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In conducting this research | was often asked why | wanted to speak out about these types of injuries
and why can't | just leave this this topic alone. In response to those many people who questioned my
intentions | offer up a quote that guides my decision making process as a health professional and, as a

human being.

“On some positions, cowardice asks the
question, is it expedient? And then
expedience comes along and asks the
question, is it politic? Vanity asks the
question, is it popular? Conscience asks
the question, is it right? There comes a
time when one must take the position that
is neither safe nor politic nor popular, but
he must do it because conscience tells him

itis right.”

Martin Luther King Jr. 1929-1968
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ABSTRACT

What are the costs and frequency of concussions in sports in New Zealand and how can we identify and
measure them? The overarching aim of the thesis was to examine sports-related concussions in New
Zealand amateur rugby union and rugby league via identification, assessment and impact forces
involved in concussion incidents. Methodological approaches included epidemiological analysis, a
survey, prospective cohort analysis utilising data obtained from the King-Devick (K-D) saccadic test, the
Sports Concussion Assessment Tool 3 edition (SCAT3), and impact analyses utilising instrumented

mouthguards.

Identification of the costs, and epidemiology, of concussions in New Zealand was undertaken by an
epidemiological analysis of the Accident Compensation Corporation database, then via a survey of 213
amateur rugby league players. Of 20,902 claims ($NZD 16,546,026) recorded between 1st July 2001
and 30t June 2011, 1,330 (6.4%) were Moderate to Severe Claims. In reviewing 213 amateur rugby
league player concussion questionnaires, there were an average of 4.0 £ 2.6 concussive injuries per
player in 2010 to 2012.

After-match assessment of players with the K-D test identified 22 concussive incidents over a single
competition season for senior amateur rugby union. Although five concussive incidents were witnessed,
17 were unrecognised at the time of the event, but identified post-game with the K-D, and later confirmed
via medical assessment by a physician. For every 1 point reduction in the post-injury Standard
Assessment of Concussion (SAC) components of the SCAT3, there was a corresponding increase
(worsening) of K-D test times post-match for changes in orientation (2.9 s), immediate memory (1.8 s),

concentration (2.8 s), delayed recall (2.0 s) and SAC total score (1.7 s).

Identification of the magnitude, frequency and distribution of head impacts in real-time occurring during
rugby union matches was evaluated using an instrumented mouthguard. A total of 20,687 impacts >10g
were recorded during matches over the 2013 domestic club competition season. The mean number of

impacts per player was 563 £618 resulting in 95 £133 impacts to the head per player, per match.

While trying to compare the results with other published studies, an issue in the way head impact data
were reported was identified. A retrospective review was conducted to compare published data reporting
impact thresholds obtained from accelerometer systems with data recorded at the 10g impact threshold
obtained from 38 senior rugby players in New Zealand. The comparison was undertaken to identify the

percentage, and number, of impacts that were removed with different reporting thresholds.

This PhD research has contributed knowledge regarding costs of concussions in seven sporting codes;
the percentage of concussions medically managed in a cohort of amateur rugby league players; the
benefit of a sideline remove-from-play screening tool for concussions; and a description of the
magnitude, frequency and duration of impacts to the head in senior amateur rugby union players. This

PhD research also identified the need for a consensus approach to the reporting of impact biomechanics
1
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in future studies. As a result of this research a new cyclical model of concussion management has been

developed.
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PERSONAL VIEW

Standing on the sideline in 1998, little did | know, or realise, how the events of that day would affect my
life and change my direction of what | wanted to be, or where | would end up. Being dragged onto the
field of a game | was watching, and holding a player in my arms from a head injury, started a series of
events that have culminated in me sitting here today. | was unaware the player passed away when he
arrived at the hospital and when | entered the club rooms a short time later | was shunned by those that

knew this and the nickname of “Dr Death” stuck with me for the next 10 years.

This incident resulted in my removal from any patient contact when | was a Nursing Officer in the Army
while | was investigated about my involvement in the player’s death by the national sporting body, the
Military Police, the Police and my club. | was eventually cleared of any medical malpractice by the Police,
Military Police and my club and informally praised for helping the player but was never placed back into
a clinical environment or employed as a Registered Nurse within the military again. To this day | have
never been given an apology by the national sporting body for the accusation about my involvement in

the death of this player.

Following this tragic event | became involved in trying to raise the awareness of head injuries in rugby
league locally and nationally. | became informally involved with the only medical person in the New
Zealand rugby league at the time (he was the vice-president) and we formulated the first unofficial
‘medical panel’ and tried to establish the guidelines for concussion, based on the Cantu guidelines, but
| was often disregarded and left out of teams due to the nickname | had inherited and my stance on

concussion.

Eventually | left the military and moved to the South Island to go back into Forensic Psychiatric Nursing
and to get a fresh start within the game, but the nickname followed me and | had to continually battle
against the accusations and the doubt remained with me about my involvement in the game, where |
was heading in my future and what it would involve. It took two years for me to find out | was not being
blamed for the death of the player through a newspaper article | saw on a clinic wall but the effects of
this death, the subsequent nickname and the removal from teams and clubs left me wanting to know
why this had occurred and started me on my academic pathway in Sports Medicine. In those days it was
hard for a nurse to be seen as anything other than a ‘hand-maiden’ to a medical doctor and to try to do
anything other than nursing courses often required knocking on closed doors or being limited in what |
could undertake. Eventually Associate Professor David Gerrard offered me a placed on the Post

Graduate Diploma in Sports Medicine course and | finally got a foot in the door.

| had also changed my role to an Emergency Nurse and became more involved in the sideline care of
players medically, worked with the New Zealand Rugby League on their trainers’ courses and pushed
for a more formalised sports medic course to be incorporated into the game. Alongside this | eventually

got to work with Daniel Anderson when he was the head coach of the New Zealand Warriors, then
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development manager for the New Zealand Rugby League. Through Daniel, and with the help of Dr
Chris Hanna, we established a more formal arrangement for a medical panel in rugby league.
Unfortunately once this was established | was advised as | was not a medical doctor, nor a sports
physiotherapist, | was not deemed appropriate to be included as a member on this panel. | did however
get a concussion policy implemented through my association with some members of the panel and this
was based on the first Concussion in Sports Group outcomes but the medical panel eventually folded

and the personnel at NZRL changed.

During my first PhD | was approached by a new employee of the NZRL to be an adviser on a resurrected
medical panel for NZRL, but | was not asked to be a member for the same previous reasons. However
| was able to push for, and establish, a more updated concussion in sports guideline, based on the
second Concussion in Sports Group guidelines and through my association with some members of the
medical panel at the time. | remained as an adviser for several years but was never involved in a more
active capacity due to the political environment at the time. | have subsequently made myself unavailable

for the medical panel due to ongoing problems and conflicts that have occurred.

In 2010, just after | had completed my first PhD, | was standing on the sideline of a game working with
a representative team and witnessed an opposition player hit the ground convulsing following a tackle.
My first reaction was one of fear and a feeling of “here we go again”. The players own team management
did not know what had occurred, nor how to manage the situation, so | stepped in for the player’s safety.
Working with a good friend, and team coach, we managed to keep him alive and had him transferred to
the nearest hospital. To this day | still question myself whether | did the right thing by keeping him alive
as | am well aware of the consequences of, and potential outcomes related to, second impact syndrome.
Following the game | went to the hospital where his mother (a clinical neuropsychologist) advised me
this was his fourth head injury this year, the last one a week ago, but he was cleared by a medical doctor
to return to play as “it was just a minor knock”. This was the event where | felt more had to be done and
| eventually approached the university to see if | could undertake another PhD, but this time focusing on

sports-related concussions.

Originally this was more of a medical knowledge focused project but with review of the outline with my
supervisors a more formalised structure of the PhD started to take shape. | did complain about what had
occurred with that player, and the coach, but when | applied for a national team position | was advised
that because | had complained about what had occurred, and not just accepted it, | would not be
positioned with any more representative teams again. To this day | have not worked with a representative
team and despite volunteering, | have been overlooked being advised that it is best for the game that |
not be involved. Although this was a blow to my aspirations to represent my district and my country, |
was determined to conduct the research and started to look at ways in which to conduct this and still be
involved with teams to see if | can start to make some changes. This involved me changing codes to

rugby union, but again the controversy began and people questioned my reasons with comments such
4
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as | was ‘scaremongering’ over a small injury, through to “he’s a league supporter so wants to kill rugby
union” being made to me and to those around me. Despite this | continued on with the research and just
kept moving on whenever it became untenable to remain with the sport. There were many questions |

wanted to research but eventually the research took the shape into the PhD in the thesis.
Epidemiology of concussion in New Zealand

There is no formalised collection of player numbers or the injuries that occur, especially concussions,
within all national sporting bodies in New Zealand. Most reports on player participation rates, and the
number of injuries have used estimated numbers but as many New Zealanders participate in multiple
sporting activities the establishment of the numbers required would necessitate the use of inconsistent,
and incomplete player data. As a result trying to establish the concussion injury incidence rate was not

undertaken.

At the start of the thesis, there were no recent epidemiological studies reporting on sports-related
concussion with only estimates being provided that 1.6 to 3.8 million sports-related concussions occur
annually in the USA. Recently there has been a New Zealand based study of sports-related brain injury
in the general population and that 98% of the sporting injuries were classified as mild traumatic brain
injuries, however the costs of these injuries were not reported. In reporting these injuries it was identified
that children were more commonly medically assessed than adults but 19% of the injuries identified
were not reported in medical notes by health professionals as they focused on other injuries instead.
This highlights that even at the health professional level these injuries, in my opinion, are not given the

respect they deserve.

With the assistance of Joseph Harawira, access was obtained to New Zealand’s national taxpayer
funded no-fault injury compensation system administered by the Accident Compensation Corporation
(ACC). Data pertaining to the sporting code, age, ethnicity, gender and year of competition and injury

entitlement claims was downloaded and analysed. This analysis was utilised to formulate Chapter 3.

Sport-related concussions in New Zealand: A review of 10 years of Accident Compensation

Corporation moderate to severe claims and costs.

In reviewing ten years of injury entitlement claims for sports-related concussions in New Zealand in
Chapter 3 a snapshot was produced for 1,330 being recorded as moderate to serious. Of concern was
that this accounted for 6% of the total claims but accounted for nearly 80% of the total costs. This study
provided for the first time a longitudinal view of the costs associated with sports-related concussions in
seven sports in New Zealand. This study also highlighted that although the majority of sport-related
concussions may be minor in severity, the related economic costs associated with more serious sport-
related concussions can be high. The finding that rugby union recorded the most moderate to severe
claims in the current study was not unexpected as this is our national game. Of concern was that rugby

league recorded a low number of moderate to severe claims but had the highest mean cost per claim
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and that New Zealand Maori had the highest total and mean cost per sports related concussion moderate

to severe claim.

Having been the team medic for different representative teams, | had collected, as part of the team
management role, medical questionnaires on players to enable and identification of potential medical
related issues before the players undertook representative activities. The questionnaires were reviewed
for the concussion history of players for the previous two years, prior history of concussion and the Post-
Concussion Symptom Scale that was used for the establishment of baseline data for players competing

in various rugby league competitions. This analysis was utilised to formulate Chapter 4.

Concussion in amateur rugby league players in New Zealand: A review of player concussion

history

In reviewing concussion history questionnaires from representative amateur rugby league players it was
identified that there as an average of four concussions per player over two years. Of concern was that
only 8% of these players were medically assessed, 5% completed a three week graduated return to play
process and no under 15 yr. old player reported having seen any medical personnel for the concussions
they reported. This study provided for the first time the number of players in a small cohort who did not
report their concussions, the lack of knowledge of the risks and potential consequences of concussion

of players in New Zealand.
Identification and assessment of concussion

Concussion is difficult to diagnose and is a challenging injury for the healthcare provider. The publication
of the many guidelines, assessment tools and, more recently, the SCAT3 and ChildSCAT3 can cause
some confusion for the healthcare provider. This is more so for the non-medical person as most of these
assessment tools are reported to be for medical practitioners use only so often the assessment of the
concussion is left to the experience, knowledge and awareness of both the person assessing the
participant and the honesty of the sports participant. No simple effective tool has been identified, made
publicly available, nor supported by any national sporting organisation worldwide. The identification of a
simple to use assessment tool is seen as an essential step in assisting the many parents, partners and
team management personnel who are not medically trained in enabling them to identify sports

participants who may have a concussion and removing them from further participation.

One such tool that was identified was the King-Devick rapid number reading test. Having read an article
| came upon when sitting on the computer one night, | found the associated website and rang the number
listed and spoke with Steve Devick. Talking with Steve | identified | wanted to try the test out and he
mailed a few through to me to play with. This all occurred at the end of the domestic season, and just
as we were preparing for the representative season, so these players became my test subjects. Of no
relationship to me (I am often asked if | am the King in the King-Devick) this test surprised me in what

was identified when using it.
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This occurred when we were trying the test out after a game as we were waiting in the airport, and to
occupy some time, we tested all the players in an under 15 yr. old representative team. The team
manager approached me and told me that three players had slower times when compared with their
baseline scores. | discussed the findings with the other team management and no-one saw any
indications these players were injured, let alone concussed. | got the three players to repeat the test
again and then gave them the PCS component of the SCAT2 to complete and they were indicating that
they had possible concussions. These players were subsequently referred for further evaluation by their

own healthcare provider and all three were medically assessed as having a concussive injury.

Having seen what the tool could identify | approached both the New Zealand Rugby Union, and the New
Zealand Rugby League, with the King-Devick but was shown the door nicely at both places as they had
their own assessment procedures and did not want to look at utilising the King-Devick within any teams
they managed. Despite this knockback | decided that | would continue to use this as an assessment tool
for teams | was the medic for. | have recently learnt that the K-D tool is now being utilised at the
professional level of participation for rugby union but only for witnessed concussions. International media
coverage has also reported that the tool is now part of the assessment process for the Canadian Football
league and the National Football League in America. Conversations with Steve have identified that as a
direct result from my, and two other researchers recent published result, these organisations have
started to utilise the K-D as their first line assessment process. The initial findings | saw helped develop

the process, and formulated the groundwork, for Chapters 5 and 6.
Concussions in amateur rugby union identified with the use of a rapid visual screening tool.

Working with a well-established rugby club was an interesting place to be. Trying to raise concussion
awareness within this environment was another interesting concept but the club president and premier
team coach supported me in conducting some research with the King-Devick. Getting the players to buy
into the concept was another interesting challenge in itself but by conducting a prospective observational
study of amateur senior domestic rugby union players, the King-Devick test and the SCAT2 were utilised
to establish baseline scores for every player before they participated in any competition match. A player
self-recall concussion history was also collected as part of the baseline assessment process. These
players were then tested after every match with the King-Devick test irrespective of whether they were
suspected, or witnessed to have had a concussive injury from match participation. Although five
concussions were identified on-field, a further 17 players were identified to have concussive events
through the use of the King-Devick. All these players were medically assessed by their own healthcare

provider and all players identified were confirmed to have had a concussion.

The King-Devick test was useful in management of concussion in amateur rugby union and

rugby league in New Zealand.
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In reviewing the literature it was identified that the King-Devick had only ever been reported for an event,
team, or a club over one competition period. No study reporting on the King-Devick had been undertaken
over a longitudinal period. Having completed two years with a rugby union | left the club following the
consequences of the study reported in Chapter 7 and worked with a rugby league team at the same
level of participation. By combining the data from Chapter 5 with subsequent prospective observational
studies, this study was completed over a three year period. Interestingly in the two years of conducting
this research with the rugby union side the same number of concussive injuries were recorded but there
was a difference in the way in which they were identified. In the second year of the study only two
concussions were witnessed and 20 were identified post-match with the King-Devick. The only
difference between the first and second years were that the players incorporated more neck
strengthening exercises pre-season and as part of the pre-game warm up process. This observation
has made me question if neck strengthening really does decrease the risk of concussion or does it
simply make the sport look safer by hiding the visible effects of concussive injuries. A surprising finding
in this study was the correlation between changes in the Standardised Assessment of Concussion
component of the SCAT and the increase or worsening of the King-Devick post-match scores. These
changes highlighted the changes that occur with a concussive injury and how using a saccadic reading
tool can detect these changes in the areas of attention, spatial and temporal orientation and working

memory and how this tool can identify changes in players with no clinically-observed symptoms.
Impact forces involved

The definition of concussion identifies that a concussion occurs with “any disturbance in brain function
caused by a direct or indirect force to the head” and a way to see what these are is to measure that
force. With the advances in medical and scientific technology the availability of equipment such as the
Head Impact Telemetry System in American football to measure these forces have become more readily
available. Although the original concept was to be able to directly identify those players with a high force
so they can be medically assessed, the research undertaken in this section produced results that have

left me wondering if there is more to this than just medically monitoring players with impact monitors.

By having the technology available for the measuring of the players in non-helmeted sports such as
rugby union with an instrumented mouthguard enabled a new world of information to open up in terms
of concussion research. Undertaking this research on a team participating in the national sport of New
Zealand was going to be controversial to say the least but the results, and the subsequent reactions to
these results have left me somewhat shocked and dismayed. The use of an instrumented mouthguard
in an amateur domestic rugby union team had never been done before and this created some media
coverage and had people starting to ask a lot of questions about what was occurring and how this will
shape the future of this, and other, contact sports. The XGuard was utilised for the collection of linear

and rotational accelerations and the resultant analysis was utilised for Chapters 7 and 8.
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Instrumented mouthguard acceleration analyses for head impacts in amateur rugby union

players over a season of matches

l'initially asked the question of a medical official of a sporting code “how many impacts are there in a
game?” | was told, repeatedly, that there are “not many impacts to the head and it's a safe game to
play”. So | wanted to find out more about what was occurring. Through the identification of the
instrumented mouthguard from the United States of America the research was undertaken. Having pre-
fitted the mouthguards for the senior amateur domestic rugby union team, the season involved
monitoring the players for 19 competition games. | had the support of the team, the management and
the club and was constantly in contact with them over the findings each week. This same cohort were
also involved in the first two years of the studies resulting in Chapters 5 and 6. The number of impacts
per player position was higher than that reported in previous studies for American football at a similar
level of age participation yet the average forces involved were similar to the American football results.
So my question was answered with the results that there are a large number of impacts to the head in
rugby union, and therefore the question remains, is the game really that much safer than American

football?

Having seen these results | was left to wonder what had | done in my sporting career. | have played
rugby league and rugby union for a better part of 40 yrs. and have vivid memories of the effects of the
concussions | have had throughout these playing years. My memory of my daughter at age four sitting
on me on the sideline grabbing me and telling me “No daddy” as | tried to get back in the game from
being knocked out in the second half of a match, and | had no memory of the game starting, remains
with me today. What's even worse was | was left to drive myself and both my kids home on a journey of
over 100 kms. Looking back I'm horrified that | actually did this, but worse still, | was allowed to do this
by my team mates and the team management. Had | known then, what | know now, then maybe | would
have stopped the “harden up” attitude | played with, and encouraged other players to undertake, when

we took a bell ringer, shook out the cobwebs from our heads and carried on playing.

The influence of threshold limitations in the reporting of impact data for concussion risk:

Consensus needed.

In conducting the research in Chapter 7, | identified that there were a lot of inconsistencies in the
published research reporting on head impact telemetry. These inconsistencies caused me to have to
limit what, and how, the data were reported when | tried to do comparisons with the other published
studies. In sports such as rugby union, soccer and cricket there are consensus statements identifying
what, and how, the injury data should be reported on. Previously | had a paper published where we
suggested guidelines for the reporting of rugby league injuries, although this was not by consensus, but
at least there was a standardised format which enabled inter-study comparisons to be undertaken. This

was not the case for the reporting on head impact telemetry.
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The future ahead for this technology appears to be growing and within the research | have established
links with other researchers worldwide. With some studies reporting average and standard deviations
for the forces recorded and some reporting the median, with interquartile ranges, the comparisons were
somewhat limited and, in some cases, difficult to complete. Add in different linear thresholds and the
comparisons become more complex which, if the data in Chapter 7 was to be compared with all these
studies, the tables would have been very complex. By completing this chapter it is hoped that a start
point for a consensus is established in terms of reporting standards, whereby future studies reporting on

head impact telemetry is standardised enabling cross sport inter-study comparisons can be undertaken.
Summary

Although the thesis has been conducted to the best of my abilities there were several limitations
identified and reported. These limitations can be attributed to the limited support available for a
researcher undertaking a controversial topic such as head injuries in the sporting environment. Although
some people are very supportive of this type of research being undertaken, there are those that will
endeavour to limit its effects and will try to stop such activities being undertaken. An example of some

of these experiences are in the quotes | incorporated within the thesis.

| have been asked if all that | have been through has been worth conducting this research. When | reflect
back on how | can help one person at a time then | can only answer that yes it had. The events | have
had before undertaking this research steadied my resolve to conduct the research. The events | have
encountered when the research results were made public have been a real learning curve and | feel |
am better prepared for what lies ahead. | now wear with pride the fact that | have three life bans from
clubs for my stance on concussion and despite the abuse | will not back off my stance on how | manage

concussion.

A benefit of this research was the establishment of a policy, now being incorporated into three district
health boards’ emergency departments, looking at the management of concussion. The development of
this policy has seen new information provided to patients who present with a concussion in the form of
return to work, school and sport guidelines, the promotion of cognitive rest and the standardised use of
a concussion assessment tool, the SCAT3 and ChildSCATS3. This is a first for New Zealand and is slowly

being adopted further afield.

In summary this thesis has addressed the question of what is the epidemiology and associated costs of
rugby code-related concussions in New Zealand, is there a sideline tool that can assist with the
identification of concussion and what are the impact forces from match participation in amateur rugby
union by describing the prevalence, costs associated, identification of unwitnessed concussions and the
forces involved. In preparing for my PhD oral examination it helped me reflect back on why | undertook

this research and why | am still wanting to persevere with future studies looking at impact forces and
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concussion identification. The feedback from the reviewers of the manuscripts that have been published

have helped to further enhance the quality of the thesis.
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“Stop looking for injuries that are not

there — Players just have to harden

up

)

Amateur Representative Coach

12
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CHAPTER 1: INTRODUCTION AND RATIONALISATION

(PREFACE)
Background

The most commonly cited framework in sports injury prevention is the sequence of injury prevention
framework.®2 This framework (see Fig 1) outlined a four stage approach towards sports injury prevention
representing a translation of the standard health prevention model to the sports injury context.'68 When
this framework was first published, the aspects of the first (extent and severity of injury) and second
(aetiology) stages of the four stage framework were the primary focus in the development towards injury

prevention programs.

1. Establish
extent of injury:
(i) incidence
and (ii)severity

2. Establish
etiology and |
mechanisms of |
injuries

4. Assess
effectiveness
by repeating
step 1

3. Introduce
preventative |
measure /

Figure 1:  The four steps in the sequence of prevention of sports injuries.6%2

More recently there has been an increase in epidemiological studies contributing information to the first
two steps of the sequence of prevention of the sports injury model: (1) Establishing the extent of the
injury problem (injury incidence), and (2) Establishing the aetiology and mechanisms of injury
(mechanisms involed and factors provoking the injury).”® To understand the importance of the problem
it is necessary to know the injury profile for the sporting activity, such as the injury frequency (i.e. the
number of injuries per 1,000 hours of training or match activities), location of the injury site (i.e.
anatomical body site), the severity of the injury (i.e. transient, mild, moderate or severe depending on
injury definition) and the typology of the injuries that occur.'2 173 Although widely published, the
sequence of prevention of sports injuries model has been clearly demonstrated®. 166 373, 560 o be of
limited use for sports, as well as causation of sports injuries with more recent models being

developed.445. 446

Building on the sequence of prevention of sports injuries, a multifactorial linear model was identified for
the investigation of sports injuries.*® This model proposed an indefinite number of intrinsic risk factors
(see Table 1) that may predispose an individual to injury. As a result of this predisposition, extrinsic

factors (exposure to factors of risk) (see Table 1) could exert an influence on this predisposition resulting
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in an injury occurring. Given this predisposition, the injury that occurs is a result of a further “initiating
event”. In terms of a sports-related concussion this would require a collision where the force is
transferred to the head. The initiating event may be observed and the resulting injury witnessed, but little
attention may be given to the factors that are more distant from the event, e.g. the susceptibility of the

indivual to the injury.2

Table 1: Published intrinsic and extrinsic risk factors for sports injury

Intrinsic Risk Factors Extrinsic Risk Factors
Physical characteristics Exposure3®
Age?3s4 612 Type of sports®+
Sex384,612 Playing time3#é
Somatotype3* Position in the team?38
Body sizeb'2 Level of competition3
previous injury3+ 612 Warm-up612
Physical fitness38 Personal equipments?2
Joint mobility384. 612 Training?®*
Muscle tightness3+ 612 Coaching®'?
Ligamentous laxity3% Refereeing®'2
Malalignment of lower
extremities®+ 612 Control of game®2
Dynamic strength612 Opponents
Static strength6!2 Foul play®'?
Skill level62 Opponent’s physique®'
Psychological characteristics® Environment384
Type and condition of playing
Psychosocial characteristics38* surface34. 612
Skill level6'2 Weather conditions3+ 612
Willingness to take risks®12 Time of days384
Interaction with other players612 Time of season3
Experience of sport6!2 Equipment
Protective equipment3
Footwear3s4
Orthotics®2

Taking the multifactorial linear model further, a cyclical operational model for the investigation of contact
sports events was identified.22® This model??® expanded the traditional approach of epidemiological
investigation of sports injuries and took into consideration the multifactorial nature of sports injuries that
may predispose the contact sports participant. Consisting of five linked stages, the model?® allowed for
the development of appropriate strategies for the prevention of injury at the primary, secondary and
tertiary levels of care and to further develop descriptive and analytical epidemiological approaches to

sports injury research.

