear, as the results of study 4 showed that deficits in vestibulo-ocular
function persisted, while lumbar multifidus muscle changes returned to pre-concussion
size. Further investigation is needed to better understand whether the changes in
lumbopelvic and cervical regions are protective or maladaptive responses and whether
they are modifiable risk factors that can mitigate the risk of subsequent concussion or
musculoskeletal injury after concussion.

In both studies 3 and 4, there were no changes or deficits in balance demonstrated in
relation to concussion despite significant changes in the vestibular and musculoskeletal
systems. Maintaining optimal balance and postural control involves the integration of
vestibular, visual and somatosensory systems. A potential explanation for the lack of
balance findings in this thesis may be the capacity of the central nervous system to
reorganise integration of sensory information to compensate for impairments in other
systems

245

. The lack of balance findings in this thesis could indicate that balance

assessments alone may not be effective in detecting the residual deficits in individual
systems due to concussion. Thorough assessment of the vestibular or musculoskeletal
systems may be required following concussion to identify impairments that can better
guide system specific physiotherapy intervention.

9.6.

Limitations of studies

A limitation of the injury surveillance studies was the lack of follow-up of all players
involved in the surveillance study. There was no way of capturing injuries that did not
present immediately, or had a latent onset of symptoms. The injuries recorded in the
surveillance studies required players to seek medical attention or were severe enough
that first aid personnel had to attend to the player while on the field or sidelines. In
addition, players who received attention but remained on the field of play may not have
been recorded. Therefore, the injuries reported in our studies may not represent the total
number of match injuries that occurred. Studies 1 and 2 also did not include follow-up of
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the injured players post-games and therefore we were unable to establish the severity of
the injuries or confirm the diagnosis of concussion. The use of a “medical-attention” injury
definition may have inflated the rate of concussions reported, as it includes players who
are later cleared by a medical assessment. In contrast, there may also be underreporting
of concussion injuries due to the attitudes and knowledge of concussion among school
level rugby union players. 57-59.

There are a number of limitations to studies 3 and 4. A limitation to study 3 was that
measures of skeletal maturity were not assessed and therefore we were unable to verify
whether differences in sensorimotor function were due to maturation and age related
differences. It is important to note that the assessments of sensorimotor function used in
this thesis were focused predominately on measures that are amenable to physiotherapy
intervention. Concussion may affect other elements of the sensorimotor system which
were not assessed in this thesis, such as changes in neurocognitive and physiological
function. Additionally, due to the time constraints, the measures chosen to assess the
vestibular and musculoskeletal system were prioritised. More comprehensive
assessments of the cervical spine and functional assessment of postural control and
balance may have provided further insight into the sensorimotor deficits postconcussion. The order of the assessment was not standardised due to concurrent testing
of multiple participants. In particular, the results of study 4 could have been influenced
by the order of assessment, as some assessments (such as vestibular positioning
testing) may be more provocative of symptoms after concussion. Studies 3 and 4 of this
thesis were conducted on a cohort of male adolescent rugby union players. The results
of this thesis are not generalizable to all adolescents, in particular adolescents
participating non-contact sports or to female adolescent athletes. Furthermore, a 33%
prevalence of vestibulo-ocular dysfunction was reported in our cohort of adolescent
rugby union players. There are currently no studies that have established the prevalence
of vestibulo-ocular dysfunction in a healthy populations, so the interpretation of the
clinical relevance of this result is difficult. There is also a lack of understanding of the
duration of negative effects of concussion on vestibulo-ocular function. Allocation of
concussion history groups based on a 12-month cut-off may not have allowed an
accurate cross-sectional comparison. In addition, the design of study 4 did not have
further longitudinal follow-up of players in the concussion group to establish when or if
deficits resolved. Future studies could address these design limitations.

163

9.7.

Clinical implications

The results of the injury surveillance studies have identified concussion as a problem in
adolescent rugby union. The data from this thesis are able to direct sport governing
bodies and healthcare professionals to possible additional areas in which to focus their
injury prevention efforts. Injury prevention strategies could examine the tackling aspect
of rugby union, which was the most commonly reported mechanism of injury. Although
injury prevention can target extrinsic factors such as rules and policies, this thesis has
identified intrinsic factors that may assist healthcare professionals in reducing injuries in
adolescent rugby union. While the methodology employed does not allow determination
of the actual mechanisms underpinning the injuries, this thesis identified variations in
sensorimotor function in adolescents that may contribute to the increased injuries in
adolescent rugby union players. Preseason sensorimotor training programs could target
these areas, with the aim of minimising the risk of injuries. For example, altered
neuromuscular control of the trunk could potentially lead to a player placing their head
and body in a dangerous position when tackling or being tackled; while poor vestibuloocular function may affect the ability to track an opposition player in open play while
running or catching a ball. The inability to dissipate forces due to poor body positioning
during the tackling or inability to maintain stable gaze while the head or body is moving
may lead to injuries due the unpredictable and physical nature of rugby union

75, 118

.