Building on the cyclical operational model for the investigation of contact sports events,?? the
multifactorial model of athletic injury etiology*4> was revised and a dynamic, recursive model of etiology
in sport injury was produced*s (see Fig 2). This model allowed for the recursive nature of exposure and

how these can alter the risk factors changing the individuals predisposition to injury. As a result, the
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individual may be exposed to the same, or a varying set of extrinsic risk factors and have a different

susceptibility as a result of this exposure.

/ Repaat Participaton Adaptaion?
Exposure to ,/ \\.
( Extrinsic Risk Factors I No \
{e.g. Equpment, Environment, 2c.) .
eg) Age \ \ Injury /
Intrinsic |\ renuscucr 4/ \ ;/ - S—
Risk Comrd  —___| Predisposed | ! | Susceptible |
f —|
Factors \ Athlete / \ Athlete |
Previous " \\_;‘ _ﬂ_/ \_“ - / \
Injury \".
/ \
Injury :—o Recovery
\ Strength \ /
No |Racovery

I Removad from Participation |

Risk Facors for injury Mechanism of injury
(Distant from Outcome) l (Proximal 10 Outcome)

Figure 2: Dynamic, recursive model of etiology in sport injury#46 (reused with permission: Clin J Sports Med:
3566850397412).

The cyclical operational model for the investigation of contact sports events?® and recursive model of
etiology in sport injury*6 contain a loop-back system. However, what is not identified in these models,
in terms of sports-related concussions, are those injuries that may go un-reported or un-witnessed.
Sports participants who do become injured and, for many reasons, do not report these injuries,20. 380,409,
522,620 may be unaware of the injury occurring,%: 353.402 or may not know what these injuries present
like,148. 298, 331, 477, 576, 577, 601 gnd therefore can be re-exposed to injury. In these cases the participants
may suffer a more serious injury that may not be evident for many years such as depression,® mild
cognitive impairment,2*® prolonged recovery from subsequent concussions, % 251 electrophysiological
changes'? and chronic traumatic encephalopathy (CTE)*® but to date there have been no direct causal

relationships identified to support these relationships.#?

The under- and/or non-reporting of concussion makes identifying the true incidence of these injuries
difficult. In addition the diagnosis and management of concussion is a challenge. The longitudinal effects
of concussive, and sub-concussive, impacts to the head are now being reported, 105 123, 248251, 435 pyt
there is still no direct causal link between these concussive events*?” and the long term effects. There
is a building body of evidence?09. 435. 437, 572, 573 that concussions may well have a serious effect on the

individual, their family, the sport and society in general.

15



0815134

As shown in the dynamic, recursive model of etiology of sports injury (see Fig 2), it is identified that if
the player is injured they either undergo recovery towards adaption or they do not recover and are
removed from participation. But in the case of sport-related concussion these injuries may not be
identified or reported and the participants are re-exposed to the extrinsic factors. Although this model
did establish the groundwork for the undertaking of this thesis, what is missing within the dynamic,
recursive model of etiology of sports injury is where to position a capture point for these types of injuries,
and how this would occur. In addition to identifying this capture point, and focusing on non-reported and
non-witnessed sports-related concussive injuries, it was identified that there are other areas that there
is a paucity of information: (1) Epidemiology of sports-related concussion in New Zealand; (2) Use of
sideline assessment for the rapid identification and removal of a concussed player; and (3) Impacts that

occur from participation in amateur rugby union and rugby league.

These gaps in the knowledge lead to the formulation of the thesis question: “What are the costs and

frequency of concussions in sports in New Zealand and how can we identify and measure them?”
The thematic sections to address the thesis question include:

Section 1: Review published literature for concussion;

Section 2: Describe the epidemiology of concussion injuries in New Zealand;

Section 3: Examine the assessment of concussions; and

Section 4: Examine impacts that occur as a result of participation in amateur rugby union.

Structure

The thesis is structured as a series of related chapters (see Fig 3) that culminate in an overall discussion
(Chapter 9). Most of these chapters have been submitted for publication in journals which has allowed
the author to gain international peer reviewed feedback on the content. As a result of this international
feedback the relevant chapters have been improved. Two technical report’s (see Appendix 1 & 2) have
also been provided to New Zealand Rugby League (Appendix 1 & 2) and the National Rugby League
(see Appendix 2) providing them with feedback useful for their injury prevention programmes, and to

gain feedback to aid in development of projects for later chapters.
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league:

Sports-related concussions in New Zealand amateur rugby union and

Chapter 1: Preface / Introduction

|

Review of literature for sports related concussions

v

New Zealand

épidemiology of concussionh

v

of concussion

ﬁdentification and assessmeh

\ 4

/ Head impact biomechanics in \

amateur rugby union

Chapter 3: Sport-related concussions in New
Zealand: A review of 10 years of Accident
Compensation Corporation moderate to severe claims
and costs.

.

Published in Journal of Science and Medlicine in Soort >

\

Chapter 5: Concussions in amateur rugby union
identified with the use of a rapid visual screening
tool.

Published in Journal of Neurological Sciences

J

f Chapter 7: Instrumented mouthguard acceleration analyses
for head impacts in amateur rugby union players over a
season of matches
Published in American Journal of Sports Medicine

Chapter 4: Concussion in amateur rugby league
players in New Zealand: A review of player
concussion history.

Published in New Zealand Journal of Sports Medicine

Chapter 6: The King-Devick test was useful in
management of concussion in amateur rugby union
and rugby league in New Zealand.

4 N
Chapter 8: The influence of threshold on the reporting of
data in contact and collision sports: Consensus needed.

Submitted to Sports Medicine

.

~

kPublished in Journal of Neuroloaical Sciencesj

Appendix I: (TR1) Concussions in amateur rugby league: Player self-reported
history and the incidence of match related concussions 2008-2012. Technical
report for the New Zealand Rugby League (C4)

\

Appendix II: (TR2) Sports-related concussion in rugby league: The magnitude
of the problem and evidence for impact assessment. A report for the National
Rugby League and New Zealand Rugby League.

Figure 3:

C = Chapter the appendix relates to; TR = Technical Report

Overview of doctoral thesis chapter flow.
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The first thematic section of the thesis (Chapter 2) is focused on reviews of literature for sports-related
concussion. Chapter 2 (published in Sports Medicine, 2014) comprises a review of the literature on
concussions by updating the descriptive data on the history, pathophysiology, recognition, assessment,
management and knowledge of concussion. This chapter also discusses the issues surrounding the
under-reporting of concussions, the confusion and lack of awareness of the many published guidelines
available for assessment, management and return-to-play process for concussion. The publication

resulting from Chapter 2 was:

King, D.A., Brughelli, M., Hume, P.A. & Gissane, C. Assessment, management and knowledge of sport-
related concussion: Systematic Review. Sports Medicine 2014; 44(4): 449-471.

The second thematic section of the thesis (Chapters 3 and 4) examined epidemiology of concussion in
New Zealand. Chapter 3 (published in Journal of Science and Medicine in Sport, 2014) reports the total
and mean costs of Accident Compensation Corporation (ACC) moderate-to-serious injury entitiement
claims (MSC) for sports-related concussion over a 10 year period for the seven most frequently reported
sports activities. Chapter 4 (published in New Zealand Journal of Sports Medicine, 2014) reports a
review of club and representative amateur rugby league player concussion history over a two year

period. Publications resulting from Chapters 3 and 4 were:

King, D.A., Gissane, C., Brughelli, M., Hume, P.A. & Harawira, J. Sport-related concussions in New
Zealand: A review of 10 years of Accident Compensation Corporation moderate to severe
claims and costs. Journal of Science and Medicine in Sport 2014, 17(3); 250-255.

King, D.A., Gissane, C. & Clark, T. Concussion in amateur rugby league players in New Zealand: A
review of player concussion history New Zealand Journal of Sports Medicine 2014, 40(2): 64-
69.

The third thematic section of the thesis (Chapters 5 and 6) examined the identification and assessment
of concussion. Chapter 5 (published in Journal of Neurological Sciences, 2013) reports the use of the
King-Devick test in association with the Mayo Clinic and Sports Concussion Assessment Tool 2 in
amateur senior rugby union players for the identification and assessment of sports-related concussion.
Chapter 6 (published in the Journal of Neurological Sciences, 2015) reports the use of the King Devick
test in association with the Mayo Clinic in the identification and assessment of concussion in amateur

rugby union and rugby league players over three years. Publications resulting from Chapters 5 to 6 were:

King, D.A., Brughelli, M., Hume, P.A., & Gissane C. Concussions in amateur rugby union identified with
the use of a rapid visual screening tool. Journal of Neurological Sciences 2013; 236(1-2): 59-
63.
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King, D.A., Gissane, C., Hume, P.A., & Flaws, M. The King-Devick test was useful in management of
concussion in amateur rugby union and rugby league in New Zealand. Journal of Neurological
Sciences, 2015. doi: 10.1016/j.jns.2015.02.035.

The fourth thematic section of the thesis (Chapters 7 and 8) examined impact forces involved. Chapter
7 (published in American Journal of Sports Medicine, 2015) reports the frequency, magnitude and
distribution of impacts to the head in senior amateur rugby union players measured with an instrumented
mouthguard. Chapter 8 (submitted to Sports Medicine) reports the differing methods utilised in reporting
head impact biomechanics in sports-related concussions and how they limit inter-study comparisons.

The publication resulting from Chapter 7 was:

King, D.A., Hume, P.A., Brughelli, M. and Gissane, C. Instrumented mouthguard acceleration analyses
for head impacts in amateur rugby union players over a season of matches. American Journal
of Sports Medicine, 2015 43(3); 614-624.

The manuscript submitted for publication resulting from Chapter 8 was:

King, D.A., Hume, P.A., Gissane, C., Brughelli, M. & Clark, T. The influence of threshold limitations in
the reporting of impact data for concussion risk: Consensus needed. Sports Medicine
(submitted).

Chapter 9 consists of a general discussion of findings from the presented research projects, comments
on limitations of the research studies, provides suggestions for future research, and provides concluding
statements on the key findings from the thesis. The new model for cyclic management of concussion,

developed as a results of the thesis work, is presented.

The appendices contain material for the chapters that were presented as technical reports to New
Zealand Rugby League (Appendices | & Il) and the National Rugby League (Appendix Il) or as
supplemental data (Appendices VII, VIII & IX). A sample participant consent form and information pack
are provided in Appendices Ill and IV. Appendix V contains notifications from the Auckland University of

Technology Ethics Committee (AUTEC) regarding ethical approval where required.

The research key points and the links between each chapters in the four thematic sections of the

research are outlined in Table 2.
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Table 2: Research key points from each chapter and the links between each chapter and the four
thematic sections of the research conducted.

SPORTS-RELATED CONCUSSIONS IN NEW ZEALAND AMATEUR RUGBY UNION
AND LEAGUE: IDENTIFICATION, ASSESSMENT AND IMPACT FORCES INVOLVED

Outcome: The thesis identified the epidemiology and costs associated with sport-related
concussion in New Zealand. The use of a saccadic sideline reading tool was able to
identify both witnessed and un-witnessed concussions in junior and senior contact sports
players. Instrumented mouthguards were used to quantify the frequency, magnitude and
distribution of head impact biomechanics in amateur senior contact sports participants.
Suggested standards are provided for reporting head impacts in sports for future studies.
A new model for cyclic management of concussion was developed.

Chapter
No.

Chapter Title

Chapter Content - Question/Rationale/Findings

Introduction.

MAIN QUESTIONS OF THE THESIS:

1.

RATIONALE FOR THE QUESTIONS:

The key outcomes of the thesis were to:

(a)

(b)

What are the associated costs of sports related concussion
in New Zealand through amateur sports participation?

What sideline tools are available for use by non-medical
personnel for the assessment of sport-related concussion?

What impacts to the head occur from participation in
amateur rugby league and union at junior and senior levels
of participation?

Provide an overview of the costs of sport-related
concussion in New Zealand;

Identify a sideline assessment tool that can be used as part
of the continuum of care for the assessment and
management of sports related concussion; and

Identify the impacts to the head associated with rugby
league and union.
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Chapter
No.

Chapter Title

Chapter Content - Question/Rationale/Findings

Review of Literature.
Assessment,
management and
knowledge of sports-
related concussion: A
systematic review

QUESTION:

What does the literature say about the assessment,
management and knowledge of sports-related concussion?

APPROACH:

Systematic literature review.
FINDINGS:

e  Under-reporting of concussion makes identifying
the true incidence difficult and makes diagnosis and
management a challenge;

e Pathophysiological effects of concussion can be
seen several weeks post-injury;

e Due to the increased metabolic dysfunction of the
brain as a result of concussion, the brain has an
increased vulnerability to other consequences;

e Numerous definitions, methodologies and reporting
modalities have been utilized in the reporting of
concussion;

e A definiion and assessment tool has been
produced by the Concussion In Sports Group but is
not universally utilized or accepted;

e Recent tools such as the Sports Concussion
Assessment Tool 3 edition (SCAT3) and
ChildSCAT3 have been produced;

e New tools such as the King-Devick in association
with the Mayo Clinic test have been used
successfully to identify concussion; and

e  The use of head impact accelerometry for recording
the magnitude, duration and frequency of impacts
to the head has been shown to be an effective
measurement tool.

NOVEL CONTRIBUTION:

Statements regarding the current knowledge of the
pathophysiology, —assessment, management and
education of sport-related concussion.

Link between Having identified gaps in the literature regarding the magnitude of the
problem, assessment, management and knowledge of sports-related
Chapters 1 & 2: concussion, the first step was to quantify the magnitude of sport-related

concussion in New Zealand.
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Section 2: Epidemiology of concussion in New Zealand

Chapter
No.

Chapter Title

Chapter Content - Question/Rationale/Findings

Sports related
concussions in New
Zealand: A review of
10 years of Accident
Compensation
Corporation
moderate to severe

claims and costs

QUESTION:

What is the epidemiological overview of sport-related concussion
and associated costs over 10 years in New Zealand?

RATIONALE FOR THE QUESTION:

To provide information on the magnitude of the concussion
problem in sport in New Zealand.

APPROACH:

Detailed descriptive epidemiological data analysis was provided
including costs associated with treatment for sport-related
concussion in seven sports with comparisons by gender, ethnicity
and age.

FINDINGS:

e QOver2001-11 there were 20,902 sport-related concussion claims
from seven sports codes costing $16,546,026.

e Rugby union ($6,252,870) and rugby league ($4,572,625)
recorded the highest total costs over 2001-11.

e Males participating in rugby league recorded the highest mean
costs per MSC claim ($26,182).

e Females participating in netball recorded the highest total
($833,530) and mean costs per female MSC claim ($12,080).

e New Zealand Maori recorded the highest mean costs per MSC
claim for rugby league ($43,604) and rugby union ($14,186).

NOVEL CONTRIBUTION:

Identification of the costs of sport-related concussions in New
Zealand for seven sports codes. Previous studies had reported an
estimated cost in total but had not established the costs per sport,
per person and by gender.

Link between
Chapters 3 & 4:

Having identified the costs of sports-related concussion it was important to
identify the player perspective of what occurs with the identification,
assessment and management of sports-related concussion.
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Chﬁgter Chapter Title Chapter Content - Question/Rationale/Findings
4 Concussion in | QUESTION:
amateur rughy To review self-reported concussive history of amateur rugby

league players in
new Zealand: A
review of player

concussion history

league players to identify concussions within a two year period,
concussive events prior to this time frame and medical review and
clearances for return-to-play.

RATIONALE FOR THE QUESTION:

Players with a concussive injury returning to their sport are at a
greater risk of complications. These complications are related to
subsequent concussive events and may result in prolonged
concussive symptoms and cumulative cognitive deterioration.
Often the identification of a sport-related concussion is left to the
team coach as there are seldom any medical personnel available
at the games and training sessions. As a result concussive signs
may be missed, especially if the player does not know they have
had a concussion or they do not want to report they have suffered
a concussion.

APPROACH:

Survey of players.

FINDINGS:

There was an average of 4.0 £2.6 concussive injuries per
participant in the previous two years.

A total of 7.5% of all participants reported seeing a medical
doctor for their reported concussion.

Only 5.2% completed the required three week return-to-play
process.

Few players (2.8%) reported seeing a medical doctor for a
clearance for return-to-play.

Despite 39.0% of players reporting they did not have a
concussion in the previous two years they did report they had
loss of consciousness and “bell ringer” / “dings” from match
participation.

NOVEL CONTRIBUTION:

Identified the number of players who did not report their
concussions, the lack of knowledge of the risks and potential
consequences of concussion in players in New Zealand for the
first time.

Having established the costs associated with sport-related concussion, and
the number of unreported concussions, it was beneficial to identify a tool that
would to be able to assist with the identification of concussive injuries for
players at all levels.

Link between Section
1and 2:
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Section 3: Identification and assessment of concussion

Chﬁpter Chapter Title Chapter Content - Question/Rationale/Findings
o.
5 Concussions in | QUESTION:
amateur rugby To utilise the King-Devick test (K-D) with the SCAT2 in amateur

union identified with
the use of a rapid
visual  screening
tool

rugby union players over a domestic competition season to
determine if it could identify witnessed and incidentally identified
episodes of concussion that occurred from match participation.

RATIONALE FOR THE QUESTION:

Originally developed as a reading tool to assess the relationship
between poor oculomotor functions and learning disabilities, the
K-D uses a series of charts of numbers that progressively
become more difficult to read in a flowing manner. Poor
oculomotor function has been reported as one of the most robust
discriminators for the identification of a mild-traumatic brain
injury.
APPROACH:
Prospective field based data collection over one season for one
rugby union team.

FINDINGS:

e There were 22 concussive incidents recorded over the duration
of the competition. Five were witnessed, 17 were unwitnessed
(later confirmed by medical diagnosis) yet were identified post-
game with the K-D. This resulted in a 1:3 ratio of witnessed to
unwitnessed concussion being recorded.

e Unwitnessed concussions identified with the K-D recorded on
average fewer symptoms, lower symptom severity, better
balance examination and betterimmediate and delayed memory
scores than witnessed concussions.

e Witnessed concussions recorded, on average, a significantly
longer K-D on the day of injury than unrecognised concussions
when compared with their baseline K-D.

e Most, but not all, players with an unrecognised concussive injury
had their K-D equal to their baseline K-D by day 14 of the
required stand-down period.

NOVEL CONTRIBUTION:

The first published study on sideline assessment of concussion
in amateur rugby union. Identification of the 1:3 ratio of
witnessed to un-witnessed concussions that occurred in match
play for amateur senior rugby union.

Link between
Chapters 5 & 6:

Having identified that the K-D test can assess senior amateur rugby union
players, it was necessary to identify whether the K-D sideline concussion tool

would be useful for other contact sporting activities.

24




0815134

Chapter
No.

Chapter Title

Chapter Content - Question/Rationale/Findings

The

test was useful in

King-Devick

management of
concussion in
amateur rugby
union and rugby
league in  New

Zealand

QUESTION:

To examine the worth of the K-D test as part of a sideline
assessment process of players participating in contact sport
over a three year period.

RATIONALE FOR THE QUESTION:

It has been reported that a larger scale research over a longer
period of time may provide increased validity of the K-D test as
part of a continuum of concussion assessment tools.395.603 The
inclusion of a visual dimension tool such as the K-D test may
assist in increasing the capacity for the identification of
concussed players.

APPROACH:

Prospective field based data collection using the K-D over
several seasons for senior amateur rugby union and rugby
league teams.

FINDINGS:

e A total of 52 (8 witnessed; 44 unwitnessed) concussive
events were identified over the duration of the study.

e There was a six-fold difference between witnessed and
unwitnessed concussions recorded.

e For every 1 point reduction in each of the post-injury SAC
components there was a corresponding increase
(worsening) of K-D test times post-match for changes in
orientation (2.9 s), immediate memory (1.8 s) concentration
(2.8 s), delayed recall (2.0 s) and SAC total score (1.7 s).

e The ICC between the first and second baseline tests were
0.89 (2012), 0.89 (2013), 0.94 (2014) and 0.92 (combined).

e Over the duration of the study the K-D test had sensitivity of
0.92 (95% CI 0.79 to 0.98); specificity of 1.00 (0.94 to 1.00),
and kappa of 0.98 (95% CI: 0.94 to 1.00).

NOVEL CONTRIBUTION:

This is the first longitudinal study on the use of the K-D. Using
the K-D test, as part of a continuum for the assessment and
monitoring of players with a concussion, can assist healthcare
providers to evaluate adequate cognitive rest and inform
clinical decisions regarding return-to-play and return-to-
academic activities.

Link between

Having identified the worth of the K-D test as part of sideline assessment,

and the incidence of sport-related concussion in junior rugby league and

Section 3 & 4

amateur senior rugby league and rugby union, it was important to identify

what impacts to the head actually occurred during match participation in
amateur rugby union and rugby league.
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Section 4: Examine impacts that occur as a result of participation in amateur rugby union and

rugby league

Chapter

acceleration
analyses for head
impacts in amateur
rugby union players
over a season of
matches

No Chapter Title Chapter Content - Question/Rationale/Findings
7 Instrumented QUESTION:
mouthguard

What is the frequency, magnitude, distribution of head impacts in
senior amateur rugby union players from match participation over
a season of matches?

RATIONALE FOR THE QUESTION:

Concussion is now reportedly the most common injury in rugby
union and, due to the nature of the game, there are a lot of
contacts. But what is the frequency and magnitude of head
contacts?

APPROACH:

Prospective field based data collection using an instrumented
mouthguard over a season for a rugby union team.

FINDINGS:

e A total of 20,687 impacts to the head over 10g (range 10.0-
164.9g) were recorded over the duration of the study.

e  The mean number of impacts per player over the duration of the
season of matches was 564 +618 resulting in a mean of 95 +133
impacts to the head per player, per match over the duration of
the season of matches.

e The mean impacts per match were 1,379 £578 resulting in a
mean of 77 +42 impacts to the head per player position, per
match.

e The hooker recorded a mean linear acceleration of 27 +19g per
match.

e  The open-side flanker recorded a mean of 4,472 +4,085 rad/s2.

e There were 181 impacts recorded above the linear impact
threshold and 4,452 impacts above the rotational impact
threshold.

NOVEL CONTRIBUTION:

The first publication of impacts to the head in an amateur senior
rugby union team. Identification of the frequency and magnitude
of head impacts. Amateur senior rugby union players recorded
more impacts than for American football collegiate and high school
players.

Link between
Chapter 7 & 8:

The reporting of head impacts varies depending on the study methodology
making inter-study comparisons difficult. Similar to studies reporting injuries
in rugby union, football and rugby league, there is a need for a
standardization of recording and reporting of the findings from these studies.
To date, no consensus has been established for reporting of head impacts
in sport.
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Chapter
No.

Chapter Title

Chapter Content - Question/Rationale/Findings

The influence of
threshold on the
reporting of impact
data in contact and
collision  sports:
Consensus

needed

QUESTION:

The differences observed in studies reporting head impacts in
sports make inter-study comparisons limited. What would be a
suggested guide for the reporting of head impacts in future
studies?

RATIONALE FOR THE QUESTION:

Reporting of head impact data is important to help understand the
biomechanics of head injury and help develop potential injury
prevention strategies. However, there is currently no standardized
format for reporting head impacts in sports to enable comparison
between studies.

APPROACH:

Literature review critique and application of thresholds identified
from the literature to NZ data.

FINDINGS:

A total of 47 publications were identified that reported head
impacts in sports.

A third (39%) of the studies reported impacts using the 10g data
threshold.

The majority of studies (91%) reported resultant linear
accelerations while slightly less (76%) reported resultant
rotational accelerations.

A quarter (26%) of studies reported the Head Impact Telemetry
severity profile (HITsp) and 10 (22%) studies reported the Head
Impact Criterion (HIC) for 15ms (HICjs).

More than half (52%) of the studies reported the head impact
data as mean = standard deviation (SD).

Some studies also reported the head impacts as median but not
all included the interquartile ranges (IQR) for these data.

All of the studies reviewed identified the number of impacts that
occurred. However, this varied for match only, match and
training and combined but did not identify what the number of
match and training impacts were.

By reporting both linear and rotational accelerations there is an
improved correlation between impact biomechanics and
concussion, than when linear accelerations are reported alone.
Studies reporting at the data threshold above 10g may have
removed 2,100 to 206,573 impacts when applied to NZ data.

NOVEL CONTRIBUTION:

Suggested reporting standards for studies of head impacts in
sports.
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Recommendations

Ch;gter Chapter Title Chapter Content - Question/Rationale/Findings
9 Conclusions | | CONCLUSION:

The key outcome of this thesis was to identify the costs associated
with sport-related concussions, to identify a sideline screening tool
for the identification of sport-related concussion, and to identify the
frequency, magnitude and distribution of head impacts in rugby
union and rugby league in New Zealand. A result of undertaking this
thesis was the identification of the need for consensus for the
reporting of head impacts in sports for future studies. The K-D test
was useful in the identification of witnessed and unwitnessed
concussions

RECOMMENDATIONS:

Educational training should be implemented at all levels of sports
participation for the identification, assessment, management and
return-to-activity process following a sport-related concussion;

o Future research is warranted for the evaluation of the
effects of educational packages on sport-related
concussion.

The K-D test should be utilised at all levels of sports participation
to assist in the continuum of assessment for sport-related
coNncussions;

o Future research is warranted to enable identification of
normative values by age groups.

Further biomechanical evaluations should be undertaken for
impacts to the head in junior rugby league and amateur senior
rugby union and rugby league;

o Future research is warranted at all levels of rugby union
and rugby league to assist in the identification of head
impact biomechanics of these sports and to help in the
identification of the biomechanics resulting in a sport-
related concussion.

A consensus should be established for reporting head impact
biomechanics across all sporting activities to assist with inter-
study comparisons.

Based on the recursive, dynamic model of etiology of sports injury,*¢ and incorporating the

neurobiopsychosocial model for concussion,*” the cyclic model for concussion management was

developed to standardise the identification, assessment and management of concussion.
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Research publications resulting from this doctoral thesis

Section 1:

Chapter 2:

Review of literature for sport-related concussions

Assessment, management and knowledge of sport-related concussion: Systematic
review.

King, DA., Brughelli, M., Hume, P., Gissane, C. Assessment, management and knowledge
of sport-related concussion: Systematic Review. Sports Medicine 2014; 44(4): 449-471
(Author contribution percentages DK: 80%, MB: 7%, PH: 7%, GC: 6%)

Section 2: Epidemiology of concussion in New Zealand

Chapter 3:

Chapter 4:

Sport-related concussions in New Zealand: A review of 10 years of Accident
Compensation Corporation moderate to severe claims and costs.

King, D.A., Gissane, C., Brughelli, M., Hume, P. & Harawira, J. Sport-related concussions
in New Zealand: A review of 10 years of Accident Compensation Corporation moderate to
severe claims and costs. Journal of Science and Medicine in Sport 2014, 17(3): 250-255
(Author contribution percentages DK: 80%, GC: 5%; MB: 5%; PH: 5%, JH: 5%)

Concussion in amateur rugby league players in New Zealand: A review of player
concussion history

King, DA., Gissane, C. & Clark, T. Concussion in amateur rugby league players in New
Zealand: A review of player concussion history New Zealand Journal of Sports Medicine
2014, 40(2): 64-69

(Author contribution percentages DK: 85%, GC: 10%, TC: 5%)

Section 3: Identification and assessment of concussion

Chapter 5:

Concussions in amateur rugby union identified with the use of a rapid visual
screening tool.

King D, Brughelli M, Hume P, Gissane, C. Concussions in amateur rugby union identified
with the use of a rapid visual screening tool. Journal of Neurological Sciences 2013; 326(1-
2):59-63

(Author contribution percentages DK: 85%, MB: 5%, PH: 5%, GC: 5%)
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Chapter 6: The King-Devick test was useful in management of concussion in amateur rugby
union and rugby league in New Zealand.
King, DA., Gissane, C., Hume, PA and Flaws, M. The King-Devick was useful in
management of concussion in amateur rugby union and rugby league in New Zealand.
Journal of Neurological Sciences 2015, 351(1-2): 58-64
(Author contribution percentages: DK: 75%, PH: 10%, CG 10%, MF 5%)

Section 4: Head impact biomechanics in amateur rugby union and league.

Chapter 7: Instrumented mouthguard acceleration analyses for head impacts in amateur rugby
union players over a season of matches.
King, DA., Hume, P., Brughelli, M. and Gissane, C. Instrumented mouthguard acceleration
analyses for head impacts in amateur rugby union players over a season of matches. Am J
Sports Medicine, 2015, 43(3): 614-624
(Author contribution percentages DK: 80%; PH: 10%; MB 5%; CG 5%)

Chapter 8: The influence of head impact threshold for reporting data in contact and collision
sports: Consensus needed.
King, DA., Hume, P., Gissane, C., Brughelli, M. and Clark, T. The influence of head impact
threshold for reporting data in contact and collision sports: Systematic review and original
data analysis. Sports Medicine (submitted)
(Author contribution percentages: DK: 75%, PH: 10%, CG: 5%, MB: 5%, TC: 5%)

Technical Reports

King, DA. Concussions in amateur rugby league: Player self-reported history and the incidence of match
related concussions 2008 — 2012: A technical report to the New Zealand Rugby League.
2014: 18 pages

King, DA., Hume, P., Gissane, C. and Clark, T. Sports-related concussions in rugby league: The
magnitude of the problem and evidence for impact assessment. A report for the National

Rugby League and New Zealand Rugby League. 2015: 54 pages

Other publications since starting the Doctor of Philosophy

King, DA., Clark, T., & Gissane, C. Use of a rapid visual screening tool for the assessment of concussion
in amateur rugby league: a pilot study Journal of Neurological Sciences 2012, 320(1-2); 16-
21
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King, DA., Gissane, C., Clark, T. and Marshal, S.W. The incidence of match and training injuries in
rugby league: A pooled data analysis of published studies. International Journal of Sports
Science and Coaching 2014 9(2): 417-432

King, DA. and Quigley, P. Clinical practice guidelines for hospitals, after hour's services and general
practitioners on the assessment, management and recording of concussions. 3DHB
guidelines. (2 Ed). 2015: 97 pages

King, DA, Hume, P., Gissane, C. and Clark, T. Use of the King-Devick test for sideline concussion
screening in junior rugby league. Journal of Neurological Sciences 2015 doi:
10.1016/j.jns.2015.06.069

Manuscripts submitted for publication
King, DA, Hume, P., Gissane, C. and Clark, T. Concussion in rugby league: A pooled analysis.
Submitted to Sports Medicine (2015).

Media reports on research

Jolliff, E. Study: Six in seven rugby concussions unreported. TV3 News (2015).
http://www.3news.co.nz/sport/study-six-in-seven-rugby-concussions-unreported-
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“There are not many concussions in
the game so stop trying to make this a

problem”

Sports code board member
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CHAPTER 2:

ASSESSMENT, MANAGEMENT AND KNOWLEDGE OF SPORT-RELATED
CONCUSSION: SYSTEMATIC REVIEW

This chapter comprises the following paper published in Sports Medicine:
Reference

King, DA., Brughelli, M., Hume, P., Gissane, C. Assessment, management and knowledge of sport-
related concussion: Systematic Review. Sports Med 2014; 44(4): 449-471.

Author contribution
King, D. 80%, Hume, P. 7%, Brughelli, M. 7%, Gissane, C. 6%.
Overview

Background: Sport-related concussions are a subset of mild traumatic brain injuries and are a concern for

many sporting activities worldwide.

Objective: To review and update literature in regard to the history, pathophysiology, recognition,

assessment, management and knowledge of concussion.

Methods: Searches of electronic literature databases were performed to identify studies published up until
April 2013.

Results: 292 publications focussing on concussion met the inclusion criteria, so were quality rated and

reviewed.

Conclusion: Concussion is hard to recognize and diagnose. Initial sideline assessment via the Sports
Concussion Assessment Tool 3(SCAT3), Child-SCAT3 or King-Devick test should be undertaken to identify
athletes with concussion as part of a continuum of assessment modalities and athlete management. Sports
medicine practitioners should be cognisant of the definition, extent and nature of concussion, and should
work with coaches, athletes and trainers to identify and manage concussions. The most common reason for
variations in management of concussion is lack of awareness of - and confusion about - the many available
published guidelines for concussion. Future research should focus on better systems and tools for
recognition, assessment and management of concussion. Sport participants’ knowledge of concussion
should be evaluated more rigorously, with interventions for sports where there is little knowledge of

recognition, assessment and appropriate management of concussion.
Introduction

Known as the ‘silent injury’3# and often trivialized by the media and sporting circles as a ‘knock to the
head’,305 sport-related concussions (hereafter called ‘concussion’) are a subset of mild traumatic brain
injuries (mTBIs)*2 and have become an increasingly serious concern for all sporting activities worldwide. 0.

123,416 The term ‘concussion’ is a historical term, as it represents low-velocity injuries that cause ‘brain
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shaking’ resulting in clinical symptoms, and it is often used interchangeably with ‘mTBI" in the sporting
context and published literature.*2 In the USA it is estimated that 1.6-3.8 million sport-related concussions
occur annually®® accounting for 5-9% of all sport-related injuries.?'> 56 Amongst 15- to 24-years-olds,
concussions are second to road trauma as the most common causes of traumatic brain injury (TBI).%
Guskiewicz?% reported that of the 5.1% of 17,549 collegiate and high school football players who sustained
at least one concussion during matches over a single season, 14.7% sustained a subsequent concussion,
with 30 % of players returning to the same match.2% Despite the frequency of concussions, they are often
underreported.?® |n the past 30 years, clinicians have gone from anecdotal strategies to an international
consensus-based approach for (1) identification and management of concussions; (2) evidenced-based

practice; and (3) a new focus on education and injury prevention.#2

Concussions are known to affect reaction time,'® memory,05 291 400 halance*® and planning skills.4%
Previous concussions may place the athlete at higher risk (1.4-11.1) of sustaining a subsequent
concussion.128. 251, 256 Additionally, 1-29% of concussions occurring in a single season are reported as
subsequent concussions.2%. 303 Repeat concussions may result in long-term outcomes, which include
depression,?® mild cognitive impairment,2*® prolonged recovery from subsequent concussions,!05. 251
electrophysiological changes'2® and chronic traumatic encephalopathy (CTE),*® but to date there have been
no direct causal relationships identified to support these relationships.*?” Despite these findings, the range

and extent of long-term effects from repeat identified concussions remain unclear.266

Although there is increased understanding about the consequences of returning the concussed athlete too
soon and the effects of repeated concussions over time, it is important to remember that every concussion
is unique and should be managed individually.#43-4%1 With this in mind, the aim of this article is to review and
update the literature on concussion in relation to the history, pathophysiology, recognition, assessment,

management and knowledge of concussion.
Methods

Guidelines for the reporting of observational studies (MOOSE: Meta-analysis Of Observational Studies in
Epidemiology),5> systematic reviews (PRISMA: Preferred Reporting Items for Systematic Reviews and
Meta-Analyses),3® and observational studies (STROBE: STrengthening the Reporting of OBservational
studies in Epidemiology),8% and for appraising research (AGREEII: Appraisal of Guidelines for REsearch &
Evaluation v.I1)%8 were followed for the different studies included in the review. These checklists contain

specifications for conduct and review of the various studies that were included.
Search strategy for identification of publications

A total of 38,333 studies published, in press or pre-publication from 1948 to April 2013 were identified
through databases were screened for eligibility (see Fig. 4). The keywords that were utilized for the search
of relevant research studies included combinations of ‘sport*-related’, ‘sport*, ‘concussion’, ‘mild Traumatic

Brain Injury’, ‘mTBI', ‘epidemiology’, ‘history’, ‘pathophysiology’, ‘return-to-play’ (RTP), ‘RTP’, ‘management’,
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‘gender’, ‘academic’, ‘history’, ‘post-concussion’, ‘assessment’, ‘management’ and ‘knowledge’. Additional

relevant studies were identified using the bibliographies of those articles found in the literature searches.

Records identified through
database searching
(n = 155,058)

other sources
(n=30)

Additional records identified through

A 4

A 4

Records after duplicates removed
(n=38,345)

A

y

] [ Screening J [ Identification}

Publication titles screened for eligibility
(n =38,345)

A\ 4

A

y

Records excluded (n = 31,522)

(n=

Abstracts screened for eligibility

6,823)

Eligibility

A

Full-text articles assessed for eligibility (n
=857)

\ 4

Abstracts excluded (n = 5,966)
Not published in English (n= 3,860)
No additional information provided (n= 1,848)
Not been referred to by other included publications (n=
258)

A

y

\ 4

Full-text articles excluded (n = 570)
Not directly related to concussion (n=428)
Sports injury papers (n=136)
Review of previous studies (n=6)

=2

Included

Studies included in systematic review (n

87)

Figure 4. Flow of identification, screening, eligibility and inclusion for the literature review of sports-related

concussions.

To establish some control over the heterogeneity of the different studies,® inclusion criteria were

established. Any published study or book that did not meet the inclusion criteria was excluded from the

study. A total of 287 publications were identified that reported on concussion and met the following inclusion

criteria:
(i) The study was published in a peer reviewed journal or book; and
(ii) The study specifically addressed areas relating to concussion review (i.e. history,

pathophysiology, definitions, symptom assessment and management, risk factors for and

modifiers of linear and/or rotational acceleration-deceleration forces, and knowledge and

understanding of player, team management, medical personnel, return to play and other

activities).
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Reviewed studies were excluded from this review if it was identified that the publication:

(i) Was unavailable in English; or

(ii) Did not provide additional information for any of the identified sections and subsections of this
review; or

(iii) Had not been referred to by other included publications.

Assessment of publication quality

All studies that met the inclusion criteria were assessed for quality on the basis of previously published
checklists.5®. 369, 575, 609 Heterogeneity of the studies included in the literature review was expected as there
might be differences in the study design, population and outcomes.5” For this review, quality was described
as confidence that the study design, conduct and analysis minimized bias in estimation of the effect of the

risk factor on the outcome measures.3”
The quality scores by checklist were:

(i) MOOSE:57 median score 5/6; range 2-6;.16.23:25, 28,29, 31, 34, 39,40, 49, 52,553, 57, 80, 86,90, 92, 100, 101, 103-

107, 123, 127, 128, 141, 147, 148, 155, 158, 159, 165, 170, 202, 203, 206, 210, 212, 220, 237, 244, 246, 249-251, 254, 256, 261, 266, 279-281,
287, 289-291, 297, 298, 303, 308, 314, 317, 325, 331, 349, 350, 360, 362, 366, 372, 376, 380, 382, 387, 391, 394, 398, 400, 403, 406, 408, 409,
435, 437, 438, 444, 454, 459, 460, 466, 476, 477, 488, 489, 496-498, 501, 503, 506, 510, 511, 521, 536, 541, 542, 552, 553, 557, 561-564, 566,

576, 577, 580, 582, 584, 586, 587, 597, 598, 601, 605, 606, 608, 620, 634

(”) PRISMA:369 median score 23/27’ range 17_24’4 32,48, 64,122, 143, 145, 146, 149, 153, 208, 234, 238, 294, 363, 392,

396, 417, 421, 424, 468, 500, 512, 513, 520, 527, 532, 583, 589

(iii) STROBE:% median score 10/14; range 4-12;59. 89,270, 310,405, 599, 633 gnd

(iv) AGREEII:® median score 124/161; range 51-136.8.9. 11,64,91, 112,215, 255, 260, 263, 355, 390, 392, 422:427,

514, 540, 558, 559, 568, 610

The remaining included studies's. 18. 21, 43,46,67, 70, 71, 93, 94, 98, 102, 118, 121, 124, 126, 132, 135, 138, 149, 152, 156, 231, 232, 240, 243,

252, 253, 258, 259, 267, 274, 277, 285, 288, 292, 296, 301, 340, 341, 348, 354, 356, 358, 361, 365, 374, 378, 379, 386, 389, 393, 405, 412-414, 416, 418, 419, 429,
439, 441, 443, 461, 482, 490, 491, 494, 505, 527, 535, 548, 551, 555, 589, 590, 595, 614, 624 recorded a median score of 5/27 (range 2_6)

on PRISMA but provided additional information for the review and were included despite their low PRISMA

ratings.
Results and Discussion
Historical perspectives

Descriptions and recordings on head injuries or ‘commotio cerebri’ date back more than 3,000 years.28. 418,
590 Writing from Greek medicine as early as 1700 BC through to Roman, Byzantine, Arabic and French
medical writings include descriptions of the understanding and management of head injuries.#'8 4 The term
concussion was not used until the seventeenth century, when Venetian physician Petri de Marchetti (1665)

described the condition as being transient, with a short duration of “alienation of the mind, with privation of
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sense and motion.”18.419 |n the nineteenth century, Bell introduced a new concept to the entity of concussion,
describing the use of clinical signs to distinguish between different types of brain injury (concussion,

compression and inflammation).#18

As the understanding of the pathology of concussion developed, new physiological theories#8. 419548, and
models' were formulated and advocated, emphasizing a functional rather than a structural process of
concussion.418. 419, 548, 5% Degpite these theories, concussion remains a mystifying subject in sports
medicine.5% Theories have provided valuable knowledge towards modern-day understanding of concussion,
providing a glimpse into the pathophysiology that the brain undergoes when a concussion occurs.418
Although some of these theories have been rejected, others continue to be used in developing an

understanding of concussion.#'® Future research on the understanding of concussion is warranted.
Definitions

A concussion is hard to recognize and diagnose.23. 386 Use of terms associated with injuries to the head,
such as ‘dings’ or having one’s ‘bell rung’ are commonplace and serve only to diminish the perception of
injury severity and to perpetuate the notion that concussion is something people can play through.¥¢ By
definition, concussion and mTBI overlap, as both terms represent the less severe end of the TBI
spectrum,23, 263,292, 412,423 Both terms identify that there is acute neurological dysfunction in the absence of
significant microstructural damage.?** 25 This generally recovers over time, with most people typically
having resolution of symptoms within 7-10 days.*2 The full spectrum of TBIs (mild, moderate and severe)
would see concussion below the mild classification in a ‘minimal’ range as TBI reflecting no neurosurgical
significance of a pathological injury.*?* In Europe, the term ‘commotio cerebri’ is often used in place of the
term ‘concussion’ to represent a low-velocity injury that results in ‘brain shaking’ resulting in clinical
symptoms not necessary related to pathological injury.*2* The term ‘concussion’ is more frequently utilized
in sports and clinical settings.22 It is the preferred terminology, as it is more easily understood by most
patients, easier to communicate regarding the prognosis and is less likely to have an adverse psychological

effect on the person when they learn about their injury.2%2

Ever since concussion was described in the medical literature, there have been numerous attempts to
establish a working definition.9 11, 93, 112, 301, 341, 422, 425, 434, 506, 568, 610 Consequently, the definition of concussion
has changed over time,*'8 as universal agreement on a single definition has been difficult to reach.% 3% |n
2001 at the First International Concussion In Sport (CIS) Conference, the Concussion In Sport Group (CISG)
considered a more inclusive and elaborative definition of concussion.!" This definition incorporated common
concepts from different definitions of concussion that had been previously published, and did not consider
loss of consciousness as an essential defining characteristic.#' Despite this, loss of consciousness may, or
may not, be present as a feature of concussion, as symptoms are transient and global in nature.*®' The

subtle nature of the symptoms and pathology makes the diagnosis of concussion a challenge. 9"

Since the publication of the first CIS consensus statement and definition of concussion, variations of the

definition have been produced;3. 64, 25, 260, 263, 502, 527, 558, 559, 589 yntil a universal definition is used for
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identification and reporting of concussion, the true epidemiological incidence of concussion will not be
identified.

Concussion pathophysiology

When direct or indirect linear and/or rotational forces are applied to the brain, " 118422443 the underlying
neural elements are exposed to a shearing strain.23. 365, 366, 482 Following this shearing strain, there is an
alteration to normal brain functioning, termed ‘neurometabolic cascade’. This places the brain cells in a
vulnerable state as a result of ionic, metabolic and pathophysiological events accompanied by microscopic
axonal injury.'s 231, 232, 288, 297, 348, 443, 511, 551, 590, 598 These disruptions require energy to re-establish
homeostasis, but this occurs in the presence of ongoing mitochondrial dysfunction and decreased cerebral
blood flow, resulting in an imbalance of energy supply and demand.s- 5" This may occur anywhere from

minutes to days following the event.18. 5%

The pathophysiological effects of concussion can be seen within 24 h of the event, lasting up to several
weeks post-injury.232. 348, 443 Experimental evidence indicates that the concussed brain may be less
responsive to physiological neural activation.' 5" A second injury to the brain in this vulnerable period may
result in a worsening of cellular metabolic changes associated with more significant cognitive deficits.5!". 551
These perturbations are more pronounced in youth, raising concerns that the immature brain may be more
susceptible to repeat concussions before complete recovery occurs.®' Excessive cognitive or physical
activity before complete recovery may result in prolonged dysfunction.' %51 As a result of the increased
metabolic dysfunction, the brain may have increased vulnerability to other consequences, such as second-
impact and post-concussion syndromes if a subsequent insult (even minor) were to occur,34. %! although

this has not been well established.*'”
Subconcussive pathophysiology

A subconcussive injury is a theoretically very mild, biomechanically induced brain injury. These may occur
in the absence of overt clinical symptoms of concussion,23 loss of match or training time, or concussion-
related symptoms that linger for a prolonged period of time.3!. 40. 18 Non-concussive impacts that occur
during sport participation may result in sub-clinical decline.2> 40. 43118 Some athletes without a clinically
diagnosed concussion or clinically observed symptoms of concussion have had neurocognitive and

neurophysiological impairments that may be accumulative.5%

Similar to the pathophysiology of concussion, subconcussive incidents have also been shown to induce a
neuro-inflammatory response in rat studies.553 This neuro-inflammatory response can occur in the absence
of any significant axonal injury or of emotional, cognitive or sensorimotor disturbances.''® The neuro-
inflammatory response seen in repeated subconcussive head traumas may have cumulative effects.118. 4%.
52 This response has been linked to neurodegenerative disorders such as CTE,2".437. 553,566 post-concussion
syndrome, post-traumatic stress disorder, mild cognitive impairment and dementia pugilistica'*® but no direct

causation between concussions and these disorders has been demonstrated.42
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Symptom assessment

Difficult to diagnose,*** the symptoms of a concussion can vary in nature, and the measurement of these
depends upon the self-reporting of the athlete. Traditionally, loss-of-consciousness (LOC) was considered
to be the hallmark of concussion2% but this has been revised, with only 8-9% of all concussions?'. 256
resulting in LOC. More common symptoms of concussive events are amnesia (13-24%)18. 251, 4% and
confusion/disorientation which may present in 45-90% of all athletes with a concussion.® 37 QOther
symptoms now being recognised as resulting from a concussive event are changes to the athlete’s physical,

cognitive affective (or emotional) and sleep domains.48

Physical symptoms that may manifest are headache, dizziness, nausea, vomiting, sensitivity to light and/or
noise, and drowsiness.* Reported cognitive changes are that athletes feel they are in a fog’, have difficulty
remembering and feel slowed down.“®¢ Several cognitive domains are negatively affected following a
concussive incident. This is evidenced by the deficits identified through neuropsychological testing, with
changes recorded in attention/concentration,'¥”- 244 speed of information processing,%’ verbal learning,'¥’
visuo-spatial memory,%0 working memory,'¥” verbal memory,™” and reaction time.®% Affective symptoms
that may present are irritability, sadness and anxiety, while changes in the athlete’s sleep domain may
manifest as sleeping less or more than usual, trouble falling asleep and drowsiness.* To complicate the
assessment of concussion further, some of these deficits may not be present for every athlete, thus making

this an individualized injury.

Table 3: Summary of the concussion symptom scales/checklist published from 1995.4

Year Scale Name Grading scale No items

1980’s; 1990's Pittsburgh Steelers Post-Concussion Scale? 7-point Likert Scale 17
1998 Post-Concussion Scale (PCS) 7-point Likert Scale 20,21,18
1999 Post-Concussion Symptom Assessment Questionnaire (PCSQ)e Yes/No with 10cm VAS 10
sow  medel Pt Corusen ssonrtond o Tosa NPACTPSS s 22,2119
2001 Concussion Resolution Index - Post Concussion Questionnaire (CRI).¢ 4-point Likert Scale 15
2001 Vienna Post-Concussion Symptom Scale® 7-point Likert Scale 20
2001 McGill Abbreviated Concussion Evaluation - Post Concussion Symptom Scale® 7-point Likert Scale 20
2003 Graded Symptom Checklist/Scale (GSC/GSS)> 7-point Likert Scale 20,27,18,17
2003 Head Injury Scale (HIS)? 7-point Likert Scale 16,9
2003 CogState-Sport Symptom Checklista.® 7-point Likert Scale 25,21,14
2004 Signs and symptoms Checklist (SSC)2 Yes/No 34
2004 Sport Concussion Assessment Tool - Post Concussion Symptom Scale (SCAT-PCSS)e 7-point Likert Scale 25
2009 Concussion Symptom Inventory (CSl)2 7-point Likert Scale 12

(a)= core scales; (b)= variants of Pittsburgh Steelers Post-Concussion Scale; (c)= computer based scale; VAS= Visual
Analog Scale

Concussion symptoms typically resolve in 80-90% of all sport participants by 7-10 days post-injury.48. 94. 170,
372,391, 394,406, 444 Concussion symptoms, by their very nature, are subjective and depend upon awareness,*®
honesty and willingness of the athlete to accurately provide the information. 4 Resolution of concussion
symptoms may not always indicate complete cognitive recovery, as persistent deficits may still be
present, 379 406 gand the clinical importance of these changes in the absence of symptoms is unknown.23

Throughout the development of knowledge of concussion, there have been a number of self-reported
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symptom scales*?S and checklists®” published in an endeavour to assist the clinician to objectively document

the symptoms of concussion and any changes that occur* (see Table 3).