Interventions aimed at improving vestibulo-ocular function and neuromuscular control of
the trunk may help to reduce injuries and concussions in adolescent rugby union.

The results of this thesis may have an impact on the interpretation of clinical findings in
adolescents after concussion. Clinical findings of vestibulo-ocular dysfunction in
adolescents post-concussion need to be interpreted carefully. Positive findings should
be compared with pre-concussion assessments where possible, and should not be used
in isolation when assessing adolescents post-concussion to avoid false positives. This
thesis also provided evidence that deficits in the vestibular system do not resolve
spontaneously after concussion and physiotherapy intervention may be indicated. In
addition, self-reported symptoms did not match clinical assessment of vestibulo-ocular
function in adolescent rugby union players after concussion. Assessment of vestibuloocular function may be necessary to determine whether the timing of return to sport is
appropriate and this should not be solely based on self-reported symptoms. Further
research is needed to establish whether subclinical deficits in vestibulo-ocular function
are associated with the increased risk of injury in athletes returning to sport after
concussion.
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This thesis also provided evidence of deficits in vestibulo-ocular function and altered
musculoskeletal function that may be amenable to physiotherapy intervention following
concussion. Comprehensive assessment may be necessary from a clinical perspective
to accurately identify the specific systems affected in individuals after concussion.
Physiotherapy intervention should be individualised and address the deficits identified
which may include strategies to improve sensorimotor integration and improve cervical
proprioception, neuromuscular control and vestibulo-ocular function.
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9.8.

Future research directions

The high prevalence of vestibulo-ocular dysfunction at preseason baseline assessment
in our cohort of adolescent rugby union players was a novel finding, however, we are
unable to verify whether dysfunction was due to maturation and age related differences
or whether these deficits were due to previous participation in contact sports. Future
research is warranted to determine if the prevalence of vestibulo-ocular dysfunction is
similar in adolescents who have never participated in contact sports. A large population
study of vestibulo-ocular function in athletes across different sports and age groups
would also establish whether the high prevalence of vestibulo-ocular dysfunction seen in
study 3 represents maturation and age related variations. Addition of measures to
indicate skeletal maturity would also improve understanding of whether the high
variability in sensorimotor function is due to maturation of systems during adolescent
development.

Altered sensorimotor function is associated with an increased risk of injury in elite
athletes

97, 107, 112, 113

. Deficits in sensorimotor function are amenable to physiotherapy

and interventions aimed at improving sensorimotor function may possibly minimise the
risk of sustaining injuries in rugby union. As a next step, an intervention trial could
determine whether a preseason exercise programme targeted at improving vestibuloocular function and neuromuscular control of the trunk reduces injuries during the
subsequent season in adolescent rugby union players. Further research could also
establish the relationship between sensorimotor function changes post-concussion and
the increased risk of subsequent concussions or musculoskeletal injuries in athletes
returning to sport after concussion. Further longitudinal follow-up of participants could
also identify whether concussions also have an impact on academic or sporting
performance, and the duration of vestibulo-ocular deficits in adolescents postconcussion.

This thesis is the first investigation to demonstrate changes in lumbopelvic muscles and
changes in vestibulo-ocular function in adolescent rugby union players post-concussion.
Investigation using ultrasound imaging of the cervical spine musculature could further
determine if changes in cervical muscle function demonstrated in our study represented
an altered movement strategy post-concussion similar to those observed the
lumbopelvic region.
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9.9.

Conclusion

This thesis examined the effect of concussion on the vestibular and musculoskeletal
systems in adolescent rugby union players. Results showed that concussion is a
common injury in school level rugby union in Australia. Injuries to the head, face, upper,
and lower limbs increased in players aged between 14 and 16 years. This thesis provided
evidence of changes in the sensorimotor system in adolescent rugby union players
during the acute period after concussion with some of these changes persisting after
return to sport despite resolution of self-reported symptoms. Deficits in vestibulo-ocular
function are common in adolescent rugby union players and ideally should be compared
with pre-concussion function where possible or considered carefully when interpreting
positive findings after concussion. The findings from this thesis suggest that assessment
of vestibulo-ocular and musculoskeletal function should be conducted during the normal
clinical recovery period after concussion to identify deficits amenable to physiotherapy
intervention. Return to sport should not solely rely on symptom-based criteria as
sensorimotor deficits may be missed with self-reported assessments alone. Changes in
musculoskeletal function of the trunk may also be amenable to physiotherapy; however,
further investigation is needed to establish the implications of altered musculoskeletal
function of the trunk after concussion and the subsequent risk of concussion and
musculoskeletal injuries.
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RUGBY UNION INJURY REPORTING FORM
Name: _________________________________ Initials: _____ Position: _______________________
Circle
Team :_________________________ Grade: ___________
Date of Injury