Following the 2004 Second CIS Conference, the Sports Concussion Assessment Tool (SCAT) was
published as part of the summary and agreement statement of those who attended the conference.*?2 The
SCAT was based on expert consensus of the best measures to assess concussion that were currently
available.*22 The Third International CIS Conference in Zurich*? resulted in the SCAT being amended, and
the SCAT2 and the PocketSCAT2 were produced. Embedding the Sideline Assessment of Concussion
(SAC) and a modified Balance Error Scoring System (BESS), the SCAT2 uses a score range of 0-100 points
with lower scores indicating poorer performance. The SCAT2 was designed for serial use after a concussion
and included a score card designed to enable tracking of the concussed athlete’s performance. The SCAT2
is a longer sideline concussion tool designed for medical practitioners to enable more detailed assessment
of concussion, while the PocketSCAT2 was designed for sideline recognition of screening for concussion
for the non-medically trained.#® Although the SCAT2 is an improvement over the original the SCAT, it

requires additional time to complete on the sideline, making this more of a training room assessment tool.'4

More recently, the Fourth CIS Conference reviewed the SCAT2, and the SCAT3 was produced, along with
the Child-SCAT3 and the Concussion Recognition Tool (CRT).423 The components of the SCAT3 have been
shown to be reliable and valid through several studies and have resulted in psychometric properties for
reliability (0.54-0.94), sensitivity (0.34-0.94) and specificity (0.76-1.0).2° As a result of the review of the
SCAT2, the SCAT3 is designed for participants over 12 years of age, while the Child-SCAT3 is for sport
participants between 5 and 12 years, with modification of the Maddocks questions.2 The CRT is an updated
version of the PocketSCAT2 but does not have a child version for the modified Maddocks questions asked
in the Child-SCAT3.

Neuropsychological assessment (NP)

Introduced in the 1980s, neuropsychological assessment has become widespread with the availability of
computers enabling computer-based testing, and it is seen as a ‘cornerstone’ in the management of
concussion. 4. 263, 294, 300, 422, 42 Designed to identify occult cognitive impairment post-injury,
neuropsychological testing has been able to identify neurocognitive deficits within 2-48 h post-injury' and
can show cognitive deficits despite athletes reporting they are asymptomatic.'s 24 422 425 620
Neuropsychology is also a useful tool for documenting athletes’ recovery from a concussion by measuring
several domains of cognitive function.!53 294,422, 423,425 The areas measured vary by test type and focus on

cognitive processing speed, reaction time and memory.

Neuropsychological tests can be divided into two types on the basis of their method of administration, either
pencil-and-paper or computer based. Both forms of neuropsychological testing have some variability in
regard to the measurement of domains and performance in areas such as the Reliable Change Index,
sensitivity and validity.8% 263, 520 Pencil-and-paper tests are administered and interpreted by a
neuropsychologist, !4 422 are often more comprehensive and may test additional domains, enabling

assessment for other conditions that may masquerade as a concussion or post-concussion syndrome.520
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However, these tests often require more time to administer, can be labour intensive and are more expensive

than computerized neuropsychological testing.89. 146,153

Computerized neuropsychological tests have become more common in the athletic setting, as they can be
administered concurrently to groups of athletes, have more precise measurements of reaction time, provide
instant information to the provider, take less time to administer, are less expensive and can store large
amounts of data.™3 146. 153, 263, 284, 422 These tests have been adopted as a core component of many
concussion management programmes.® Computerized neuropsychological tests have been validated
against paper-and-pencil tests® 8 and post-concussion symptoms scores’?- 39 by different groups,5 77 88. 153,
359 with overall specificity and sensitivity of between 80 and 90%.3%° The advantages of using computerized
neuropsychological tests include ease of administration; ease of data retrieval; automated data collection,
storage, analysis and interpretation; high sensitivity to subtle cognitive effects; measurement of multiple
domains of performance and variability; measurement of the extent of cognitive malfunction during the
recovery process; and ability to control stimuli and stimuli characteristics.*'. 5 However, there are several
drawbacks to computerized neuropsychological testing when compared with pencil-and-paper
neuropsychological tests. Computerized neuropsychological tests (1) do not fully assess memory
functioning - they only examine recognition memory; (2) minimize the interaction between the
neuropsychologist and the athlete, reducing observation of performance; (3) limit the assessment of the
effort and motivation of the athlete, because of group administration; (4) limit the ability to examine the
injured athlete’s problem-solving and information-learning processes; and (5) have varying test-retest
reliability.*5 519.525 Other possible limitations to the use of computerized neuropsychological testing are that
computer programs can introduce complex instrumentation errors due to timing accuracy across different
computer platforms, the computer’s processor speed, the type of mouse used and if the test is administered
across the internet.'*3 Despite the drawbacks, computerized neuropsychological tests are utilized through a
variety of computer-based batteries such as Immediate Postconcussion Assessment and Cognitive Testing
(ImPACT Inc., Pittsburgh, PA), CogSport (CogState Ltd, Melbourne, Australia), Automated
Neuropsychological Assessment Metrics (ANAM developed by the US Department of Defense) and
Headminder (ImPACT Applications, Inc; Axon Sports, LLC).!43. 146

Neuropsychological tests for pre-adolescent sport participants have been reported. 46 245,420 Although the
key assessment domains in this group of sport participants are generally similar to those in adolescents and
adults, important differences must be accounted for, such as pre-adolescent cognitive, physical and
emotional differences, as well as the capacity of the pre-adolescent to be aware of and to report their
symptoms.146. 222 The computerized neuropsychological tests utilized in pre-adolescent sport participants
have shown promising results, but there is a lack of evidence to draw any firm conclusion in relation to the
clinical utility of neuropsychology in this group.'#é 234 There is a paucity of evidence of neuropsychological

tests having been applied to pre-adolescents who have sustained a sport-related concussion. 46

Although neuropsychological testing has moderate sensitivity for the detection of post-concussive cognitive

deficiencies, 53263 it has not been validated as a diagnostic tool.%3 As such, neuropsychological testing has
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been promoted as a monitoring tool for the recovery of the concussed athlete.*? It has been recommended
that neuropsychology should be utilized not as the sole basis of management of concussions but as an aid
to the clinical-decision making process in conjunction with a range of assessments of different clinical
domains and investigations. 3. 146. 263,423 Healthcare professionals may often administer neuropsychological
tests, but the interpretation of these tests can be complex. It is therefore recommended that interpretation
of neuropsychological test results is best undertaken by a trained neuropsychologist.146. 423.554 The use of
baseline, or pre-competition, neuropsychological assessments may be of benefit to assist in post-
concussion evaluations, and it is thought that these may increase the diagnostic accuracy when compared
with post-injury scores.™® Mandatory baseline neuropsychological testing is not considered a requirement
for the assessment process, nor is there sufficient evidence to recommend this, but baseline
neuropsychological tests can add an educative opportunity to discuss the significance of the injury.*23 For a
more in-depth review of the advances in neuropsychological assessment of sport-related concussion,

readers are directed to Echemendia et al.'46
On-field or sideline assessment of concussion

Typically, sideline assessment of concussion involves brief tests that can be conducted on the sideline of a
field or court.5® The purpose of these tests is to rule out a more serious injury and to commence an
individualized concussion management process based on the results of the assessment of cognitive and
balance deficits or impairments.'#® These sideline tests are designed to evaluate attention and memory
(Maddocks test),®® cognition (SAC)*® and postural control (BESS)." The use of sideline tools for
assessment of concussion is seen as an abbreviated sideline assessment and not designed to take the

place of more comprehensive evaluation or neuropsychological testing.5'2

Undertaking a sideline or on-field assessment of concussion has been a challenging responsibility of the
healthcare provider.6 54 This is often a rapid assessment process in the midst of competition with time
constraints. Without qualified healthcare providers available to make the assessment, often players are
returned to the field of participation.2'® Even with qualified health care professionals available at the sideline,
they may not be aware of the latest guidelines or assessment tools to assist in the evaluation of a concussed
sport participant.'”?! The assessment can be difficult to undertake if classic indicators (e.g. loss of
consciousness, amnesia, focal neurological abnormalities) are not manifested and only subtle signs and
symptoms are present, raising the suspicion that ‘something’s off and that a concussion may have
occurred.*% Some sports are now introducing a ‘concussion bin’ where players can be removed from match
participation by substitution. The suspected concussed player can be assessed, in a specified time frame,
enabling testing to be completed to identify, or rule out, the occurrence of a concussive injury.* It has been
recommended that in conducting a sideline assessment for concussion, a minimum rest period of 15 minutes
should occur before the full test is completed, to avoid the influence of exertion or fatigue on the
assessment.2% Further research is required in order to enable validation that these tests are able to identify

concussions even with subtle changes occurring.
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There have been robust public education outreach efforts undertaken to assist non-healthcare-trained
individuals to recognize and manage individuals with signs of concussion while they are participating in
sporting activities.5' These efforts have included freely available online information and encouragement for
referral of the concussed athlete to a qualified healthcare provider for confirmation and management of the
concussion.® This has been undertaken to the extent that legislative efforts have been implemented to
improve safety measures for younger athletes and to standardize the roles and responsibilities of the
athletes, parents/guardians, coaches and healthcare providers.5'* As the CISG update*? has only recently
been published, there are currently no published studies to see if this information has aided in the promotion
of concussion awareness. Further research is warranted to identify a wide range of sports team

administration knowledge on the recognition and management of athletes with concussion.

Until the recent publication of the Child-SCAT3,423 there were no specifically developed sideline concussion
assessment tools for children.'?2 Symptom scales need to be available that include the language that is
understood by this age group and symptoms that are familiar to them.'2 The use of the SAC has been
evaluated for use in children but no symptom scales have been evaluated for use on the sideline with

children.122

Originally developed as a reading tool to assess the relationship between poor oculomotor functions and
learning disabilities, the King-Devick test uses a series of charts of numbers that progressively become more
difficult to read in a flowing manner.202 208 The use of oculomotor function requires integration of multiple
sensory inputs, motor efforts®” and cognitive processes such as target selection, sustenance of attention,
spatio-temporal memory and expectation.'® More recently, poor oculomotor function has been determined

as one of the most robust discriminators for identification of an mTBI.270

Recently, the King-Devick test has been used successfully to identify concussion in mixed martial arts;
boxing;2%2 university sports such as American football, soccer and basketball;2% ice hockey;?¢ rugby
league;®'7 and rugby union.?* Designed as a saccadic rapid number reading tool, the King-Devick test202
203,206, 314, 317 5 able to be completed on the sideline in less than a minute and has been correlated with the
Military Acute Concussion Evaluation (MACE) (rs= -0.54; p=0.07)% and the Standardized Assessment of
Concussion (SAC) (rs=0.25,; p=0.01).2%6 Although the King-Devick test has been able to identify unwitnessed
concussive events on-field4 317 and when there have been no changes on the SCAT2 SAC components,2%6
there have been no longitudinal studies to assess the reliability, validity or generalizability of the King-Devick

test, nor has it been tested across various age groups.23
Grading scales

Historically, the decision on the management of concussion has been based upon ‘grading scales’ of the
severity of concussion.®3 These were used to differentiate the strategies to enable return of the athlete to
the sporting environment. Three commonly utilized scales were the American Academy of Neurology
(AAN),8 the Cantu,%” and the Colorado Medical Society®! scales (see Table 4).
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The grade (or severity) of the concussion was based on the symptoms that were present and whether they

abated in a specified time frame, and guided the RTP of the athlete. For example, in the AAN scale® a grade

1, or mild, first concussion resulted in a player being removed from the activity but being able to return on

the same day if they reported no symptoms 15 min after they were removed. Should they incur a second

concussion on the same day, then they were required to be removed from the activity but could return a

week later. When compared with the Cantu scale,%” there was no time limit for a first-time grade 1 being

returned to play, but they were required to sit out 2 weeks if they incurred another concussion. The Colorado

scale differed slightly, with a grade 1 concussion to be returned in 20 min if symptom free, and if they

recorded another concussive injury, they could go back to the activity a week later. The variability and

multitude of the grading scales highlighted the lack of consensus on the grading of concussion, which

resulted from the absence of evidence-based data.363

Table 4: Return-to-play guidelines.

RTP guideline Severity

1st Concussion

2nd Concussion

3rd concussion

Colorado Medical Society®!

Grade 1 (Mild)

Grade 2 (Moderate)

Grade 3 (Severe)

RTP if no sx 20 mins

Terminate game, RTP if asx 1 week

Terminate game, transport to ER, RTP 1 month
after 2 weeks with no sx. Ok to condition after 1 asx
week

Terminate game, RTP if no
sx 1 week

Consider terminate season,
but consider RTP if no sx 1
month

Terminate season, RTP
next season if no sx

Terminate season, RTP 3
months if no sx

Terminate season, RTP next
season if no sx

Terminate season, highly
recommend avoidance of
contact/collision sports

Cantus”

Grade 1 (Mild)

Grade 2 (Moderate)

Grade 3 (Severe)

RTP if no sx

RTP if no sx 1 week

1 month restriction, RTP if no sx 1 week

RTP in 2 weeks if no sx 1
week

1 month restriction, RTP if
no sx 1 week, consider
terminating season
Terminate season, RTP
next year if no sx

Terminate season, RTP next
season if no sx

Terminate season, may RTP
next year if no sx

American Academy of Neurology?

Grade 1 (Mild)

Grade 2 (Moderate)

Grade 3 (Severe)

Removal from competition, examination g5 min,
RTP same day if post-concussive sx resolve within
15 min

Removal from competition, if sx worsen or persist
> 1 week, then extensive diagnostic testing. RTP
when no sx 1 week

Brief: RTP when asx 1 week
Prolonged: RTP when asx 2 weeks

Prolonged LOC or abnormal neurologic signs on
initial examination: Transport to ER. No sports
activity until asx 1 month. Any athlete with
abnormality on CT or MRI (swelling, contusion or
other intracranial pathology) no RTP that season
and strongly discouraged from future participation
in contact sports

Incurring a 2@ concussion
on the same day, RTP when
no sx 1 week

Incurring a Grade 2
concussion subsequent to a
Grade 1 concussion on the
same day, then restrict from
competition until no sx 2
weeks

RTP= return-to-play; asx= asymptomatic; sx= symptoms; LOC= loss of consciousness; ER= Emergency Room; CT= Computed
Tomography; MRI= Magnetic Resonance Imaging. Asymptomatic in all return-to-play guidelines means no post-concussion

symptoms, including retrograde or anterograde amnesia, at rest or with exertion.”!
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At least 16 different head injury grading scales have been published.%63 These were based on clinical
experience and anecdotal evidence rather than research-based evidence,®. 2%. 383 with most scales being
biased towards identification of the most severe injury.362 As no perfect scale exists that is both scientifically
validated and practical,2%. 363,412 no scale was endorsed by the CISG at the First CIS Conference.! It was
recommended that a clinical construct should be utilized on the basis of assessment of injury recovery.
Following the Second CIS Conference,*2 it was recommended that concussions be categorized as either
simple (resolution of symptoms without complication over 7-10 days) or complex (persistent symptoms,
specific sequelae or prolonged cognitive impairment following the injury). Although this was seen as an
advancement in the classification of concussion injury severity, the use of this terminology was limited, as it
was not able to predict injury severity at the time of the concussive injury occurring, and it did not fully define
the entities of concussion.#? Consequently, at the Third CISG Conference?? the terminology of ‘simple’ and
‘complex’ was rejected. Consequently, there are no recently published scientifically validated grading scales
available for use with concussion. Despite this, some studies*?2 and guidelines*s still utilize the grading

scales for concussion assessment, further highlighting that the CIS statement is not universally accepted.
Risk factors / modifiers of concussion

Several risk factors and modifiers, including age and gender, may influence the risk of a sustaining a
concussion or of having a protracted period of concussion resolution, although the Fourth CIS Conference
found no universal agreement that female gender was a modifying factor.#? Females sustain more
concussions than males, have a greater number and severity of concussion symptoms and require a longer
duration to recover when compared with males on an exposure adjusted basis. 6. 57 102,104, 106, 107, 135, 212, 281,
354, 372,394, 541, 587, 595, 634 Although younger sport participants may have a more prolonged recovery period and
are more susceptible to concussions accompanied by a catastrophic injury, 65 232 460, 551, 557, 633 there is a
paucity of studies reporting on recovery patterns for participants under the age of 15 years. The risk for
younger sports participants is hypothesized to be related to physiological differences between younger and

more developed brains.34!. 562

Genetics, mood disorders, migraines, learning disabilities and attention disorders are associated with
modifiers for concussions and prolonged recovery.392 Although some studies have suggested that there may
be an association between concussion and genetic polymorphisms (i.e. apolipoprotein e4 [APOE e4] and
APOE G-219T)350.584.586 these studies have been limited by methodological weaknesses and did not support
definitive conclusions.584 58 A mood disorder history, either pre-existing or resulting from a concussive injury,
may compound the diagnosis and management of concussion.®® 5% However, there is no evidence that
pre-existence of a mood disorder predisposes the sport participant to a concussion.283 It is difficult to
evaluate an individual for symptoms of a concussion without being able to differentiate between symptoms
that preceded the concussion from those caused by the concussion and to ascertain what symptoms are
exacerbated by the concussion. 58250 This is similar for sport participants with learning disabilities such as

attention deficit disorder/attention deficit hyperactivity disorder and migraines. 0. 237, 308, 454, 563
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Effects of multiple concussions

Following a concussion, the sport participant’s risk of a subsequent concussion is increased, especially in
the 7- to 10-day period following the initial acute injury."8 12725 There is a six-fold increase in the risk of
sustaining a subsequent concussion for athletes who experience a loss of consciousness, compared with
those who have no loss of consciousness.'?” The reasons for this have not been fully elucidated but may be
related to (a) the style of play predisposing them to another injury; (b) susceptibility of the athlete; (c) age
and level of participation; (d) the possibility that the athlete may receive more exposure time; or (e) the fact
that once a concussion occurs, the brain is more susceptible to a concussive injury.'?” Athletes with prior

concussions may take longer to recover from an acute concussive injury.2’

The effects of repeated concussions are reportedly cumulative and permanent. 8. 124, 152, 251,290, 291, 460, 490, 510
These effects range from an increased risk of a repeat concussion (5.8 times), on-field loss of consciousness
(6.7 times), confusion (4.1 times), and anterograde amnesia (3.8 times) with each subsequent concussion®":
21 through to decreased performance in attention, concentration, immediate memory recall and visual motor
coordination.® These effects can be more pronounced if the period between concussions is shorter and the
effects are additive.490 Some,2%0. 291,460 hyt not all,'2 researchers have identified that athletes with multiple
concussions report more symptoms and have a worse neuropsychological test performance than athletes
with no history of concussions. This might be reflective of the cumulative and additive effects of multiple
concussions?® with resolution of the symptoms occurring over a period from several days to months to

years, or they may be permanent.25. 291,624

A reported but extremely rare and controversial condition that can occur as a result of a subsequent
concussion is second-impact syndrome.#% % Second-impact syndrome is reportedly more common in
children and adolescents younger than 21 years old.4!3 61 Re-injury need not occur on the same day and
has been reported to have occurred within up to 2 weeks following the first concussive injury.53 The second
injury may initially appear to be of the mildest degree but can quickly evolve to collapse, loss of
consciousness and respiratory failure, and death may occur.”® These events have been attributed to
cerebrovascular dysregulation, vascular engorgement, herniation of brain tissue, worsening cellular
metabolic changes and more significant cognitive deficits?59. 376, 413, 562, 597, 5%, 614 glthough the exact

pathophysiological pathway remains unknown.238. 421

More recently, it has been reported that multiple concussions may be linked with CTE, #3437 but there is a
paucity of published studies, and it is not possible to determine if there is a cause-and-effect relationship
between concussions or exposures to contact sports.*2 427 CTE has been found in athletes as young as 18
years who have died with a history of concussions.5# Athletes with multiple concussions can have
neurobehavioural manifestations of CTE, such as changes in memory, behaviour, personality, gait and
speech, similar to Parkinsonism-type symptoms.435.437 Although concussion has been described as a risk
factor for CTE,%® what is not known is whether this may be caused by concussive and/or subconcussive
events, the frequency of these types of events to occur for CTE to develop, and if there is a predisposition

for only a small number of athletes to be at risk of having CTE.#16 More studies are required to determine if
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there is a direct causal link between concussion and CTE,*2% 42 at what age the nervous system is most
susceptible to the effects of concussion, and whether proper management of concussion can reducing late-

life neurodegenerative dementias.*'6

Not all impacts to the head will result in concussions. In situations where the brain is exposed to forces
(linear and/or rotational), it is difficult to reliably identify non-concussive episodes.8 High school football
players have recorded significant neurophysiological changes despite having no clinical symptoms of
concussion.?8 This was further identified in rats that underwent a subconcussive lateral fluid percussion.552
The percussion resulted in a neurophysiological change but did not affect behaviour or have any other injury
severity measures such as loss of consciousness.%52 Further research is therefore warranted for the
monitoring of subconcussive injuries in several areas, to identify (1) tools that are available to assist in the
identification of subconcussive injuries; (2) how often subconcussive incidents occur in contact sports such
as rugby league and rugby union; and (3) what changes occur over a period of repeated subconcussive

incidents.
Return to Play (RTP)

The use of RTP guidelines has been based around the biomechanical concepts of concussion.® The first
reported RTP rule was the ‘three strike rule’ originally proposed by Quigley*** in 1945 and then adapted by
Thorndike in 1952.4* This rule recommends that if an athlete has three concussions, then they should
terminate future sport participation.2” Subsequent RTP guidelines (see Table 4) extended and expanded
Quigley’s rule and were established with the intention of preventing catastrophic injuries and cumulative

effects that may occur as a result of concussion.2#3

All of the established guidelines focused on ensuring that the sport participants must be free of any post-
traumatic amnesia symptoms and post-concussion symptoms both at rest and during exercise.” The
original RTP guidelines were based on either clinical experience® or the result of a catastrophic incident.®
9 In the mid-1990’s these guidelines were critiqued regarding their scientific basis, resulting in a workshop
to re-evaluate the guidelines and establish practical alternatives.t* The guideline published as a result of
this workshop did not differ substantially from previous guidelines but started the move from numerical

grading to individualized management of concussions.378

More recently, the CISG identified that none of the published RTP guidelines were adequate to assure
proper management of every concussion.!" The CISG#2.425 also published a graduated RTP protocol (see
Table 5) for a stepwise process of rest to exertion for returning the athlete to the sporting environment,
separated by at least 24 h between the different stages. The RTP should be individualized to the concussed
player, utilized in conjunction with symptom assessment and cognitive examinations, and used for tracking
the recovery of the concussed player. 159,251,263, 354, 391,426, 513 The RTP protocol is appropriate for children and
adolescents as young as 10 years.*? Athletes under the age of 18 years would require a more conservative

RTP protocol, while athletes under the age of 10 years would require age-appropriate symptoms checks.42
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On the basis of the SCAT2, the International Rugby Board (IRB) has developed online resources for both
the healthcare provider and non-healthcare provider

(http://www.irbplayerwelfare.com/?documentid=module&module=1) in the assessment and management of

a concussed athlete, utilizing the consensus statement and its associated assessment tools. The IRB also
introduced a ‘Pitch-Side Concussion Assessment’ (PSCA) for use in the World U20 IRB competition (2012)
and in professional competitions (2013) but, again, there have been no published studies reporting on this
as a sideline protocol for assessment of concussion. PSCA is undertaken in a 5 min ‘concussion bin’ period
but is well short of the CIS guidelines of 15 min for sideline concussion assessment.? To date, there are
no published studies reporting the effectiveness of these implementations in the identification and

management of rugby-related concussive events.

Table 5: Fourth CISG graduated return-to-play protocol.42

Rehabilitation stage Functional exercise at each stage of rehabilitation Objective of each stage

No activity Physical and cognitive rest Recovery

Walking, swimming or stationary cycling keeping intensity, <70%
maximum predicted heart rate; no resistance training.

Skating drills in ice hockey, running drills in soccer; no head impact
activities.

Light aerobic exercise Increase in heart rate

Sport-specific exercise Add movement
Progression to more complex training drills, e.g., passing drills in  Exercise, coordination, and cognitive

Non-contact training drills football and ice hockey; may start progressive resistance training. loading

Restore confidence and assess

Full contact practice Following medical clearance, participate in normal training activities functional skills by coaching staff

Return-to-play Normal game play

CSIG= Concussion in Sport Group

Compliance with RTP regulations has been reported to be poor. Players with a reported concussion
undertaking the required stand-down regulations have varied from 33% to 100%2 non-compliance, despite
receiving RTP advice. Following the 2012 CISG Conference, the newly produced SCAT342 has altered the
RTP requirement for medical clearance. SCAT24% identified that with RTP, there should be 24 h (or longer)
between stages and that medical clearance should be given before RTP. SCAT342 differs from RTP, as
athletes should now “be medically cleared and then follow a stepwise supervised program, with stages of
progression”, where there should be 24 h (or longer) between stages, and medical clearance should be

given before RTP.
Linear and rotational head acceleration-deceleration

A concussion typically occurs as a result of a direct impact to the head or from an indirect impact applied to
the body that is transmitted to the head.!. 422 425 441 This results when the torso is either decelerated or
accelerated rapidly.3' Consequently, the head sustains a combination of linear and rotational acceleration.
Direct impacts with the head (linear acceleration-deceleration) and inertial loading of the head (rotational
acceleration-deceleration) have been postulated as the two major mechanisms of head-related injuries such
as concussion.3'0 Linear acceleration produces focal injuries, while rotational acceleration produces both

focal and diffuse injuries.3'0

Denny-Brown and Russell'32 first described concussion as a result of sudden velocity changes, terming this

‘linear acceleration-deceleration’. Considered as the most important mechanism of head injuries, linear
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impact forces were attributed to intracranial damage resulting in pressure gradients and deformation of the
skull, which were the key factors for a concussion occurring.52 253,310 Although pressure within the brain
varied during an impact, there was a strong correlation (r=0.42) between linear acceleration and brain
deformation.% Concussive events that occurred during a linear acceleration-deceleration were the result of
the brain’s relatively low inertia being unable to keep up with the movement of the skull.252 Also, acceleration
per se was not the primary cause of injury, as rapid motion causes displacement of the hard bony structures
of the skull against the soft tissues of the brain.8% Primarily because of limitations in techniques and
equipment being available to measure rotational acceleration,® the linear acceleration-deceleration

hypothesis has been the most frequently measured.

In 1945, Holburn?' first stated that concussions were a result of rotational movements with or without direct
impact, and termed this ‘rotational acceleration’. It was later proposed that rotational acceleration was the
cause of gliding contusion resulting from excessive strain of the cerebral blood vessels.382 Rotational
acceleration was reported to contribute more than linear acceleration to concussive injuries, diffuse axonal
injuries and subdural haematomas.3'0 Rotational, or shearing forces, applied to the head deform brain tissue
more readily than any other biological tissues, and this is the predominant mechanism of injury in
concussion.*4!. 482 Rotational acceleration-deceleration may contribute to, and is linked with, cytoskeleton

damage in animal models of concussion.52. 31
Forces associated with concussion

There is limited published research on the rotational and linear accelerational forces associated with
concussion (see Table 6). The majority of the data have come from American football matches at various
levels of participation by on-field monitoring, and using impact reconstruction of concussive impacts.3%. 497,
498,605,606 |n |aboratory reconstructions, it was reported that concussive events have occurred with face mask
linear accelerations of 78 +18 g*97 to 94 £27 g3'0 but greater accelerations were recorded on other areas of
the head, with an average of 107-117g.49" Using a helmet telemetry system, real-time head acceleration
measurements were recorded for high school football players, with peak linear accelerations varying from
55.7 to 136.7g for concussive events.®® This was extended further with the helmet telemetry system
monitoring impacts in collegiate football players, with peak linear accelerations ranging from 60 to 120g for

concussive events, with the majority of peak accelerations being above 95¢.28. 29, 253, 254

Laboratory reconstructions have also provided rotational accelerations.310. 497, 49,606 |n duplicating National
Football League (NFL) concussive events, rotational accelerations of 6,398 +1,798 radians per second per
second (rad/s?) occurred for concussive events.3'0 Studies using the helmet telemetry systems on high
school football players measured rotational accelerations of 163.4-8,994.4 rad/s? over 7-16 ms28. 29. 49,398
when concussive events occurred, while collegiate football players recorded higher rotational accelerations
of 5,5682-9,515 rad/s2.28. 25 Findings were similar in comparisons of collegiate football (7,092 £1214 rad/s?
over 9.6 +2.8 ms)* with NFL (6,569 +1,866 rad/s? over 9.7 +1.7 ms).8% Utilizing a logistic regression
analysis on previously published data*® there was a 75% chance of a concussion occurring®'® when an

event occurred that resulted in linear acceleration of 989 combined with rotational acceleration of 7,130
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rad/s2.'*! Unfortunately, not all studies reporting impact forces associated with concussive events have

provided linear, rotational and impact duration data. From the studies that have reported all of these

components, it can be seen that the force duration associated with concussive events varies by participation

level.

Helmets that are used in these sports have some protective effect in regard to concussive events.3'® When

conducting hybrid head tests with helmets for impact reconstruction, there was a 21-29% reduction in linear

accelerations but an increase in rotational accelerations when compared with the non-helmeted tests.?® To

date, there are no published studies reporting the impact that results in concussive events from participation

in non-helmeted sports such as rugby union and rugby league. Further research is warranted to investigate

the impacts that occur in concussive events in non-helmeted sports to enable broader understanding of the

forces associated with concussion.

Table 6: Linear and rotational forces, impact duration and standard deviations associated with non-

concussive and concussive events.

No. of Session type Linear Rotational acceleration Impact
Author Sports code concu.ssions (no. of impacts?) acceleration, (g) (rad/s?), duration (ms)
) [mean * SD] [mean * SD] [mean * SD]
Non-concussive impact forces
Broglio et al.4 Hiah school football N/A Practice (29,287) 248+148 1,569.8 £ 1124.8 102+38
9 N/A Game (25,312) 26.7 £17.1 1,728.9 £ 1319.3 102+36
Guskiewicz et al.25*;
Guskiewicz and Collegiate football N/A Game (104,714) -
Mihalik2s3
. N/A Practice (2,114) 32+25 905 * 1,075 (x-axis)
Duma etal ™ Collegiate football N/A Games (1,198) 32425 2,020 + 2,042 (y-axis)
Reed et al.5! Bantam ice hockey N/A Games (2,989) 22104 1,657.4 +£26.9
o ang NFL NIA Game 6784147 484769298 79419
ellmansos
N/A Laboratory® 59.7+239 42347 +1,716.3 71426
Pellman etal 7 NFL N/A Laboratorye 56.2 + 222 3082 + 1402 9319
Brolinson et al.%® Collegiate football N/A Game (11,604) 209+18.7 - -
High school football N/A Game 292+1.0 -
Naunheim et al 46 High school hockey N/A Game 350+17 -
High school soccer N/A Game 54.7 4.1 -
Concussive impact forces
Broglio et al.# High school football 2 Practice (3.5 £ 2.19) 105.9+19.5 7,9822+213 100+ 14
: 11 Game (19.7 £21.39) 1000+ 1.3 7,0926 +1,214.2 96+28
Guskiewicz et al.25*;
Guskiewicz and Collegiate football 13 102.8 £32.0 53116 £4,111.0
Mihalik2s3
Duma et al.™! Collegiate football 1 - 81 7,912
Viano and
Pellmanto NFL 22 Game 943+275 6,569.0 + 1,866.4 9.7 17
Peliman et al.4e7 NFL 25 Game 98.2 +28.1 6,552.4 + 1,770.5 93+19
Brolinson et al.53 Collegiate football 3 Game 89.1£43.0 - -

. Game (struck) 98 +28 6,432 £ 1,813 9.3+1.9
Viano etal.f NFL 2 Game (striking) 585+ 21.4 4225+ 1405 ;
Beckwith et al 2 C°”‘*9'Sacfozr;d high 105 Competitione 11214354 4,253 +2,087 4317
Beckwith et al2 Collegiats and high 105 Competiion' 1025£338 3,977 +2272 3716

a: Except where stated otherwise. b: Laboratory reconstruction of struck player in NFL collisions. c: Laboratory reconstruction of the striking player
in NFL collisions. d: No. of impacts (mean + SD) before concussion. e: Mean severity of impacts prior to immediately diagnosed concussions. f:
Average peak linear and angular acceleration for all impacts associated with diagnosed concussion. g= gravitational acceleration; rad/s? = radians
per second per second; ms = millisecond; N/A = not applicable; NFL= National Football League.

Knowledge and understanding

Several studies have reported on the knowledge and understanding of concussion for team managementé.

298, 331, 477, 577, 601 gnd parents.™8 576 Studies reporting coaches’ knowledge and management of concussion
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identified that 16%*77 to 51%50" of coaches were unable to correctly identify factors relating to concussion
recognition, management and prevention techniques. Between 40%33' and 42%%5! of coaches thought that
a player needed to lose consciousness for a concussion to occur. Over a quarter, 26%%" to 32%5" would
not remove a concussed player from the field of play. Similarly, 20%%" to 26%8" would let a symptomatic
player RTP, and 30%%%" to 50%5! of coaches believed that head-gear could minimize the risk of concussion.
In assessing parents’ understanding of concussion®8 it was reported that 83% of parents believed they
could recognize a concussion in their teenager, 5% reported that a player needed to lose consciousness for
a concussion to occur, 19% of parents would not have their teenager see a medical practitioner if there was

a suspected concussion, and 4% would let a symptomatic teenager RTP.

Studies on the effectiveness of concussion education resources, such as the Centre for Disease Control
concussion education website, found that 80%246 of football coaches identified these as ‘moderately useful’,
63% of coaches realised concussions were more serious than previously thought, 50% of coaches made
future changes in regard to dealing with concussion, and 72% of coaches used the resources to educate
other coaches, parents and athletes.'® Comparison is difficult, as no studies have reported changes in
coach and team management awareness and knowledge through the use of concussion education in
sporting activities. Future studies reporting the knowledge and awareness of team management are

warranted.
Health practitioner knowledge and management of concussion

Concussion clinical practice guidelines (CPGs) are available,'2 48 but their utilization by health
professionals has not been well documented.5 The quality and consistency of the concussion CPGs have
been reported to be lower than those of other medical CPGs.32 They have considerable variability in the
methodological quality, guidance® 50 and recommendations.’® Stakeholder involvement®3 58 and
consideration is limited for the applicability of the recommendations (i.e. cost implications, monitoring
procedures, etc.).52 In some cases, the guidelines conflicted in the management, which may affect the

decision-making process for follow-up and further management.583

Studies?* 210.503 have shown that 27-32% of the discharge instructions provided to patients agreed with
available published guidelines for RTP following a concussion. This was similar for primary care providers,
with only 20% indicating that they utilized guidelines in the management of concussion.®® Emergency
department practitioners’ use of concussion guidelines was slightly greater with 44% of those surveyed
indicating that they utilized a concussion guideline in the management, but there was little consistency in

the guideline being utilized.?2

In regard to RTP decisions, there were differences reported for both primary care providers and emergency
department practitioners.23 24 220. 393, 503 Of concern was that 7% of emergency department practitioners
would return the patient to the same match, 31% in 1 day and 27% in 1 week if asymptomatic. A third (33%)
recommended RTP only after clearance by a physician for an initial concussion, but 67% recommended this

for a subsequent concussion. Twelve percent*’® of primary care providers have been reported to use RTP
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guidelines, identifying that clinical examination (89-93%)'0" was the most commonly used method for RTP

decisions.

The most common reason for the variations in the management of concussion is lack of awareness of, and
confusion with, the many published guidelines that are available.2* 362 503 The use of differing guidelines for
the assessment and management of concussion may be the primary reason for variations reported in health
professional’s RTP decisions.220.503 The most frequently cited guidelines utilized in RTP decisions by health
professionals were the American Academy of Neurology, Colorado Medical Society Guidelines and Cantu
guidelines.?20. 503 The new guidelines indicate no RTP when a concussion is diagnosed or suspected. We

need adherence to these guidelines in the sporting context.

To date there is a paucity of research on emergency department and primary care practitioners’
management of concussion. An advice card may be given out with information on when to RTP if symptoms
return or persist - but once a structural injury is ruled out, little consideration is provided to the functional

brain injury.

Additionally, a lot of the published research reporting on primary care providers and emergency department
management of concussion was prior to the publication of the third CISG guidelines and the recent increase
in concussion awareness. Further research is warranted to explore these areas to assist in the development
of evidenced-based information for this group of health practitioners. Until this evidence is available, the
decision will remain a clinical one, utilizing the guidelines from the new consensus statement in April 2013
that advocate the use of the King-Devick visual test, clinical reaction tests with the new systems of SCATS3,

Child-SCAT, a concussion recognition tool and other neuropsychological testing systems.
Academic considerations

There is a paucity of studies reporting on academic-level sport participants such as students at primary,
secondary and tertiary level, and the management of the individual with a concussion on reintegration into
the academic environment. To date, there are no published standardized guidelines for the return of a sport
participant to academic studies.26? From the studies reporting on the academic consequences of concussion,
it has been reported that students may struggle to concentrate, may fail to perform academically, and may
have verbal and memory learning difficulties.360.429.460 Students with two or more concussions and a learning
disability had significantly worse executive functioning and speed of mental processing test results, when
compared with students with a similar concussion history and no learning disability. Persistent
neurocognitive difficulties were reported in high school athletes with two or more concussions.*® These
students had lower cumulative academic grade averages, and it was uncertain whether this was as a result
of the concussion history, a characteristic of predisposition for concussion or a combination of both of these

factors.460

It has been recommended that a period of cognitive rest is needed to prevent exacerbation of the symptoms
of concussion.25. 429,459, 461 This may include a leave of absence from the school environment,288. 429, 459, 461

shortening of the academic day, reductions in workloads in school and allowance of more time to complete
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assignments or tests.341,429.459.461 Although there are some studies reporting on the effects of concussion at
high school-level,*® collegiate-level** and secondary-level* academia, there are no published studies to
date on lower levels of academia nor on academic institutions outside the USA. Additional resources to help
explain student academic issues as a result of concussion should be developed for both clinicians and

educators.?3 Future research into the return-to-academia procedures is warranted.
Implications for the assessment and management of concussion

The prevention of concussions should be a priority, as athletes will always be exposed to head impacts. 2
The incidence can be mitigated to some degree by education of athletes,® coaches and team
management,3!. 477. 801 family members*® and health professionals.?* 59 80 Development of up-to-date
educational resources is a priority to enable dissemination of appropriate up-to-date information for all
people involved in the identification and management of a concussion. Although there are resources
available through various international sources,® 1% individual sporting codes should also be responsible

for the dissemination of this information to participants, volunteers, medical personal and family members.

Often players do not recognize that a concussion may have occurred, with as few as 23% reporting
symptoms that may represent a concussion.'?® McCrea et al.*®® identified that only 47% of high school
football players reported having sustained a concussion during match or training activities. Often the
assessment and management of concussions relies upon visual cues to a concussion occurring, such as
head clashes, player stumbling, loss of consciousness or players reporting they have had a concussive

event.52! Consequently, a number of concussions remain unnoticed. 4. 620

Head impact systems are effective at recording head accelerations during various sporting activities53. 141
and have been used to assist in the development of injury tolerance curves, severity indices and
identification of individual players requiring further medical assessment. Despite this technological
development, head impact telemetry systems are not a diagnostic tool for the assessment of concussion,33
but can assist in identification of potentially concussed players needing further medical assessment. By
monitoring players through a head impact telemetry system, medical personnel can monitor the impacts that
players receive and have a visually recorded cue, should an unreported or unwitnessed concussive event
occur. This technology is in its infancy and may well be out of reach of amateur-level sport participation, but
research at higher levels of sport participation may be beneficial to identify the impacts that do occur. As the
published literature is limited to a few sports (e.g. ice hockey, football,% 4! soccer2s!), further longitudinal
studies are warranted in a wider spectrum of sports to assist in broadening knowledge of the effects of

impacts in sports and concussion.

Management of concussion varies depending on the knowledge of the practitioner and the information and
resources that are available to assist with decision making.2* %3 Information provided to the individuals can
vary2503 and this may unwittingly place the person with a concussion at risk of a more serious injury should
they receive another concussion.23: 24 210, 220, 333, 503 Although research has been increasing in recent years
and the information available changes, medical facilities and sporting organizations need to provide the most

appropriate up-to-date identification, management and return-to-sport protocols to sport participants. This
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may require regular reviews of the policies and standards available to ensure these are current. For example,
the TBI guideline*? available to health practitioners in New Zealand was produced in 2007 and, despite the
publication of the CISG consensus statement, this has not been revised nor have there been any updates

to this guideline.

Diagnosing a concussion represents a significant clinical challenge.?%0 Often concussion severity and
significance cannot be definitively determined until symptom resolution.2*0 Sideline injury screenings employ
symptom checklists, cognitive tests and balance evaluations that are reasonably sensitive, and specific, for
the initial identification of a concussion.22 203 This is dependent upon two critical factors: (1) the player must
be identified as having a suspected concussion; and (2) someone must be available to conduct the
screening process.240 [f either of these factors is not present, then there is a risk of a suspected concussion
being missed.24 At the amateur level, this is often the problem, and more than 50% of concussions remain
unreported.4®® To assist in reducing the number of missed concussions, sports codes could include specific
concussion assessment educational sessions, make sideline assessment tools readily available and
encourage use of appropriately trained qualified personnel in head injury management at all levels of

participation.

The effects of multiple or repetitive concussions are not well understood but are currently being
researched.*® There is animal study evidence of the brain’s increased vulnerability to structural and/or
functional damage following a concussive injury.240. 36" There is anecdotal evidence that recent concussive
impacts increase the likelihood and severity of functional impairment to the brain.249 250.435 There is a strong
connection'? between the effects of concussion, especially repeat concussion, and brain function decline®
%0 such as the progressive neurodegenerative syndrome and CTE.574 This may be caused by either a single,

an episodic or repetitive blunt force impacts to the head.

Although research into CTE, and its connection to concussion, is in its infancy,?' it is proposed that
widespread monitoring of concussion should occur at all levels of participation. This should be done for
concussive as well as subconcussive incidents. This has the potential to enhance the identification of a

concussive event and may assist in the reduction of underreporting.24
Conclusions

Concussion still remains a mystifying subject in the sports medicine arena. The underreporting of concussion
makes identifying the true incidence difficult, and makes diagnosis and management of concussion a
challenge. The pathophysiological effects of a concussion can be seen from within 24 h of the event,
occurring up to several weeks post-injury. As a result of increased metabolic dysfunction, the brain has
increased vulnerability to other consequences. A concern with the reporting of concussion is that studies
have utilized different definitions, methodologies (retrospective and prospective) and reporting modalities.
The CISG has made advances in the identification and management of concussion; however, until the CISG
definition of concussion is universally used by all researchers, the true incidence and cost of concussion will

not be known.
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Symptoms of concussion are variable, and measurement of these symptoms depends on self-reporting. The
CISG has produced SCAT3 representing the newest sideline concussion assessment tool to date. More
recently, the King-Devick test has been used successfully to identify concussion. Initial sideline assessment
should be undertaken to identify the athlete with a concussion, but this should only be part of a continuum
of assessment modalities. More advanced assessments such as SCAT3 and Child-SCAT3 can then be
undertaken to further evaluate the player with a suspected concussion. The use of head impact telemetry
for head impacts has been shown to be an effective measurement tool. By monitoring players through an
impact telemetry system, medical personnel can monitor the impacts that players receive and have a visually
recorded cue when unreported or unwitnessed potential concussive events occur, but this will be beyond
the financial capacities of many amateur sporting activities. Medical practitioners should be cognisant of the
extent and nature of concussion and should work with parents, teachers, coaches, athletes and trainers to

identify and manage concussions.
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Section 2;
Epidemiology of concussion in

New Zealand
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“He’s just trying to be a scaremonger
and stop people from playing the
game. The fact is that concussions are
not a problem and medical people not
involved Iin the game just need to

harden up a bit more”

Sports Code Medical director - 2014
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CHAPTER 3:
SPORT-RELATED CONCUSSIONS IN NEW ZEALAND: A REVIEW OF
10 YEARS OF ACCIDENT COMPENSATION CORPORATION
MODERATE TO SEVERE CLAIMS AND COSTS

This chapter comprises the following paper published in the Journal of Science and Medicine in Sports
Reference
King, D.A., Gissane, C., Brughelli, M., Hume, P.A. & Harawira, J. Sport-related concussions in New
Zealand: A review of 10 years of Accident Compensation Corporation moderate to severe claims and
costs. J Sci Med Sport 2014; 17(3): 250-255.
Author contribution:
D King 80%, C. Gissane 5%, M Brughelli: 5%, P Hume 5%, J Harawira 5%.

Overview
Objective: This paper provides an overview of the epidemiology of sport-related concussion and associated

costs in New Zealand requiring medical treatment from 2001 to 2011 in seven sports codes.

Methods: Data were analysed by sporting code, age, ethnicity, gender and year of competition for total and

moderate-to-severe (MSC) Accident Compensation Corporation (ACC) claims and costs.

Results: A total of 20,902 claims costing $NZD 16,546,026 were recorded over the study period of which
1,330 (6.4%) were MSC claims. The mean yearly number and costs of MSC claims was 133 +36 and
$1,303,942 £$378,949. Rugby union had the highest number of MSC claims per year (38; 95% CI 36 to 41
per 1,000 MSC claims). New Zealand Maori recorded the highest total ($6,000,759) and mean cost
($21,120) per MSC claim.

Discussion: Although MSC injury claims were only 6.4% of total claims, they accounted for 79.1% of total
costs indicating that although the majority of sport-related concussions may be minor in severity, the related
economic costs associated with more serious sport-related concussion can be high. The finding that rugby
union recorded the most MSC claims in the current study was not unexpected. Of concern is that rugby
league recorded a low number of MSC claims but the highest mean cost per claim. Due to the high mean
cost per concussion, and the high total and mean cost for New Zealand Maori, further investigation is

warranted.

Introduction

Sport-related concussions are topical in the sports medicine domain. In the United States of America 1.6 to

3.8 million sports related concussions occur annually358 with a cumulative (direct and indirect) cost estimated
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to be US$56 billion.3® Most sport-related concussions occur in sports that involve physical contact between
participants.3* However rates are also high for non-contact sports such as baseball and volleyball.>%¢ Despite
the increasing number of international studies on sport-related concussion, there is a paucity of studies
describing sport-related concussion in New Zealand sports-participants. To date no published studies have
undertaken an epidemiological review of the costs to a nation from sport-related concussion in different
sporting activities. To enable appropriate targeting of injury prevention initiatives, we were interested in
differences for sport-related concussion incidence and characteristics by age, sports code and gender.
Given the ethnic differences in the New Zealand population, it was identified that there may be variance in
the ethnic representation of sport-related concussions. With a population of 4.1 million®® the four largest
ethnic groups were New Zealand Europeans (61.2%), New Zealand Maori (13.2%), Pacific Peoples (6.2%),
and Asian (8.4%). With this in mind the aim of this study was to provide an epidemiological overview of
sport-related concussion and associated costs over 10 years. New Zealand’s national taxpayer funded no-
fault injury compensation system administered by the Accident Compensation Corporation (ACC) means
that New Zealand is uniquely positioned to provide detailed descriptive epidemiological data including costs
associated with treatment. Using these data, comparisons of the incidence and cost of concussions for
players in seven sports with comparisons by gender, ethnicity and age over the 2001/2002 to 2010/2011

reporting periods were conducted.
Methods

As there is no reliable data capturing system for concussive injuries through national sports organizations,
the ACC database was utilised to provide detailed descriptive epidemiological data including costs
associated with treatment for injuries that occur in sporting activities. The database records the number of
injury claims but is unable to report missed match and training time, hospitalization duration and level of
participation. ACC records, and reports, on two types of acute personal injury claims.2'® These are Minor
and Moderate-to-Serious claims (MSC). Both are defined under the Injury Prevention, Rehabilitation and
Compensation (IPRC) Act, 2001 with ACC responsible for meeting the costs of the injuries.2'> People qualify
for cover when they present with a personal acute injury as a result of an accident to any of the ACC
recognised 30,000 registered medical practitioner's throughout New Zealand.2'5 A claim is classified as
‘minor’ when ACC only pays for the registered medical practitioner (e.g., Physiotherapist, General
Practitioner) for the medical treatment provided.2'® Typically this involves a few treatments with ACC meeting
most of the costs.2'5 To be classified as MSC, these injuries usually require assistance beyond medical
treatment alone.?’®> MSC’s may involve a combination of medical care, rehabilitation costs and income
replacement for employment time lost as a result of the injury.?'® Each ACC claim can only be lodged once.
Payments for a claim may be incurred in subsequent years, but were be included in the total for the year of

lodgment of the claim.

For the purpose of the study, we focused on MSC claims that were recorded from 1st July 2001 to 30t June
2011 as a result of participating in top seven sporting activities that recorded the highest ACC MSC claims.

The definition utilised for this study was “any injury that had been assessed and reported by a registered
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health practitioner as a result of sports participation. The injury had to have been classified and recorded as
a concussion utilising the ACC read code (S60..). The injury had to have been accepted as being an ACC

claim during the study period to be recorded in the study dataset.”

Epidemiological studies are dependent on data quality for any analysis to be undertaken.2'6 Data provided
for our analyses was from the ACC database and this is dependent on several factors.® This database was
utilised as there were no other available databases for collection of player specific data such as numbers
participating in the different sports code activities, age of players participating, identification of the ethnicity
of players, and number of matches/events/activities completed enabling calculation of match and training
exposure hours. A potential identified limitation related to the use of this database is the way the data is
retrieved to protect client confidentiality by limiting the access to low level results. As a result any data less

than, or equal to, three injury claims was rounded to represent three claims only.

As there were no reliable participation data collected by the different sports-codes, New Zealand population
data was obtained from official government data. This data provide estimates of resident populations
between each five year census.%° The population of New Zealand over the study period was ~4.1 million

people based on the 2006 census. %

Ethical consent was sought from the AUT Ethics Committee but was not required. Informed consent from
the injured participants was not obtained as de-identified data were collected from the ACC data base

without individual participant identification or follow-up.

All data collected were entered into a Microsoft Excel spreadsheet and analysed with MedCalc for Windows,
version 12.0 (MedCalc Software, Mariakerke, Belgium). Injury incidences were calculated as number of
injuries per 1,000 MSC claims.®¥” Data are reported as means and standard deviations (+SD) with 95%
confidence intervals (Cl) where appropriate.®®' Injury incidences were compared for two selected periods
chosen as the start (2001-2002) and end (2010-2011) of the study period (2001-11). In addition comparisons
were undertaken for successive years over the study period (2001-11) using each yearly data point for
analysis. Comparisons between reporting years were calculated using a one sample chi-squared (x?) test.