__/__/__

Type of activity at time of injury
training/practice
competition
other _________________________
Reason for Presentation
 new injury
 exacerbated/aggravated injury
recurrent injury
illness
 other __________________________
Body Region Injured
Tick or circle body part/s injured & name

DOB: __/__/__

Nature of Injury/Illness
 abrasion/graze
sprain eg ligament tear
strain eg muscle tear
open wound/laceration/cut
 bruise/contusion
 inflammation/swelling
 fracture (including suspected)
 dislocation/subluxation
 overuse injury to muscle or tendon
blisters
concussion
cardiac problem
respiratory problem
loss of consciousness
unspecified medical condition
other __________________________
Provisional diagnosis/es _____________
_________________________________
_________________________________

Body part/s
_________________________________
_________________________________

CAUSE OF INJURY
Mechanism of Injury
 struck by other player (in tackle, ruck)
 scrum collapse or scrum contact
struck by ball (eg dislocated finger)
collision with other player/referee
collision with fixed object (goal post)
 fall/stumble on same level
 jumping in line out
 landing from jump
slip/trip
 twisting to pass or accelerate
overexertion (eg muscle tear)
overuse
 temperature related eg heat stress
 other _________________________

Gender: M

F

Player/Referee/Coach/Spectator

Venue/area at which injury occurred: ____________________

Explain exactly how the incident occurred
_________________________________
_________________________________
__________________________________
__________________________________
__________________________________
__________________________________
__________________________________
__________________________________
__________________________________
__________________________
Were there any contributing factors to the
incident, unsuitable footwear, playing
surface, equipment, foul play?
__________________________________
__________________________________
_______________________________
Protective Equipment
Was protective equipment worn on the
injured body part?
yes
no
If yes, what type eg mouthguard, ankle
brace, taping.
_________________________________
Initial Treatment
 none given (not required)
RICER
dressing
 sling, splint
crutches
massage
manual therapy
CPR
stretch/exercises
strapping/taping only
 none given - referred elsewhere
other __________________________

Advice Given
 immediate return unrestricted activity
 able to return with restriction
unable to return at present time
Referral
 no referral
medical practitioner
physiotherapist
chiropractor or other professional
ambulance transport
hospital
other __________________________
Provisional severity assessment
 mild (1-7 days modified activity)
 moderate (8-21 days modified activity)
 severe (>21 days modified or lost)
Treating person
medical practitioner
physiotherapist
 nurse
 sports trainer
 other __________________________
Signature of treating person
__________________________________
________________________________
Today’s Date:

__/__/__

2.2.

Standardised injury surveillance form used in study 2
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AIC Sport – INJURY REPORT FORM
Date: _______________________ Time: ____________am/pm
Sport: ______________________ Position: _______________
Team: ___________
Division: ___________
School: SLC / SPC / Padua / Marist
SPLC / SEC / Iona / Villanova
Venue: _____________________________________
Time of Injury: Warm Up / 1st Half / 2nd Half / After Game
First Aid Contact:

During Game (Did not continue)
During Game (Returned to play)
After Game

Name: _______________________________________
DOB: _______________________________________
Height: __________ cm Weight: ___________ kg
Phone No: ___________________________________
Do you play club level sport ? Yes / No
What club sport? ___________________________
Other Comments:
_________________________________________________
_________________________________________________
_________________________________________________

Mechanism of Injury:
 Collis ion:
 Ground
 Player
 Tackling
 Being Tackled
 Scrum
 Ruck/Maul
 Running:
S topping
S ta rting / Accelerating
Twis ting / S ide s te pping
Sprinting
 Jumping / Landing
 Kicking
 Throwing
 Struck object (Eg: Ball, goal post)
 Other: _____________________

Nature of Injury:
 Abrasion/Graze/Cut
 S pra in- Ligament
 S tra in – Muscle
 Rupture – Tendon
 Contus ion/ Bruising
 Dis loca tion
 Concus s ion (S us pe cte d)
 Loss of Consciousness
 Fracture (Suspected)
 S pina lInjury (Suspected)
 O the r: ______________
Diagnosis
____________________