Costs are reported in NZ Dollars ($).
Results

Over 2001-11 there were 20,902 sport-related concussion claims from seven sports codes costing
$16,546,026. The mean +SD number and cost per year of sport-related concussion MSC claims for the
seven sports codes was 299 6 and $2,363,719 £$62,311. MSC-concussions claims represented 6.4%
(1,330) of the total seven sports-codes claims but 78.8% ($13,039,416) of the costs. The MSC-concussion
claims and costs increased from 2001-2002 to 2002-2003 (claims: 8.2%; costs: 2.8%) (see Table 7). The
MSC-concussion claims varied from 85 (2001-2002; $1,101,537) to 188 (2009-2010; $1,824,667) but this
was not significant (x2=7; df=9; p=0.631). The mean number £SD and costs of MSC-concussion claims over
2001-11 was 133 £36 and $1,303,942 +$378,949. The mean cost per MSC-concussion claim was $9,804

+$8,859 while the mean cost per non-MSC-concussion claim was $182 +$27 over 2001-11.
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Table 7: Total number, rate and percentage of seven sports codes’ for total number and rate per 1,000 MSC claims

with 95% confidence intervals and percentage of total claims for total concussion MSC claims, total and

mean MSC costs and differences over reporting years for MSC claims.

Difference from

Difference from

Total Concussion MSC Claims Total Concussion MSC Costs ‘:;z;(;\x;g Tr?j:lfr?/r Totza:olal-soé ifr?j:er
. claims claims
Years No. Rate (95% Cl) %2 NzZD Mean NZD X2 (df=1), p value X2 (df=1), p value
2001-2002 85 412 (33.3t0 50.9) 41 $1,101,537 $12,959 - -
2002-2003 92 44.9 (36.6 to 55.1) 45 $1,131,918 $12,303 0.28 0.599 0.28 0.599
2003-2004 118 546 (45.6 to 65.4) 55 $ 944,658 $8,006 3.22 0.073 5.36 0.021
2004-2005 110 52.7 (43.7 to 63.6) 53 $ 930,160 $8,456 0.28 0.596 3.21 0.073
2005-2006 125 59.6 (50.0to 71.0) 6.0 $1,005,168 $8,041 0.96 0.328 7.62 0.006
2006-2007 120 56.8 (47.5to 67.9) 5.7 $1,125,872 $9,382 0.10 0.749 5.98 0.015
2007-2008 158 74.7 (63.9t0 87.3) 75 $1,325,756 $8,391 5.19 0.023 21.93 <0.001
2008-2009 182 86.1 (74.5 to 99.6) 8.6 $1,919,143 $10,545 1.69 0.193 35.24 <0.001
2009-2010 188 90.4 (78.3t0 104.3) 9.0 $1,824,667 $9,706 0.10 0.755 38.86 <0.001
2010-2011 152 75.4 (64.3 to 88.3) 75 $1,730,537 $11,385 3.81 0.051 18.94 <0.001
Total 1330 63.6 (60.3 to 67.1) 6.4 $13,039,416 $9,804

Rate per 1,000 total injury claims; Cl: Confidence Interval. (a)=Percentage of total claims for the sports codes recorded for 2001-
1.

Table 8: Sports code and gender concussion injury summary for total number and rate per 1,000 MSC claims with
95% Confidence intervals for total concussion MSC claims, total and mean MSC costs and differences over

reporting years for MSC claims.

Difference over 2001-11
for total MSC injury

Difference 2001-02 and

Total Concussion MSC 2010-11 for total MSC

Total Concussion MSC

Claims Costs - . -
claims injury claims
Sport No. Rate (95% Cl) NzD Mean NZD X2 (df=9), p value X2 (df=1), p value
Rugby Union 802 38.4 (35.8t0 41.1) $6,252,870 $7,797 39.3 <0.001 7.7 0.006
Soccer 183 8.8 (7.6t0 10.1) $1,143,408 $6,248 36.6 <0.001 2.6 0.108
Rugby League 179 8.6(7.4t09.9) $4,572,625 $25,545 16.3 0.06 5.1 0.023
Netball 74 35(2.8t04.4) $841,426 $11,371 19.8 0.019 6.3 0.012
Hockey 35 1.7(1.2102.3) $164,661 $4,705 15.6 0.076 6.0 0.014
Touch Rugby 34 1.6 (1.2102.3) $80,215 $2,359 12.7 0.178 0.0 1.000
Softball/Baseball 23 1.1(0.7t0 1.7) $34,211 $1,487 11.0 0.276 3.0 0.083
Female
Netball 69 3.3(2.6t04.2) $833,530 $12,080 18.9 0.026 6.3 0.012
Rugby Union 67 32(2.5t04.1) $608,215 $9,078 10.3 0.328 1.3 0.248
Soccer 51 24 (191032 $289,080 $5,668 14.8 0.097 0.5 0.48
Touch Rugby 27 1.3(0.9t0 1.9) $54,099 $2,004 3.0 0.964 0.0 1.000
Hockey 23 1.1(0.7t0 1.7) $30,801 $1,339 8.0 0.534 3.0 0.083
Rugby League 12 0.6 (0.3t0 1.0) $121,732 $10,144 16.0 0.067 0.0 1.000
Softball/Baseball 9 0.4 (0.2t00.8) $6,220 $691 24.0 <0.001 0.0 1.000
Total Female 258 12.3 (10.9 to 13.9) $1,943,675 $7,554 41.8 <0.001 8.0 0.005
Male
Rugby Union 735 35.2 (32.7 to 37.8) $5,644,655 $7,680 32.8 <0.001 6.5 0.011
Rugby League 170 8.1(7.0t09.5) $4,450,893 $26,182 13.3 0.15 5.1 0.023
Soccer 135 6.5 (5.5t07.6) $854,328 $6,328 24.2 0.004 1.3 0.248
Touch Rugby 25 1.2(0.810 1.8) $26,116 $1,045 13.8 0.13 0.0 1.000
Hockey 21 1.0(0.7 to 1.5) $133,860 $6,374 9.0 0.437 3.0 0.083
Softball/Baseball 18 0.9(0.5t0 1.4) $27,991 $1,555 11.0 0.276 3.0 0.083
Netball 12 0.6 (0.3t0 1.0) $7,896 $658 16.0 0.067 0.0 1.000
Total Male 1116  53.4(50.3t0 56.6)  $11,145,747 $9,987 50.3 <0.001 11.5 <0.001

Cl: Confidence Interval

Rugby union (38.4; 95% CI 35.8 to 41.1 per 1,000 MSC-concussion claims) and soccer (8.8; 7.6 to 10.1 per
1,000 MSC-concussion claims) had the highest number of claims (see Table 8). Rugby union ($6,252,870)
and rugby league ($4,572,625) recorded the highest total costs over 2001-11. Rugby league (92.2%;
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$25,545) and netball (86.6%; $11,371) recorded the highest percentage of sport code total costs and mean
costs per ACC claim. Males recorded significantly more MSC-concussion claims than females (x?=535.8;
df=1; p<0.001) (see Table 8). Males participating in rugby union recorded the highest total costs for MSC-
concussion claims ($5,644,655). Males participating in rugby league recorded the highest mean costs per
MSC-concussion claim ($26,182). Females participating in netball recorded the highest total ($833,530) and

mean costs per female MSC-concussion claim ($12,080).

Table 9: Ethnicity and sports code concussion injury summary for total number and rate per 1,000 MSC claims with

95% Confidence intervals for total concussion MSC claims, total and mean MSC costs and differences over

reporting years for MSC claims.

Total Concussion MSC Claims

Total Concussion

Difference over 2001-
11 for total MSC

Difference between
2001-02 and 2010-11

MSC Costs - . for total MSC injury
injury claims .
claims

No. Rate (95% Cl) NzD In;a[;] X% (df=9), p value X% (df=1), p value
NZ European’s 786 37.6 (35.1t0 40.3)  $3,885,454  $4,943 77.2 <0.001 14.9 <0.001
Rugby Union 469 224 (20.5t024.6) $2,076,589  $4,428 36 <0.001 6.5 0.011
Soccer 143 6.8 (5.8t08.1) $906,236  $6,337 256 0.002 29 0.09
Netball 55 26(2.0t03.4) $434,500  $7,900 19.7 0.02 38 0.052
Rugby League 41 20(1.4t02.7) $331,312  $8,081 10.5 0.312 5.0 0.025
Hockey 31 1.5(1.0t0 2.1) $72,779  $2,348 13.3 0.148 5.0 0.025
Touch Rugby 24 1.1(0.8t0 1.7) $29,827  $1,243 13.0 0.163 0.0 1.000
Softball/Baseball 23 1.1(0.7t0 1.7) $34,211  $1,487 11.0 0.276 3.0 0.083

NZ Maori 322 15.4 (13.8t0 17.2)  $6,800,759  $21,120 11.6 0.239 0.5 0.46
Rugby Union 173 8.3 (7.1t09.6) $2,454,246  $14,186 14.9 0.093 9.8 0.002
Rugby League 89 43(3.5t05.2) $3,880,800  $43,604 7.1 0.626 0.3 0.617
Netball 30 14 (1.0t0 2.1) $379,549  $12,652 0.0 1.000 0.0 1.000
Touch Rugby 18 0.9(0.5t0 1.4) $48,204  $2,678 8.0 0.534 3.0 0.083
Soccer 12 0.6 (0.3t01.0) $37,960  §$3,163 16.0 0.067 0.0 1.000
Pacific Peoples 144 6.9 (5.9t0 8.1) $1,566,595 $10,879 14.3 0.113 42 0.041
Rugby Union 108 52(4.3t06.2) $1,458222  $13,502 8.7 0.463 15 0.221
Rugby League 36 1.7(1.2t0 2.4) $108,373  $3,010 14.0 0.122 5.0 0.025
Asian 33 1.6(1.1t02.2) $105,891  $3,209 220 0.009 1.0 0.317
Rugby Union 12 0.6 (0.3t0 1.0) $11,291 $941 16.0 0.067 0.0 1.000
Hockey 9 0.4(0.2t00.8) $86,017  $9,557 18.0 0.035 0.0 1.000
Soccer 9 0.4 (0.2t00.8) $7,861 $873 18.0 0.035 3.0 0.083
Touch Rugby 3 0.1(0.0t00.4) $722 $241 6.0 0.74 0.0 1.000
Unknown/Other 182 8.7 (7.5t0 10.1) $730,723  $4,015 8.4 0.49 0.3 0.564
Rugby Union 65 3.1(24t04.0) $252,524  $3,885 1.0 0.999 0.0 1.000
Soccer 42 20(1.5t027) $191,354  $4,556 10.5 0.312 3.0 0.083
Rugby League 36 1.7(1.2t0 2.4) $252,136  $7,004 47.0 0.859 0.0 1.000
Netball 21 1.0(0.7to 1.5) $27,380  $1,304 16.0 0.067 0.0 1.000
Hockey 15 0.7 (0.4t01.2) $5,866 $391 15.0 0.091 3.0 0.083
Touch Rugby 3 0.1(0.0t00.4) $2,185 $728 6.0 0.74 0.0 1.000

ClI: Confidence Interval.

New Zealand European’s recorded the highest number of MSC claims (37.6; 35.1 to 40.3 per 1,000 MSC
claims; y2=77.2; df=9; p<0.001) over the duration of the study and this was significant (see Table 9). New
Zealand Maori (15.4; 13.8 to 17.2 per 1,000 MSC-concussion claims) recorded the highest total ($6,000,759)
and mean costs ($21,120) per MSC-concussion claims over 2001-11. Over 2001-11 period, New Zealand
Maori recorded the highest mean costs per MSC-concussion claim for rugby league ($43,604) and rugby
union ($14,186) (see Table 9). There were significant differences over the duration of the study for the
number of MSC-concussion claims for New Zealand Europeans participating in rugby union (x2=36.0; df=9;
p<0.001).
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The 20-29 age group recorded the highest MSC-concussion costs ($4,820,083) (see Table 10). The 30-39
age group recorded the highest mean costs per MSC-concussion claim ($19,910). The number of
concussion injury entitlement claims increased over the duration of the study for the 0-9 (x?=36.3; df=9;
p<0.001), 10-19 (x?=49.0; df=9; p<0.001) and 20-29 (x?=46.7; df=9; p<0.001) age groups. People
participating in rugby league activities in the 30-39 age group recorded the highest total ($2,268,398) and
mean cost ($48,211) per MSC-concussion claim (see Table 4). Although people participating in rugby union
activities in the 20-29 age group recorded the highest total MSC-concussion costs ($2,150,341) the 30-39

age group recorded the highest mean cost ($17,376) per MSC-concussion claim.
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Table 10: Sports code and age concussion injury summary for total number and rate per 1,000 MSC claims with 95%

Confidence intervals for total concussion MSC claims, total and mean MSC costs and differences over

reporting years for MSC claims.

Total Concussion MSC

Total Concussion MSC

Difference over 2001-

2011 for total MSC

Difference between 2001-02
and 2010-11 for total MSC

Claims Costs - . L .
injury claims injury claims
Age No. Rate (95% Cl) Total NZD  Mean NZD X2 (df=9), p value X2 (df=1), p value
Hockey
10-19 23 1.1(0.7t0 1.7) $46,824 $2,036 230 0.006 4.0 0.046
20-29 18 0.9(0.5t0 1.4) $15,432 $857 14.0 0.122 3.0 0.083
30-39 3 0.1(0.0t0 0.4) $3,246 $1,082 6.0 0.740 0.0 1.000
40-49 6 0.3 (0.1t0 0.6) $13,145 $2,191 21.0 0.013 3.0 0.083
50-59 9 0.4 (0.2t00.8) $86,017 $9,557 24.0 0.004 0.0 1.000
Netball
0-9 3 0.1(0.0to 0.4) $328 $109 6.0 0.740 3.0 0.083
10-19 23 1.1(0.7t0 1.7) $36,921 $1,605 11.0 0.276 3.0 0.083
20-29 43 21(1.5t02.8) $612,670 $14,248 8.0 0.534 1.0 0.317
30-39 24 1.1(0.8t0 1.7) $171,045 $7,127 6.6 0.679 0.0 1.000
40-49 3 0.1(0.0t0 0.4) $431 $144 6.0 0.740 3.0 0.083
50-59 3 0.1(0.0t0 0.4) $13,191 $4,397 6.0 0.740 0.0 1.000
60+ 12 0.6 (0.3t0 1.0) $6,845 $570 16.0 0.067 0.0 1.000
Rugby Union
0-9 3 0.1(0.0t0 0.4) $1,838 $613 6.0 0.740 0.0 1.000
10-19 350 16.7 (15.1t0 18.6)  $1,792,876 $5,123 215 0.011 44 0.036
20-29 317 152 (13.6t0 16.9)  $2,150,341 $6,783 253 0.003 72 0.007
30-39 113 5.4 (4.5t06.5) $1,963,506 $17,376 44 0.884 0.4 0.513
40-49 22 1.1(0.7to 1.6) $227,415 $10,337 10.0 0.351 0.0 1.000
50-59 12 0.6 (0.3t0 1.0) $91,754 $7,646 16.0 0.067 0.0 1.000
60+ 9 0.4 (0.2t00.8) $25,142 $2,794 24.0 0.004 0.0 1.000
Rugby League
10-19 48 23(1.7103.0) $130,352 $2,716 21 0.013 4.0 0.046
20-29 64 3.1(24t03.9) $1,694,239 $26,472 6.2 0.717 1.3 0.248
30-39 47 22(1.7103.0) $2,265,938 $48,211 12.1 0.207 0.5 0.48
40-49 32 1.5(1.1102.2) $482,094 $15,065 1.3 0.998 0.0 1
Soccer
0-9 9 0.4(0.2t00.8) $2,409 $268 24.0 0.004 0.0 1.000
10-19 59 2.8(2.2t0 3.6) $245,364 $4,159 10.3 0.324 0.1 0.706
20-29 63 3.0(241t039) $340,362 $5,403 31.7 <0.001 0.1 0.706
30-39 37 1.8(1.3t02.4) $281,209 $7,600 53 0.809 0.0 1.000
40-49 33 1.6 (1.1t02.2) $189,323 $5,737 4.0 0.911 0.0 1.000
50-59 3 0.1(0.0t0 0.4) $10,145 $3,382 6.0 0.740 3.0 0.083
60+ 15 0.7 (0.4t01.2) $74,595 $4,973 15.0 0.091 3.0 0.083
Softball/Baseball
0-9 3 0.1(0.0t0 0.4) $812 $271 6.0 0.740 0.0 1.000
10-19 9 0.4(0.2t00.8) $6,511 $723 240 0.004 0.0 1.000
20-29 6 0.3 (0.1t0 0.6) $2,160 $360 21.0 0.013 0.0 1.000
30-39 3 0.1(0.0to 0.4) $4,227 $1,409 6.0 0.740 0.0 1.000
40-49 9 0.4 (0.2t00.8) $20,501 $2,278 24.0 0.004 3.0 0.083
Touch Rugby
10-19 16 0.8(0.5t01.2) $25,950 $1,622 16.3 0.060 3.0 0.083
20-29 18 0.9(0.5t0 1.4) $4,879 $271 11.0 0.276 0.0 1.000
30-39 9 0.4(0.2t00.8) $9,507 $1,056 240 0.004 0.0 1.000
40-49 12 0.6 (0.3t01.0) $39,879 $3,323 16.0 0.067 3.0 0.083
All sport
0-9 18bcdeg 0.9(0.5t01.4) $5,387 $299 36.3 <0.001 3.0 0.083
10-19 528adefs 253 (23.21027.5)  $2,284,798 $4,327 49.0 <0.001 11.5 0.001
20-29 520adefs 253 (23.2t0 27.6)  $4,820,083 $9,112 46.7 <0.001 10.5 0.001
30-39 23pabcels  11.3 (9.9 t0 12.8) $4,698,678 $19,910 12.7 0.177 0.0 0.876
40-49 117abedig 5.6 (4.7t06.7) $972,788 $8,314 42 0.900 0.0 1.000
50-59 27abcde 1.3(0.9t0 1.9) $201,107 $7,448 17.8 0.038 3.0 0.083
60+ Jeabcde 1.7 (1.2t0 2.4) $106,582 $2,961 15.0 0.091 3.0 0.083

Rate per 1,000 total injury claims; CI: Confidence Interval. (a)=Percentage of total claims by age for the sports code recorded for
2001-11. Non-MSC age groups not included. Significant difference (p<0.05) than (a)=0-9; (b)=10-19; (c)=20-29; (d)=30-39;
(e)=40-49; (f)=50-59; (g)=60+ age groups.
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Discussion

This study identified the number of ACC claims lodged, and the associated costs of sport-related
concussions that occurred from participation in seven sports in New Zealand over a 10 year period (2001-
11). As shown there were 20,902 injury entitlement claims reporting concussions as a result of sports
participation but only 6.4% (1,330) of these were classified as MSC injury entitlement claims. The majority
of the ACC claims (19,572; 93.6%) reflect of the number of sport-related concussions that resolved without
further additional assistance. The numbers presented in this study are not an accurate reflection of how
many concussions are occurring in the individual sporting codes but how many concussive injuries were
recorded by the injured individual sporting code participants as a result of participating in that sport. As well
the term MSC is for the accounting purposes by ACC and does not reflect the severity classification of the
head injury itself. All the concussive injuries reported in this study were classified as concussions (S60..)

and recorded on the ACC system but required additional assistance beyond mere medical treatment only.%

MSC claims accounted for 6.4% of the total sport-related concussions for the seven sports surveyed but
accounted for 79.1% of total costs. This indicates that although sport-related concussions may be minor in
severity, the related economic costs attached to a sport-related concussion with ongoing symptoms can be
high. The finding that rugby union recorded the most MSC claims was not unexpected as this is the national
game in New Zealand.2!" Previous international studies have identified that ice hockey?® and the national
football league (NFL)3* have some of the highest incidences of concussion of all sports but these sports
have low participation levels in countries such as New Zealand. Denominator data in terms of the number
of participants exposed to concussion through play, and the hours of exposure to play in these sports is
needed to enable an accurate comparison of the risk of concussion in different sports but this data is not

available for this study.

A reason for high concussion claim numbers in sport may be related to the focus on concussion identification
and management education resulting in increased reporting. Rugby league had the third highest number of
claims (n=179) for reported concussions over the ten years. However, the overall knowledge level of
concussion identification and management was only 42% for rugby league team coaches and trainers in
New Zealand which was lower than other studies reporting concussion knowledge of team coaches (62%8
to 84%*77). Of 95 rugby league coaches and team managers, 26% reported they would not remove a player
with symptoms of concussion, 20% would return a symptomatic player to participation and 39% reported
that concussion only occurred when a player lost consciousness.3" With the number of reported
concussions in this study, and given the lack of knowledge surrounding concussion identification and
management previously reported there is possibly an under-reporting of concussion in rugby league.
Recently it has been reported that un-witnessed concussive events were identified with the use of a saccadic
reading test in rugby league®'” and rugby union.3'* The number of un-witnessed to witnessed concussions
occurred at a 3.4 to 1 ratio.?"* If this is indicative of the true incidence then the reported numbers, and costs
in this study may only be a third of the actual incidence and economic costs associated with sport-related

concussions.
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Of concern in the current study is that rugby league recorded a low number of MSC claims but the highest
mean cost per claim. In particular, males and Maori participating in rugby league activities recorded the
highest mean costs of all sports. This may be reflective of the nature of rugby league when compared with
rugby union or the management of these types of injuries. For example, the differences in the types and
numbers of tackles between the two sports may expose players in rugby league to more head impacts
resulting in more severe head trauma and therefore more cost per claim. Studies reporting on rugby union5'
and rugby league332 tackles have reported that contact with the head during the tackle occurred at a rate of
0.6 per 1,000 tackles in rugby union5'8 but at a rate of 89.9 per 1,000 tackles in rugby league.332 This higher
rate of contact with the head in rugby league may be reflected in the higher costs recorded in the current
study. Further studies are warranted to explore the incidence of impacts that occur and the management of

these injuries in rugby union and rugby league.

A limitation to the current study is the finding that 14% of claims and 6% of associated costs were reported
as ethnicity unknown or other. This does limit the analysis by ethnicity but may be related to people not
wanting to list their ethnicity or the available ethnic groups on the ACC forms do not include their ethnicity.
Of the MSC claims reporting ethnicity Asians had the lowest and New Zealand Maori had the highest mean
cost per MSC concussion claim. This finding is similar to a previous study reporting ethnicity variations in
rugby leagued¥’. Interestingly the previous costs per Maori rugby league concussion claim has increased
($38,1183%7 versus $43,604) but this is probably related to increasing costs of medical care due to the
different reporting periods between these studies. The explanation to this finding is beyond the scope of this
study but raises similar questions to the previous epidemiological study3¥” reporting injury claims and costs:
(1) Do New Zealand Maori have an increased risk of complications from concussions when compared to
other ethnic groups? (2) Is there a difference for the costs associated with different ethnic groups in the
medical management of concussion? (3) Are the sport-related concussions MSC claims from a single
concussive event, a concussive event where the injured player has returned to participation before the
concussion has been fully resolved (a repeat concussion)? and (4) Where the original injury was a structural
mild Traumatic Brain Injury (STBI) but has been misdiagnosed as a concussion from sports participation in
these sporting codes? The reasons for the mean high cost per concussion, and in particular for New Zealand

Maori, are areas that warrant further investigation.

The finding that MSC claims was higher for females (8.5%) than males (6.2%) was similar to previous
studies.'06. 506 This may be reflective of the identified increased risk factors for female sports participants.
These include being of a smaller stature, weaker neck muscles, less head/neck mass than males, increased
head mass, greater acceleration of the head and neck and a lower ability to protect their heads compared
with male sports-participants.”- %5 |n addition, females are more likely to report their injuries, utilise health
systems and report symptoms than males.* Consequently there would be an increase in claim numbers
when compared with males. Further studies on the anatomical, mechanical and physiological differences

between male and female sports participants recording a sports related concussion are warranted.
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The finding that some sporting codes do not have MSCs for players under the age of 9 yr. or for older age
groups does not accurate estimate of the players by age in that sport. Similarly the recording of MSCs for
younger players in other sporting codes does not provide an accurate estimate the risk of a concussion
occurring in these sporting codes. The differences recorded between the age groups may be related to
several factors. The low number of MSC claims may be reflective of the low sports-participation in this age
group in the different sports codes. During Adolescence (10-19 yr) sports-participants may have increased
risk of concussion due to reduced ability to dissipate forces applied to the head as a result of weaker neck
muscles, decreased nerve myelination, greater head-to-body ratio and growth spurts resulting in increases
in the body’s weight and mass.8' The physiological changes that occur to this age group can result in
increased forces and momentum during a collision when participating in sports activities.5' Adolescents and
children may also have a protracted recovery after concussion when compared with adults as there may be
a more diffuse and prolonged cerebral swelling can occur after an injury to the brain.'6® This suggests that

adolescents and children may be more at risk for secondary intracranial hypertension and ischemia.

The reporting of MSCs for sports participants over the age of 39 years is not unexpected. Players over this
age often participate in modified versions of the sports-code activity in annual events (e.g. Masters games)
or in President or Veterans grades. These games are often designed to encourage continued sports activity,
team participation and club membership. The 30-39 age group had the highest mean cost per MSC claim.
This may be reflective of this age group likely being less compliant with current recommendations for return-
to-play procedures. Or more likely the cost of work income replacement (costs were from earnings-related
compensations claims) being greater in this age group compared with younger players. Future studies need

to explore why this age group has an increased cost per concussion claim than the other age groups.

Given the findings of increased incidence in rugby union, increased cost per claim in male Maori rugby and
rugby league players, and increased incidence in female players, injury prevention initiatives should be
targeted at these types of players in New Zealand once greater understanding of the risk factors and
mechanisms of injury are ascertained. Additional injury prevention initiatives may also include a wider
understanding of concussion, the assessment, diagnosis and management education for team medical
personnel and coaching staff; more support for the removal from play of players with suspected concussions
to enable a complete sideline assessment and the identification of a removal-from-play tool that is usable at

all levels of sports participation.
Conclusions

The average cost per claim for a moderate to severe concussive injury varied by sports code, ethnicity,
gender and age over a 10 year period for seven sporting codes in New Zealand. Maori rugby league males
aged between 30 and 39 years, female players and rugby union players need to be targeted for injury
prevention initiatives. A wider understanding of concussion identification for team coaches and first aiders
and removal from play for assessment at all levels of participation may assist in the identification of
concussive injuries. Further longitudinal studies with specific details on injury mechanisms and participation

data are warranted to further explore the incidence of sport-related concussion that occurs in New Zealand.
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Practical implications

e The costs of sport-related concussions can vary by ethnicity, gender and sporting activity

completed;

e The majority of reported sport-related concussions resolve without further ongoing medical
assistance;

e More education is required for all sports-team management on identification and management of
sport-related concussions; and

e Maori sports participants may require a more personalised concussion rehabilitation program for

returning to activities.
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“It’s just a knock to the head, all you
have to do is harden up and get back
out there — give him a hit in the head

so you’re even”

Father of a 10 yr old player who had been knocked out - 2014
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CHAPTER 4:
CONCUSSION IN AMATEUR RUGBY LEAGUE PLAYERS IN NEW
ZEALAND: A REVIEW OF PLAYER CONCUSSION HISTORY

This chapter comprises the following paper published in New Zealand Journal of Sports Medicine
Reference
King, DA., Gissane, C. & Clark, T. Concussion in amateur rugby league players in New Zealand: A
review of player concussion history NZ J Sports Med 2014, 40(2): 64-69.
Author contribution:
D. King 85%, C. Gissane 10%, T. Clark 5%.

Overview
Aim: To review self-reported concussive history of amateur rugby league players to identify concussions
within a two year period, concussive events outside of this time frame and medical review and clearances

for return-to-play.

Method: A retrospective analysis was undertaken on all medical pre-competition questionnaires completed

during the 2010 to 2012 competition periods by amateur rugby league players.

Results: A total of 213 (mean £SD: age, 19.2 +4.4) amateur rugby league player concussion questionnaires
were reviewed. There was an average of 4.0 £2.6 concussive injuries per participant in the previous two
years and an average of 5.0 £4.6 concussive injuries per participant the period preceding this. A total of
7.5% participants saw a medical doctor for their concussion; 5.2% completed the required three week return-
to-play; and 2.8% reported seeing a medical doctor for medical clearance. No Under 15 yr. old player

reported seeing a medical doctor or having a stand down period for return to play.

Discussion: Players across all age groups were administered the same questionnaire in different settings
where they were gathered for the respective age group competition meetings. An unexpected finding was
that 7% of all players had active concussive symptoms. This was a cause for concern. A lack of knowledge
of the risks and potential consequences of concussion was reported to be the most common reason for the

non-reporting of a possible concussion.

Introduction

Traditionally viewed as a transient injury void of long term consequences,* sport-related concussions were
once trivialised by coaches and “playing through the pain” was regarded as a sign of the individual's
toughness and commitment to the team.* Even clashes to the head that were often thought of as “just a
ding” are now receiving more attention as a potentially serious injury.5% More recently there has been an

increased awareness of the long-term effects of sport-related concussion and the possible link with the
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pathology termed chronic traumatic encephalopathy (CTE).# This link with CTE as well as other neurological
conditions such as depression and mild cognitive impairment have been reportedly associated with players

who have a history of more than one concussive event.43.42

Players undertaking any sporting activity are at risk of receiving a concussive event.*® The risk of receiving
a concussive event is reported to be increased in players with a history of a previous or multiple concussive
events.2! A way to assist the team medical personnel to manage this risk is to record the players individual
concussion history. Often this requires self-disclosure by the player or the management of a concussion
history by the team medical person through sideline and post-match examinations. Recently there has been
an increase in published research on sport-related concussion relating to the identification, assessment and
management in all sporting environments.'2. 3% Concussion has become one of the most troublesome
injuries facing the sports medicine professional,®” especially with regard to the early identification of
concussive signs and symptoms and appropriate concussive management facilitation.273. 4% Amateur sports
such as rugby league in New Zealand do not have the resources available for qualified medical personnel
to be at every match.3' As such it is often the coach or team manager, if the team has one who needs to
make the decisions with regard to player welfare, and this includes concussion identification and
management. The awareness of team management regarding concussion has been previously reported3".
417,601 and highlights the need for concussion education for all people involved in the management level of

sports participation.

Players with a concussive injury returning to their sport are at a greater risk of complications.?". 3 These
complications are related to subsequent concussive events and may result in prolonged concussive
symptoms and cumulative cognitive deterioration (Chronic Traumatic Encephalopathy (CTE)).%' Often the
identification of a sport-related concussion is left to the team coach as there are seldom any doctors available
at the games and training sessions.3” As a result, concussive signs may be missed, as the coach may be
unable to take the required time to fully assess the player and may miss signs of a player with a concussion.
The aim of this study was therefore to review self-reported concussive history of amateur rugby league
players to identify concussions within a two year period, concussive events prior to this time frame and

medical review and clearances for return-to-play.
Methods

A retrospective analysis was undertaken on all medical pre-competition questionnaires completed during
the 2010 to 2012 competition periods by amateur rugby league players in Wellington, New Zealand. The
pre-competition questionnaires were requested as part of the assessment process for the provision of
medical coverage to the players by one of the authors (DK) prior to the player commencing any match
activities. In the case of representative players this occurred at the end of the domestic competition season
and just prior to the representative competition season in the same calendar year. The questionnaires were
reviewed for the concussion history of players for the previous two years, prior history of concussion and
the Post-Concussion Symptom Scale that was used for the establishment of baseline data for players

competing in various rugby league competitions.
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Subjects

Over the study period a total of 213 male participants (mean £SD: age, 19.2 +4.4 yr.) from domestic and
representative amateur rugby league teams agreed to take part in recording their concussion history. All
participants were provided with an information sheet and gave either personal informed consent to

participate or had parental informed consent before completing the history questionnaire.
Concussion history questionnaire

All players were asked about their concussion history (see Appendix VI). This included history of
concussions in the current and previous playing seasons, number of concussions, residual symptoms from
any concussions reported and medical clearance to return-to-play. Participants were also asked to list the
total number of years they had played rugby league. Participants were also asked to identify whether they
considered a mild Traumatic Brain Injury or a Concussion to be more serious, or whether they were the

same.
Post-Concussion Symptom Scale (PCSS)

The PCSS is a 22-item neuropsychological assessment scale that is a part of the larger Sport Concussion
Assessment Tool (SCAT). Developed in the late 1980’s,38' the PCSS was designed to measure the severity
of symptoms in the acute phase of recovery from a concussion. Using a 7-point Likert-type scale anchored
at 0 (complete absence) to 6 (most severe) players rank each symptom according to the severity that they
have experienced. The symptoms are not specific to concussion and even non-injured participants have
recorded symptoms on the PCSS®'. A combined total of 7 symptoms was set as the threshold for the
duration of the study.3%® Any player reporting more than 7 symptoms on any assessment were referred for
further medical evaluation. This threshold was adopted as an indicator of a head injury having occurred
based on prior studies.3 The internal consistency reliability (Cronbach’s a) for the PCSS has been reported
to range from 0.88 to 0.94.%8

Statistical Analysis

All the data collected were entered into a Microsoft Excel spreadsheet and analysed with Statistical Package
for Social Sciences (SPSS v.19.0; IBM SPSS Inc., Chicago, IL, USA for windows). Data are reported as
means and standard deviations (SD) where appropriate. Correlations between concussion history and
symptoms reported were analysed using a Spearman’s Correlation Coefficient (rs). To ascertain reliability of
the questionnaire and player recall of their concussion history, players who were selected in more than one
group (n=20) had their concussion history computed with a weighted Cohen k coefficient.# 607 A one-way
analysis of variance (ANOVA) was used to investigate differences between the reported concussions,
previous history of concussions and the symptoms identified. Statistical significance was set at p<0.05. Al

data are reported as mean £SD.
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Results

Participants reported an average of 4.3 £2.7 yr. playing experience in rugby league. There was an average
of 4.0 £2.6 concussive injuries per participant in the previous two years (see Table 11). A total of 7.5% of
all participants reported seeing a doctor for their reported concussion while only 5.2% completed the
required three week return-to-play process. Even fewer players (2.8%) reported seeing a medical doctor for
a clearance for return-to-play. No Under 15 yr. old player reported seeing a medical doctor or having a stand
down period for return-to-play. It was identified that 7.0% (n=27) of the participants had high PCSS scores

and were assessed to have an active concussion at the time the assessment was being conducted.

Table 11: Demographics of amateur rugby league participants for age, playing position group, playing experience,
concussive history and associated symptoms for previous two years, concussive history for prior years, return
to play requirements and current post-concussion symptoms scores and severity by means, standard
deviations and ranges reported.

Total U15 u17 Premier
Demographics
Age, average SD [range] 19.2 +4.4 [13-34] 145 +0.6[13-15]  16.5+05[16-17]  21.9+£3.9[18-34]
Forwards 119 24 26 69
Backs 94 18 21 55
Experience, average SD [range] 4.3 +2.7[1-12) 4.7 £2.8[1-9] 3.4 +2.5[1-10] 4.4 +2.71-12]
Concussive history in previous two years
Concussion, average SD [range] 1.9 £1.2 [0-5] 1.8 £1.2[0-5] 2.0 £1.3[0-5] 1.9 £1.3[0-5]
Loss of Consciousness, average SD [range] 1.240.2 [0-2] 1.3 £0.5[0-2] 1.110.3[0-2] 1.240.4 [0-2]
“Bell Ringer” / “Ding”, average SD [range] 2.2+2.0[0-10] 2.3 £2.4[0-10] 2.3 +1.9[0-10] 2.2+1.9[0-10]
Total, average SD [range] 4.0 £2.6[0-11] 4.1 £2.8[0-11] 3.8 +2.5[0-11] 4.0 £2.5[0-11]
Symptoms previous two years
Headaches, average SD [range] 1.9 £1.4 [0-6] 24 +1.8[0-6] 1.6 £0.6 [0-3] 1.9 £1.4 [0-6]
Dizziness, average SD [range] 2.0 £1.5[0-6] 1.5 0.7 [0-3] 2.2 +1.6 [1-6] 2.0 +1.5[0-6]
Memory Difficulties, average SD [range] 1.0 0.0 [0-1] 1.0 0.0 [0-1] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1]
Visual Disturbances, average SD [range] 1.3 0.4 [0-2] 1.0 0.0 [0-1] 1.3 £0.5[0-3] 1.3 £0.4 [0-2]
Hearing Problems, average SD [range] 1.4 0.8 [0-3] 1.7 £1.0[0-3] 1.0 £0.0 [0-1] 1.4 £0.8 [0-3]
Other Symptoms, average SD [range] 1.8 £1.2[0-4] 1.8 £1.2[0-4] 1.8 £1.5[04] 1.8 £1.2[04]
Concussive history in previous years
Concussion, average SD [range] 2.8 £2.6[0-10] 3.0 £2.8[0-10] 2.5+2.6 [0-10] 2.9 +2.6 [0-10]
Loss of Consciousness 1.8 +1.5[0-6] 1.8 £1.4 [0-6] 1.8 £1.7 [0-6] 1.7 £1.5[0-6]
“Bell Ringer” / “Ding”, average SD [range] 24 £2.3[0-10] 1.9 £1.1[04] 2.2+2.1[0-10] 2.5+2.4[0-10]
Total, average SD [range] 5.0 +4.6[0-19] 45 $4.3[0-19] 4.5 +4.7[0-19] 5.2 4.6 [0-19]
Return to play
Seen by Dr, n (% of total) 16 (7.5) 0- 3(1.4) 12 (5.6)
Stand down (3 weeks) completed, n (% of total) 11(5.2) 0- 2(0.9) 8(3.8)
Medical clearance to retumn to play, n (% of total) 6(2.8) 0- 2(0.9) 4(1.9)
Post-Concussion Symptoms Scale
Score, average SD [range] 7.7 $6.1[0-22] 6.5 $4.8 [0-22] 8.4 6.9 [0-22] 7.7 6.1 [0-22]
Severity, average SD [range] 10.9 +17.1[0-61] 8.6 £12.1[0-57] 120+19.5[0-58]  10.9 +17.1 [0-61]

Despite 39.0% of players reporting that they had not had a concussion in the previous two years they did
report that they had loss of consciousness and “bell ringer” / “dings” from match participation (see Table 12).
Players reporting three or more concussions (n=31) also reported the highest mean number of headaches
(2.0 £1.0), dizziness (2.9 £1.9) and previous concussions (6.5 *4.1) than players reporting fewer

concussions in the previous two years.
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Table 12: Demographics of amateur rugby league participants reporting none, one, two, 3 or more concussions in the

previous two years by age, playing experience, concussive history and associated symptoms, concussive

history for prior years, return to play requirements and current post-concussion symptoms scores and

severity by means, standard deviations and ranges reported.

Previous 2 yr history
No Concussions 1 concussion 2 concussions 3+ concussions
(n=83) (n=66) (n=33) (n=31)
Demographics
Age, average SD [range] 187 +45[13-34]  19.7+46[14-32]  19.2+4.5[14-32] 19.5 +3.8 [14-28]
Experience, average SD [range] 4.6+2.8[1-10] 42+2.8[1-12] 4.0£2.9[1-10] 3.7 +2.2[1-8]
History in previous two years
Concussion, average SD [range] 0.0- 1.0 0.0 2.00.0 3.8 +1.5[3-5]
Loss of Consciousness, average SD [range] 1.0 £0.0 [0-1] 1.1£0.4[0-2] 1.0 £0.0 [0-1] 1.5 £0.5[0-2]
“Bell Ringer” / “Ding”, average SD [range] 3.6 £2.9[0-10] 1.240.4 [0-2] 1.5+0.5[0-2] 2.6 +1.4[0-5]
Total, average SD [range] 3.7 £3.2[0-11] 2.8+0.9[1-4] 3.3+0.9[2-4] 7.1 £2.5[5-10]
Symptoms previous two years
Headaches, average SD [range] 0.0- 2.1 1.7 [0-6] 1.3 £0.5[0-3] 2.0 £1.0[0-3]
Dizziness, average SD [range] 3.3+2.1[0-6] 1.340.4 [0-2] 1.5+0.5[0-2] 2.9 £1.7[0-5]
Memory Difficulties, average SD [range] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1] 1.0 0.0 [0-1]
Visual Disturbances, average SD [range] 1.5£0.5[0-2] 1.0 £0.0 [0-1] 2.0 £0.0[0-2] 1.0 0.0 [0-1]
Hearing Problems, average SD [range] 0.0- 1.4 £0.8 [0-3] 1.0 £0.0 [0-1] 0.0-
Other Symptoms, average SD [range] 0.0- 1.6 £0.4 [0-2] 4.0 £0.0 [0-4] 0.0-
Previous history of concussive events
Concussion, average SD [range] 1.4 £0.5[0-2] 2.1 +1.2[0-5] 2.5+1.41[0-4] 6.5 +4.1[0-10]
Loss of Consciousness 1.0 £0.0 [0-1] 1.4 £1.0 [0-4] 2.0+0.0[0-2] 4.0 £2.10-6]
Bell Ringer / Ding, average SD [range] 4.0 +3.8[0-10] 1.3 0.4 [0-2] 2.6 £1.9[0-6] 2.5 £0.5[0-3]
Total, average SD [range] 3.2+3.8[0-13] 4.0 £2.0 [0-9] 5.5 +2.9[2-10] 10.1 £7.6 [2-19]
Return to play
Seen by Dr, n (% of total) 5(2.3) 7(3.3 1(0.5 (1.4)
Stand down (3 weeks) completed, n (% of total) 3(1.4 5(23 1(0.5 (2.9)
Medical clearance to return to play, n (% of total) 3(1.4 2(0.9) 1(0.5
Post-Concussion Symptoms Scale
Score, average SD [range] 6.5 +£5.5[0-20] 6.1 +£3.0 [0-12] 7.7 £7.1[2-20] 18.5 £3.6 [0-22]
Severity, average SD [range] 14.4 £16.7 [0-57] 7.4 +5.410-18] 1424226 [0-61] 214 +24.7[0-57]

There was a correlation observed between concussions reported in the last two years and previous

concussions (rs=0.597; p<0.001); loss of consciousness and previous loss of consciousness (rs=0.681;

p<0.001) and “bell-ringer” / “ding” and dizziness (rs=0.622; p<0.001) and these were significant (see Table

13). This was similar for previous loss of consciousness and headaches (r:=0.671; p<0.001); previous
concussions and headaches (rs=0.627; p<0.001) and PCSS score and PCSS severity (r:=0.916; p<0.001).

The reliability of the self-reported concussion questionnaire yielded a weighted k coefficient with substantial

reliability for concussions (k=0.797; p<0.001), loss of consciousness (k=0.816; p<0.001) and bell ringer /

ding (k=0.777; p<0.001) in the previous two years. When compared with the players history of previous

concussions (k=0.864; p<0.001) and loss of consciousness (k=0.914; p<0.001), the results were similar.
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Table 13: Spearman’s correlations between reported history of concussion, loss of consciousness and bell ringers; symptoms experienced post event in the past two seasons; previous history of

concussion, loss of consciousness and bell ringers; post-concussion score and severity of amateur rugby league players in New Zealand.

Concussion  LOC I;;r?;lr Headaches Dizziness Memory Visual Hearing Other CE;?:\S;);Zn Prfggus “BF;Irlel\?\/’Iﬂ:;Zr“ 2532 SF;SeSriy
Concussion -
LOC 0.302 -
"Bell Ringer" 0.18 0.17> -
Headaches 0.45 0.512 0.06 -
Dizziness 0.302 0.322 0.622 0.422 -
Memory 0.28 0.342 0.202 0.262 0.18 -
Visual 0.07 0.16° 0.202 0.35 0.222 0.362 -
Hearing 0.13 0.202 0.11 0.29 0.35 0.12 0.302 -
Other 0.140 0.322 -0.11 0.48 0.16° 0.140 0.10 0.47a -
Previous Concussion 0.60° 0.45 -0.05 0.632 0.20° 0.232 0.40° 0.292 0.332 -
Previous LOC 0.23 0.68 0.18 0.672 0.402 0.48 0.422 0.12 0.51a 0.50 -
Previous "Bell Ringer" 0.31a 0.252 0.04 0.312 0.31a 0.13 0.41a 0242 0.15° 0.49 0.222
PCS 0.140 0.342 -0.02 0.212 0.242 0.302 0.140 0.08 -0.07 0.16° 0.212 0.302 -
PCS Severity 0.07 0.22 -0.03 0.06 0.12 0.312 0.15° 012 -0.26 0.01 0.07 0.29 0.92

LOC: Loss of Consciousness; PCS: Post-Concussion Symptoms Scale; Correlation is significant at (a) p< 0.01; (b) p<0.05
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Discussion

An average of four concussive events per player for all age groups is concerning. Even more concerning is
the finding that despite players reporting having had no concussions in the previous two year period they
reported an average of nearly four concussive events. Although the history of concussions reported in this
study was undertaken by the use of a self-reporting questionnaire, there is some support that the concussion
history reported may be reliable.®* The questionnaire utilised in this study was identical for all groups as
part of their medical assessment in the pre-competition period and the use of a self-reported history of

concussion measure was of moderate reliability. 304

Players across all age groups were administered the same questionnaire in different settings where they
were gathered for the respective age group competition meetings. Players who were involved in more than
one assessment process (n=20) were removed from the subsequent assessment analysis to ensure there
were no duplication of the results. The first assessment process these players recorded were kept as part
of the study. These players subsequent assessments did provide the source for the reliability analysis of the
self-reported concussion history indicating the weighted k statistics were in the “substantial” agreement

range according to the guidelines of Landis and Loch.357

By utilising the PCSS for a baseline assessment it was planned to compare any PCSS assessment for any
player that was suspected of having a concussion. An unexpected finding upon completing the baseline
assessment was that 7% of players were identified as having active concussive symptoms. None of the
players identified had seen a medical professional for their symptoms nor reported these symptoms to
anyone as they felt this was all part of “playing the game”. All of these players were advised to seek further
medical assistance and required to provide a full medical clearance before they would be allowed to return
to play. One player was subsequently medically cleared two days later by his own medical practitioner as
he “had no signs of a concussion”. This was despite the player initially reporting he had received a head
clash in a match 10 days previously and had symptoms when the baseline assessment was conducted.
Unfortunately this player recorded a concussive incident in the following match.3'” Consequently he was
advised not to return to any match activities for the rest of the competition, to seek a full medical review and

to refrain from training until medically cleared to do so.

A previous study“® identified that players will not report concussive symptoms because they do not think it
is sufficiently serious enough to necessitate reporting. A lack of knowledge of the risks and potential
consequences of concussion was reported to be the most common reason for the non-reporting of a possible
concussion.“% |t was also identified that more than a third of players failed to report a concussive injury as
they did not recognize that they had sustained a concussive injury based on their symptoms.4%® This may
have been the case in the current study with 7% of players showing current signs of a concussive event. In
a recent study®®' involving amateur rugby league team management's knowledge, recognition and
management of concussion it was reported that there was an average of 42% of concussion specific
questions being answered correctly. Furthermore, 39% of team management reported that concussion

occurred only when there was loss of consciousness, 26% of team management would not remove a
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concussed player from the field of play and 20% would let a symptomatic player continue on playing. These
findings may be reflective of the concussive history reported with some players reported loss of
consciousness but not as concussion. Further research is warranted to explore the concussion awareness

of amateur rugby league players.

It is @ major concern that only 7.5% of players reported their concussive history identified that they sought
medical assistance after having a concussive event. Similarly the finding that only 5.2% of players with
concussive events completed a 3 week stand down and even less (2.8%) sought a medical clearance is
also concerning. The New Zealand Rugby League has a concussion policy, based on an international
consensus agreement,*% in place for the management of concussive events. This policy provides an annual
update for the identification and management of concussion. However, it appears this information is not
reaching all members of this sporting community. Additionally, there are no readily available tools for the
assessment of concussion on the sideline for the non-medical support person with amateur rugby league

teams.

A possible tool that may assist the team medic / trainer is the King-Devick (K-D) test. Originally designed as
a saccadic reading test,*6 the K-D test has been utilised with amateur rugby league,®'” martial arts fighters,
boxing, basketball and American collegiate football players202 203and has been shown to readily identify
concussive events.202 203, 317 Additionally the K-D test does not require the operator to be a medical
professional and requires less than a minute to administer,22 unlike the Sports Concussion Assessment

Tool which can take approximately 20 minutes to complete away from the sideline environment.'4?

Non-compliance with return-to-play protocols is not unique to amateur rugby league players and has been
reported in studies on rugby union, 20 578 jce hockey' and US high school athletes.3% In a study?8 reporting
on compliance with return-to-play regulations in schoolboy and community rugby union it was reported that
schoolboy rugby had 100% non-compliance with player return-to-play after a concussive event. The current
study is similar to suburban rugby non-compliance (95% vs. 97%) but greater than other studies reporting
on high school rugby®8 (77.1%), ice hockey (33%) and US high school sports (16.7%) non-compliance
indicates that there are differences in how return-to-play regulations are completed in sporting environments
despite international agreement with management of sport-related concussions. Further research is

warranted to explore the return to play practices of amateur sports such as rugby union and rugby league.

Players reporting three or more concussions in the previous two years also reported more prior concussions
than those players reporting none, one or two concussions. This finding was not unexpected as a prior
history of concussion places the brain at risk to repeat injury and symptom exacerbation.** As well sports
participants with two or more concussions have also been reported to have more neurobehavioral symptoms
and impairment on selected neuropsychological tests than players with a history of a single concussion.%
Recently it has been identified that in some individuals with a history of concussion, there were
electroencephalographic and motor changes observed in otherwise healthy individuals with no clinically
apparent deficits after their concussion injuries.* Unfortunately there are no longitudinal studies completed

on the effects of these changes but it was hypothesised that as the individuals age, the changes identified
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may manifest into clinically significant functional impairments.*3 Of concern is if the players recorded in this
study will have these long term changes and, if those with the higher number of reported concussions have
a greater electroencephalographic and motor decline than other players with fewer reported concussions.

Further longitudinal research is warranted to monitor players with a history of sport-related concussion.