Action Taken:
 Wound cle a ne d/dre s s e d
 S tra pping/Ta ping
 Removed/Assisted from field
 Concussion Recognition Tool
 Ice Given
Severity:
 Immediate Return to Sport
 Likely to miss >1 Day of Sport
Referral
 Hos pita l via a mbula nce
 Hos pita l via pa re nt/te a che r
 Doctor/ G P
 P hys iothe ra py
 Home
 Other ____________

Injured Area:
_____________________________
_____________________________

First Aid
Name:

_______________________

Qualification: _______________________
Signature:

_______________________

This information is collected as part of an injury
surveillance study conducted by all AIC schools and the
Australian Catholic University. Information collected is
for school use and university study use only.
For further information, contact your child’s school
or for information on the study contact Australian
Catholic University study supervisor on 3623 7650.
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Injury and Concussion in Schoolboy Rugby Union
1- PLAYER INFORMATION
Name

Date

Date of Birth

School

Height (cm)

Phone No. (1)

Weight (kg)

(2)

Dominant Leg

Left / Right

Rugby Position

Front Row / Second Row / Flanker / No. 8 /
Halves / Centre / Wing / Fullback

Dominant Arm

Left / Right

Years playing rugby?

Do you play club
rugby?

Yes

/

No

What other sports
do you play?

Have you played rep
rugby?

Yes

/

No

What is the highest
rep rugby side you
have played in?

District (eg: Met East)
State (eg: Qld)
National (eg: Australia)

How many hours a week do you participate in
organized physical activity?

0-3 hours

3-6 hours

6-10 hours

10 or more hours

How many hours a week do you participate in
leisure/ non organized physical activity?

0-3 hours

3-6 hours

6-10 hours

10 or more hours

2- CONCUSSION HISTORY
Have you ever had a sport-related concussion?

Yes

/

No (Go to Section 3)

Yes

/

No

Yes

/

No

Yes

/

No

If Yes, How many?
When was your most recent Concussion?
Were you unconscious/Knocked out?
How long were you unable/not allowed to play
sport?
Do you still suffer symptoms from the concussion?
3- HEAD/NECK HISTORY
Do you suffer from headaches currently?
If So, how often?

Daily

3-5x/week

1-2x/week

Less often

How many days in the last week did you miss school
because of headaches?
How many days in the last week was your school
work affected because of headaches?
Do you suffer from general neck pain currently?

Yes

/

No

How many hours do you spend on the computer,
phone or tablet a week?

0-3 hours

3-6 hours

6-10 hours

10 or more hours

How many hours do you spend on studying a week?

0-3 hours

3-6 hours

6-10 hours

10 or more hours

4- LOW BACK PAIN HISTORY
Do you have a history of low back pain?
Pain in area highlighted (Between T12 and Gluteal)

Yes

/

No (Go to Section 5)

Where is/was your low back pain? (Tick all that applies)
Left Side
Central
Left Buttock
Right Side
Both sides
Right Buttock

Left Leg
Right Leg

Do you currently have or in the past week have low back pain?
Yes
/ No
What is the average intensity of pain in the last week?
I___________________________________________________________I
0 = No Pain
10 = Worst pain
Please Mark on the above scale
experienced
5- INJURY HISTORY
Have you ever had any of the below injuries while playing sport?

QUESTIONNAIRE COMPLETE
Time Point
Location

Baseline / Post-concussion

Testing Protocol

Complete / Modified

Reviewed by:

2

3.2.

Post-concussion Questionnaire (Study 4)
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POST-CONCUSSION QUESTIONNAIRE
First Follow-up (Date: ______________, Days Post-Concussion: _______ )
Name

Date of Birth

1- CURRENT HISTORY
Where you playing
or training?

Date of Injury
Time of Injury
Did you lose
consciousness?
If Yes, how long?
Did you continue to
play?

Yes

/

______Hours
/

Training
Other: _______________________

No

______Minutes

Yes

Playing

No

Rugby Position
playing at time of
injury

Front Row / Second Row / Flanker / No. 8 /
Halves / Centre / Wing / Fullback

Where you playing
school or club rugby?

School
Club
Other: _______________________

Rest of game

If Yes, how long?

Rest of training
_________ Minutes

Do you currently
have symptoms?

Have you seen a
medical doctor
about the head
injury?
Diagnosis by doctor?

Yes

/

No

Yes

/

No

Date: __________________
Concussion
Not a concussion

How did injury
occur?
- Hit to head v body
- Mechanism
- Neck position
- Tackling vs tackled
- Memory of incident
Did you have these
symptoms following
your concussion?

Headache

Sensitivity to noise

More emotional

“Pressure in head”

Feeling like a ‘”fog”

Irritability

Neck Pain

“Don’t feel right”

Sadness

Nausea vomiting

Difficulty concentrating

Nervous or anxious

Dizziness

Difficulty remembering

Feeling slowed down

Blurred Vision

Fatigue or low energy

Trouble falling asleep

Balance problems

Confusion

Other: _____________________

Sensitivity to light

Drowsiness

2- MEDICAL MANAGEMENT
Did you seek
immediate first aid?
How were you
attended to?

Yes

/

No

Went to first aid tent/personnel
Assisted off field

What initial medical
treatment did you
receive?

First aid
Team physio or doctor or nurse
Ambulance
Emergency department

Stretchered off

Admitted to hospital

Stretchered off with neck brace
Did you have
investigations?
(Eg: X-Ray, CT or MRI)

Yes

/

What follow-up
medical treatment
have you received?

No

If Yes: Please Specify:
_______________________________

General Practitioner
Sports Physician
Medical specialist
Physiotherapist

3- CONCUSSION HISTORY
Have you had a history of sport-related concussion?

Yes

/

No (Go to Section 3)

Yes

/

No (Go to Section 4)

If Yes, How many?
When was your last concussion?
How long were you unable/not allowed to play
sport?
4- GENERAL PAIN
Do you have any pain and/or symptoms caused by
your recent head injury?

What is the average intensity of pain in the last week?
I___________________________________________________________I
0 = No Pain
10 = Worst pain
Please Mark on the above scale
experienced

5- LOW BACK PAIN
Have you had any low back pain in the past week?

Yes

/

No (Go to Section 5)

What is the average intensity of pain in the last week?
I___________________________________________________________I
0 = No Pain
10 = Worst pain
Please Mark on the above scale
experienced

QUESTIONNAIRE COMPLETE
Notes:

Location

Reviewed by:
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POST-CONCUSSION QUESTIONNAIRE
Return to Sport Follow-up (Date: ______________, Days Post-Concussion: _______ )
Name

Date of Birth

1- CURRENT HISTORY
Do you currently
have residual
symptoms?

Yes

No

What aggravated
your symptoms?

Physical Activity
Mental Activity
Other: _______________________

Which of these
symptoms following
your concussion do
you still experience?

Has the concussion
affected you school
work?

/

Headache

Sensitivity to noise

More emotional

“Pressure in head”

Feeling like a ‘”fog”

Irritability

Neck Pain

“Don’t feel right”

Sadness

Nausea vomiting

Difficulty concentrating

Nervous or anxious

Dizziness

Difficulty remembering

Feeling slowed down

Blurred Vision

Fatigue or low energy

Trouble falling asleep

Balance problems

Confusion

Other: _____________________

Sensitivity to light

Drowsiness

Yes

/

No

Did you miss school
due to the
concussion?

Yes

Have you returned
to full contact sport?

Yes

/

No

If Yes, how many days? __________ Days

Comments

2- RETURN TO SPORT MANAGEMENT
Did you complete
the 2 week rest?
Did you commence/
complete the
graduated return to
play (GRTP)
protocol?
How many days after
concussion did you
start GRTP Protocol?
Did you need to
repeat any of the
GRTP Protocol stages
due to symptoms?

Yes

Yes

/

/

No

No

How many days after
concussion did you
return to full contact
sport?

/

No

__________ Days

__________ Days
Stage 1 – Rest

Yes

No

Stage 2 – Light Aerobic Exercise

Yes

No

Stage 3 – Sport-Specific Exercise

Yes

No

Stage 4 – Non-contact drills

Yes

No

Stage 5 – Full contact drills

Yes

No

Stage 6 – Return to play

Yes

No

Comments:

3

3- MEDICAL MANAGEMENT
Did you have any
further
investigations?
(Eg: X-Ray, CT or MRI)

Yes

/

What follow-up
medical treatment
have you received?

No

If Yes: Please Specify:
_______________________________

General Practitioner
Sports Physician
Medical specialist
Physiotherapist

Comments:

4- GENERAL PAIN
Do you have any pain and/or symptoms caused by
your recent head injury?

Yes

/

No (Go to Section 4)

What is the average intensity of pain in the last week?
I___________________________________________________________I
0 = No Pain
10 = Worst pain
Please Mark on the above scale
experienced

5- LOW BACK PAIN
Have you had any low back pain in the past week?

Yes

/

No (Go to Section 5)

What is the average intensity of pain in the last week?
I___________________________________________________________I
0 = No Pain
10 = Worst pain
Please Mark on the above scale
experienced

QUESTIONNAIRE COMPLETE
Notes:

Location

Reviewed by:
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