This study does have limitations. Primarily the study is retrospective in nature by getting the players to
document their concussion history. As such, the data obtained is purely reliant upon: (a) The player being
honest in recording their individual concussion history; and (b) The player being able to remember the total
number of concussive events, associated symptoms and when these occurred. By incorporating the
terminology “Ding” and “Bell ringer” into the questionnaire it was hoped that players would be more honest
in their replies and this would give a more accurate indication of the actual number of concussive events
that occur from participation in rugby league injuries. Despite this, the study was viewed as a beginning in
the path towards identification of the number of concussive incidents that occur in amateur rugby league in

New Zealand.
Conclusion

In getting players to record their concussion history as part of a pre-competition medical history it was noted
that although some players reported as never had a concussion; they did report that they had previous
concussive events. As well only 7.5% of players sought medical assistance after their concussive event and
even less reported completing a stand down period or a medical clearance for the concussion. What this
may indicate is that there is a lack of knowledge pertaining to the risks and potential consequences of
concussions by players and team management. These findings suggest that further educational efforts are
warranted targeting both players and team management on the risks associated with, and management of,

sport-related concussion.
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Section 3:
|ldentification and assessment of

concussion
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‘If you can find a concussion in any
player today tell me, so | can send him
back to the other team to learn to

harden up”

Coach of a premier team after losing a game with no witnessed concussions - 2013
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CHAPTER 5:
CONCUSSIONS IN AMATEUR RUGBY UNION IDENTIFIED WITH THE
USE OF A RAPID VISUAL SCREENING TOOL

This chapter comprises the following paper published in the Journal of Neurological Sciences

Reference
King, D., Brughelli, M., Hume, P.A. & Gissane C. Concussions in amateur rugby union identified
with the use of a rapid visual screening tool. J Neurol Sci 2013; 236(1-2): 59-63.

Author contributions
D. King 85%, M. Brughelli 5%, P.A. Hume 5%, C. Gissane 5%.

Overview

Aim: To use the King-Devick (K-D) test and Sports Concussion Assessment Tool 2 (SCAT2) in amateur
rugby union players to identify witnessed and unrecognised episodes of concussion that occurred from

match participation.

Methods: A prospective observational cohort study was conducted on a premier club level amateur rugby
union team during the 2012 competition in New Zealand. Every player completed a pre-competition
questionnaire on concussion history, a baseline Post-Concussion Symptom Scale (PCSS) and two trials of

the K-D before they participated in any match activities.

Results: For players reporting a concussion in the previous three years there was an average of 4.0 £2.8
concussions per player. There were 22 concussive incidents recorded over the duration of the competition
(46 per 1,000 match hours). Five concussive incidents were witnessed (11 per 1,000 match hours) and 17
unwitnessed concussive incidents were identified with the K-D (37 per 1,000 match hours). Witnessed
concussions recorded, on average, a longer K-D on the day of injury (5.5 2.4 s) than unwitnessed

concussions (4.4 £0.9 s) when compared with their baseline K-D.

Discussion: The K-D was able to identify players that had not shown, or reported, any signs or symptoms
of a concussion but who had meaningful head injury. The current rate of concussion identified with the K-D
was a ten-fold increase in previously reported concussion injury rates. This makes the K-D suitable for rapid
assessment in a limited time frame on the sideline such as a five-minute window to assess and review

suspected concussed players in rugby union.

Introduction
Rugby union is one of the most popular contact team sports in the world with nearly 200 countries affiliated
to the International Rugby Board.% 303 Rugby is played at the professional, amateur and junior levels by

both males and females. % Rugby also has a modification of the match rules for the different age groups
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and competition types (i.e. international, junior, sevens and masters’ competitions) that are competed in.56
As with any contact or collision sport there is a risk of an injury occurring when playing due to the number
of collisions and contacts that are integral to the game.% One injury that has received attention in rugby
union is concussion or mild traumatic brain injury. Studies reporting on concussion injuries in rugby union
have identified that the incidence was relatively low with reports varying from 0.2 to 4.3 per 1,000 playing

hours, and 3.8 to 5.74%0 per 1,000 athlete exposures.

A tool that may assist sideline assessment of sport-related concussion, the Sports Concussion Assessment
Tool (SCAT), was produced as part of the summary and agreement statement of those attending the
Concussion in Sport (CIS) Consensus Group in 2004.42 The third international conference on CIS in
Zurich*% resulted in the SCAT being amended to the SCAT2. The SCAT2 represents the only new sideline
assessment tool published since 2009.4% The SCAT2 is a longer sideline concussion tool and, although is
an improvement over the original SCAT, it requires approximately 20 minutes to complete on the sideline
making this more of a training room assessment tool as opposed to a readily available sideline assessment

tool 148

Another sideline tool, the King-Devick (K-D), has been reported as a rapid assessment tool that can assist
in the identification of concussion20.317 and is reportedly not affected by post activity fatigue.2® Originally
developed as a reading tool to assess the relationship between poor oculomotor functions and learning
disabilities, the K-D uses a series of charts of numbers that progressively become more difficult to read in a
flowing manner.#% Poor oculomotor function has been reported as one of the most robust discriminators for

the identification of a mild-traumatic brain injury.2°

Recently the K-D has been utilised in representative rugby league®'” and identified non-witnessed
concussions. Players identified with changes in their baseline K-D were further assessed with the SCAT2
and the identification of a sport-related concussion was confirmed. Although completed over a short
duration, the study3'” highlighted the potential to detect subconcussive impacts that may accumulate over a
period and can lead to neurological changes.3'” With this in mind the current study undertook to use the K-
D sideline test with the SCAT2 in amateur rugby union players over a domestic competition season to see
if it could identify witnessed and incidentally identified episodes of concussion that occurred from match

participation.

Methods

A prospective observational cohort study was conducted on a premier club level amateur rugby union team
during the 2012 competition in New Zealand. All players were considered amateur as they received no
remuneration for participating in rugby union activities and derived their main source of income from other
employment activities. The matches were played under the rules and regulations of the New Zealand Rugby
Football Union. The Auckland University of Technology Ethics Committee approved all procedures used in
this study (AUTEC 12/159) and all players participating in the study gave informed consent prior to
participating.
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Previous concussion history

Prior to the competition commencing all players provided a written record of their concussion history. This
included history of concussions in the current and previous playing seasons, number of concussions,

residual symptoms from any concussions reported and medical clearance to return-to-play.
King-Devick (K-D) tool

The King-Devick (K-D) tool is a saccadic test measuring the speed of rapid-number naming.* The K-D
utilises three test cards with a series of single-digit numbers that are read aloud from left to right. The test
includes one practice (demonstration) card and three test cards that vary in appearance. Players were asked
to read the numbers on each card aloud from left to right as quickly as possible without making any mistakes.
The time taken for each card was recorded as was the number of reading errors made and this was
combined to provide a summary score for the entire test, the K-D score. The entire baseline assessment
test required less than two minutes to administer per player. The K-D has been reported to have an inter-
class correlation for test-retest reliability of 0.97 (95% CI: 0.90 to 1.0).202 The K-D tests utilised were v2.2.0

(http://www.kingdevicktest.com) on an |Pad2.
Sport Concussion Assessment Tool (SCAT)

The SCAT24% is a tool developed by combining existing concussion assessment tools.*22 Established as
having face validity, the SCAT2 reliability and change scores have not been reported to date.* The SCAT2
consists of both subjective and evaluative components consisting of the Post-Concussion Symptom Scale
(PCSS), modified Maddock’s questions, cognitive assessment and neurological screening. The cognitive
assessment consists of a five word immediate (upon hearing the words) and delayed (following
concentration tasks) recall assessment, reciting the months of the year in reverse order and repeating single

digits in reverse order. The SCAT2 (v1.3; http://www.scat2.org/) assessments were completed on an IPad2.
Match exposure, concussion and subconcussive definition

Injury rates, expressed as the number of injuries sustained per 1,000 playing hours, were determined using
previously described methods.323 The calculation of the injury rates was undertaken by the team sports
medic who recorded, and reported all injuries that had occurred for every match participated in. Over the
duration of the competition, all concussive match injuries were recorded by the team sports medic who was
a registered comprehensive nurse with tertiary sports medicine qualifications and accredited in injury
prevention, assessment, and management. The definition of a concussion utilised for this study was “any
disturbance in brain function caused by a direct or indirect force to the head. It results in a variety of non-
specific symptoms and often does not involve loss of consciousness. Concussion should be suspected in
the presence of any one or more of the following: (a) Symptoms (such as headache), or (b) Physical signs

(such as unsteadiness), or (c) Impaired brain function (e.g. confusion) or (d) Abnormal behaviour.*2
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Testing procedure

Every player named for the premier team completed a pre-competition questionnaire on concussion history,
a baseline PCSS and two trials of the K-D before they participated in any match activities. The fastest time
of the K-D with no errors was recorded as the baseline score. During matches, players observed to have
received a direct blow to the head, were slow to rise from a tackle or collision, or appeared unsteady on their
feet following a collision, were assessed on-field. Any signs of delayed answering, incorrect answers to
questions, or if the player appeared to be impaired in any way, resulted in the player being removed from
the match activity and rested on the sideline. Players with a loss of consciousness were treated for a cervical

spine injury and managed accordingly.

Players who reported any sign(s) of a concussion or who were suspected to have incurred a concussion as
a result of match participation were removed from the match and assessed with the K-D on the sideline and
the SCAT2 post-match. The assessment and management of players identified with a concussion were

identical to a previous study.3'”

No player identified as having a suspected concussion was allowed to return to match or training activities
until medically cleared. In addition, all players identified by the team medic were required to undertake further
assessments and complete the stipulated return to play protocols as required by the International Rugby

Board (IRB) (http://www.irbplayerwelfare.com/pdfs/IRB_Concussion_Guidelines_EN.pdf). To ensure that

the procedures undertaken in this study was conducive to the IRB guidelines, the team medic studied the
IRB concussion guidelines with an NZRU official and completed the IRB online concussion management
programmes for both the medical practitioner and healthcare provider present (09_23_36), along with the
medical practitioner and healthcare provider not present (09_23_36-1) modules. These were completed
online at the IRB player welfare website

(http://www.irbplayerwelfare.com/index.php?documentid=module&module=1).

Modified Repeat High Intensity Endurance test (RHIET)

The RHIET was completed by all members of the premier rugby team to test whether fatigue had any effect
on the results of the K-D test. Players’ were required to complete a series of six 70-m sprints in a 20-m grid
with each sprint departing on a 30-s cycle. Testing was conducted on an artificial grass turf floor in an inside
area and players wore their own running shoes. Players’ were instructed to stand on the 0-m cone and on
“go” sprint to the 5-m cone, turn, sprint to the 0-m cone, turn, sprint to the 10-m cone, turn, sprint to the 0-
m, turn, sprint to the 20-m cone, turn, sprint to the 0-m cone. The timing for each sprint was standardised.
A 5-s warning was given; the player assumed the ready position and waited for the countdown. On the
command “go” the player commenced the sprint. On completion of the sprint the players were allowed to
facilitate passive recovery. Players were provided with verbal feedback to ensure that they were ready for
the commencement of the subsequent sprint. The RHIET test scores for time, percentage change and
fatigue were calculated as previously identified.*63. 565 Two minutes after completing the exercise, players
were asked to rate their perceived exertion using the Borg RPE scale® and to complete the K-D on the

IPad2.
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Statistical analyses

All data collected were entered into a Microsoft Excel spread sheet and analysed with SPSS v19.0.0.
Differences in K-D scores from pre-competition (baseline establishment) were calculated, baseline and post-
match K-D scores were compared using the Wilcoxon signed-rank test. The relationships of pre-competition
K-D scores to the PCSS scores were determined using Spearman rank-correlations. The differences
between the RHIET run tests were assessed using the Wilcoxon signed-rank test. Internal consistency
reliability for the three test cards vs. total time scores at baseline were measured using Cronbach’s alpha

(a). Statistical significance was set at p<0.05.

Results
Over the duration of the competition 37 players (mean £SD age; 22.0 +4.0 yr.) participated in the premier
team. The team competed in 24 games (5 pre-season and 19 competition games) over the period of the

study resulting in a match exposure of 478.8 hours.
Previous concussion history and baseline assessments

Significantly more players (81.1%) reported a sport-related concussion in the previous three years than
players who did not report a previous concussion (x?=14.3; p <0.001) (see Table 14). This was similar for
lifetime concussions (94.6%) reported (x?=33.1; p<0.001). There was an average of 4.0 £2.8 concussions
per player for players reporting a concussion in the previous three years. Some players reported they had
loss of consciousness and “bell-ringers” while participating in rugby union matches but had not had a
concussion. When asked about this, the players reported they did not think that loss of consciousness and
“bell-ringer's” were concussions.

Table 14: Age, reported concussion history for previous three years, King-Devick scores and post-concussion

symptom scores with percentages, median scores and ranges for amateur rugby union players competing in

a domestic competition in New Zealand.

No previous Previous
Conch;sion (n=7)  Concussion (n=30) All players (n=37)

Age at baseline, yrs. +SD 23.0 5.7 21.0 3.4 22.0 4.0
Self-reported concussion history

Number of concussions, mean (range) 0 40(1t011) 4.0(1t011)

Stand down period completed (%) - 12 (32.4) 12 (32.4)

Stand down period, median (range) days - 14 (2t0 21) 14 (2t0 21)

Medical clearances to RTP (%) - 10 (27.0) 10 (27.0)

King-Devick baseline test
Pre-competition test 1, s, median (range) 50.0 (29.0 to 83.0) 50.4 (39.8 t0 86.7) 50.0 (29.0 to 86.7)
Pre-competition test 2, s, median (range)  47.32(28.0t080.3)  48.92(39.2t073.0)  47.32(28.0 to 80.3)
difference, s, median (range) -2.6 (-15.7 10 0.0) -2.8 (-13.7 t0 -0.6) -2.6 (-15.7 0 0.0)
Baseline post-concussion symptom scale

Physical, median (range) 0(0to6) 0(0to6) 0(0to6)
Cognitive, median (range) 0(0to3) 0(0to6) 0(0to6)
Sleep, median (range) 0(0to2) 0(0to2) 0(0to2)
Emotional, median (range) 0(0to2) 0(0to5) 0(0to )

RTP=return to play; s=seconds; Significant difference (p<0.05) than (a)=Pre-competition test 1.

Players reporting a previous concussion also reported an average of 4.4 +1.8 symptoms that occurred in

the preceding three years. There were observable learning effects between the first and second K-D
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baseline testing for all players (z=3.82; p<0.001); players reporting a previous concussion (z=1.96; p=0.025)
and players with no previous concussion (z=2.197; p=0.014) in the preceding three years (see Table 14).
The internal consistency reliability of the three K-D cards was acceptable (a=0.72 for card 1; a=0.78 for card
2;0=0.76 for card 3) between card scores and total time score at baseline. The internal consistency reliability
of the PCSS was excellent (0=0.98).

Concussions

There were 22 concussive incidents recorded over the duration of the competition (45.9; 95% CI: 30.3 to
69.8 per 1,000 match hours) (see Table 15). Five concussive incidents were witnessed (10.9; 4.5 to 26.2
per 1,000 match hours) and 17 unwitnessed concussive incidents were identified with the K-D (37.0; 23.0
to 56.9 per 1,000 match hours). There were significantly more unwitnessed than witnessed concussive
incidents recorded (RR: 3.4; 1.3 t0 9.1; p=0.039) over the duration of the study.

Table 15: Total, witnessed and identified concussions recorded by player positional group by number of concussions
and per 1,000 match hours, by SCAT2 results and King-Devick times for baseline, day on injury, 3, 7, 14 and
21 days post injury.

Concussions

Total Witnessed Unwitnessed
n=22 rate (95% Cl) n=5 rate (95% Cl) n=17 rate (95% Cl)

Player position

Front row 3 32.7 (10.5t0 101.4) 1 109 (1.5t077.4) 2 218 (5.5t087.1)

Second row 7 114 (54.6 to 240.0) 2 32.7 (8.2t0 130.7) 5 81.7 (34.0to 196.4)

Loose forwards 2 218 (5.5t087.1) 1 109 (1.5t0 77.4) 1 109 (1.5t0 77.4)

Inside backs 3 49.0 (15.8 to 152.0) 0 00 - 3 49 (15.8 t0 152.0)

Centre backs 4 65.4 (24.5t0 174.2) 0 0.0 - 4 65.4 (24.5t0 174.2)

Outside backs 3 32.7 (10.5t0 101.4) 1 109 (1.5t077.4) 2 218 (56.51087.1)
SCAT2 domain scores

Symptom (22) 14.046.0 6.8 +2.6 16.155

Symptom severity (132) 16.5+16.6 424 £28.7 8.88.6

Physical signs (2) 1.010.8 08104 1.040.9

Glasgow Coma (15) 149 £0.2 148 +04 150+0.0

Balance examination (30) 7.0 £6.63 12.8 £5.6 524438

Coordination (1) 0.8+0.2 0.6 0.5 08+13

Subtotal of 70 score 55.5 +11.3 40.2 £4.0 58.9 £9.1

Orientation (5) 43410 32141 46105

Immediate memory (15) 135418 13.0£2.5 137414

Concentration (5) 24114 1615 26412

Delayed recall (5) 3.8+38 2615 42413

SAC subtotal of 30 241138 204 3.5 253 %2.7

SCAT2 total of 100 79.6 £13.5 60.6 £4.2 84.2 £9.6

Maddocks score (5) 45413 34419 49105
King-Devick scores; median s (range)

Baseline 43.50¢(25.3-69.2) 50.4 (41.3-61.5) 43.00¢1(25.3-69.2)

Injury 48 .42¢¢f(29.0-74.8) 58.6(45.7-70.5) 47 T2d(29.0-74.8)

Difference from baseline (range) 4.6(3.0-9.0) 4.4 (3.0-9.0) 4.6 (3.1-6.6)

3 days post 50.2a¢¢1(30.2-71.3) 56.8(47.8-68.5) 47 12bdef(30.2-71.3)

Difference from baseline (range) 3.3(0.0-14.2) 6.5(4.3-7.0) 2.8(0.0-14.2)

7 days post 48 2abcef (26.3-71.2) 54.5(44.1-67.8) 46.50¢(26.3-71.2)

Difference from baseline (range) 1.2(-1.0-6.3) 4.0(0.3-6.3) 1.0 (-1.0-5.7)

14 days post 45 5bedt (25.2-68.5 53.6(42.5-62.8) 43.72b4(25.2-68.5)

Difference from baseline (range) -0.2(-2.7-3.2) 2.7(1.2-3.2) -0.3(-2.7-3.0)

21 days post 43 5ebcde(25.0-68.0) 51.6(41.2-61.9) 42.8204(25.0-68.0)

Difference from baseline (range) -0.5(-2.6-1.9) 0.4(0.0-1.9) -0.6(-2.6-0.0)

Cl = Confidence Interval; s=seconds; Significant difference (p<0.05) than (a) = Baseline; (b) = Injury; (c) = 3 days post; (d) =7
days post; (e) = 14 days post; (f) = 21 days post
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Post-match SCAT2 and King-Devick scores

The mean (+SD) SCAT2 score for all concussions recorded was 79.6 £13.5 (see Table 15). There were no
significant differences in witnessed (60.6 +4.2) and unwitnessed (84.2 +9.6; z=-0.565; p=0.286)
concussions. There was no significant correlation between the SCAT2 and the K-D scores (r°=0.190;
p=0.197). Unwitnessed concussions identified with the K-D recorded on average fewer symptoms (16.1 vs.
6.8; z=-0.560; p=0.288), lower symptom severity (8.8 vs. 42.4; z=-1.025; p=0.153) better balance
examination (5.2 vs. 12.8; z=1.450; p=0.074) and better immediate (13.7 vs. 13.0; z=0.309; p=0.379) and
delayed (4.2 vs. 2.6; z=-0.207; p=0.418) memory scores than witnessed concussions, but none of these

differences were significant.

Witnessed concussions recorded, on average, a significantly longer K-D on the day of injury (5.5 £2.4s; z=-
2.03; p=0.063) than unwitnessed concussions (4.4 +0.9s; z=-3.73; p<0.001) when compared with their
baseline K-D (see Table 15). Witnessed concussions recorded a non-significant increase in K-D on the day
3 test (6.2 £1.1s; z=-2.02; p=0.063) when compared with their baseline K-D before the K-D began to return
to baseline. Unwitnessed concussions recorded a significant decline in their K-D on the day 3 test (2.7 +£1.5s;
z=-3.962; p<0.001) when compared with their baseline K-D. Most, but not all, players with an unwitnessed
concussive injury had their K-D equal to, but not significantly faster than their baseline K-D by day 14 of the
required stand-down period (-0.8 +£1.4s; z=-1.73; p=0.084).

RHIET and post exercise K-D results

All non-injured members of the premier team completed the RHIET. No player was tested if they had any
signs or symptoms suggestive of a concussion or had a recorded difference in their K-D baseline. The total
time run was significantly longer than the predicted time for the RHIET (z=1.95; p=0.026) (see Table 16).
Differences between baseline (44.9 s; 25.4 s t0 69.2 s) and post exercise (43.6 s; 25.3 s to 68.4 s; z=3.39;
p<0.001) times for the K-D were significant. Players reported a RPE of 16.6 3.3 units post exercise. The
effects of exercise on the K-D were a lowering of the baseline K-D by a mean of 1.2 s (0.1 s to 3.9 s) post

exercise.

Table 16: Results of the repeat high intensity endurance test (RHIET) for the effects of exercise on the results of the
King-Devick for premier club level amateur rugby union players.

Testing Results

RHIET
Total Time, s (range) 105.9 (93.8-131.7)
Predicted time, s (range) 91.5 (84.4-99.2)
Change, % (range) 45(2.2-6.9)
Drop Off, s (range) 15,5 (8.1-33.5)
Fatigue Index, % (range) 28.9 (13.6-60.3)
Sprint Decrement, % (range) 15.5 (8.1-33.6)
King-Devick
Baseline, s (range) 44.9 (25.4-69.2)
Post Test 2 min, s (range) 43.62(25.3-68.4)
Difference, s (range) 1.2(0.1-3.9)

Data reported as s = seconds; % = percentage; Significant difference (p<0.05) than (a) = Baseline
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Discussion

This study was conducted to assess the K-D in an amateur rugby union environment for the sideline
screening of concussion. The K-D has been reported?? to be a practical sideline screening tool that is
quicker than other concussion screening tools such as the Immediate Post-Concussion and Cognitive
Testing (ImPACT), Cognitive Status Sport (Cog Sport),# the Standardized Assessment of Concussion
(SAC)*0 and the Sports Concussion Assessment Tool 2 (SCAT2).425 Although these screening tools are
useful in assessing for suspected concussion they do not assess eye movements or brain stem function
well.Z* The K-D does however, test for impairment of eye movement, attention, language and other areas

that correlate with sub-optimal brain function that may occur following a concussive episode.?!

The current findings provide further evidence in support of previous studies202 203.317 on the K-D as a sideline
tool designed to complement the many other diagnostic sport-related concussion assessment tools
available. The K-D was useful in rapidly confirming a concussion diagnosis in players suspected of having
sustained a concussion during a witnessed event by being able to provide instant feedback to the player
and to team management. The K-D was able to identify players that had not shown, or reported, any signs
or symptoms of a concussion but who had meaningful head injury. Similar to previous studies202 203, 317
reporting on the K-D, this study found that players with a clinical diagnosis of concussion had a median
increase on the players baseline. The data support previous studies202 203317 that the K-D is sensitive to

neurological changes such as those seen with sports-related concussion.

The finding of five witnessed concussions was not unexpected but the number of unwitnessed concussions
is of concern. Previous studies reporting injuries in rugby union have reported a concussion rate of 0.211 to
4.3% per 1,000 match hours. The current rate (46 per 1,000 match hours) is a ten-fold increase in the
previously reported concussion injury rate. 432 If the present finding is any indication that there is a ratio of
3.4 identified concussions for every witnessed concussion occurring then studies will be under-estimating
the incidence of concussions. The use of assessment tools such as INPACT, CogState and AxonSports are
primarily used for the establishment of baselines and the identification and management of sport-related
concussion.*® These computer based tools typically take 10 — 20 minutes to complete, must be used within
72 hours of the injury and generally are utilised to manage players with a witnessed concussion,*® missing

the opportunity to capture players with un-observed concussive injury.

An interesting finding was that players who recorded a slower K-D, and were treated as an unwitnessed
concussion, had changes in SCAT2 but returned to their baseline result in a shorter period than players with
a witnessed concussion. This finding may be reflective of the severity of the neurometabolic changes that
are occurring as a result of a concussion occurring.2®2 Lengthening of time for a witnessed concussion may
also be reflective of the severity of the impact that may have occurred when the concussion occurred.
Unfortunately what is not known is whether there was a history of subconcussive impacts that may have
been accumulated resulting in the witnessed concussions and whether the players selected had received
some subconcussive impacts not severe enough nor numerous enough to have resulted in a witnessed

concussion.%® Further research is warranted to explore the impacts that occur from participation in rugby
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union. This research will be beneficial to identify the correlation between witnessed and incidentally identified

concussions such as those reported here and the impacts that occur from match participation.

Similar to a previous study,2% the K-D in this study showed no worsening of scores by exercise with players
recording a median improvement of 1.2 s on their baseline post intense exercise session. This finding
suggests that the effect of exercise enhances the capacity of these players in regards to reading speed and
if there were worsening of the K-D scores then it would most likely be neurological in nature. This makes
the K-D suitable for rapid assessment of suspected concussed players in rugby union in a limited time frame
on the sideline such as a five-minute window. The K-D has the potential to be utilised by trainers/managers

with all contact sports irrespective of the availability of sideline medical personnel.

A limitation to this study was that not every player was tested with the K-D post-match. There were two to
three players who would try to avoid being tested post-match but these players were seen at the next training
session and completed the K-D. Having a team medic on the sideline as the researcher also meant that
other injuries were required to be tended to and some players did leave the changing rooms prior to being
tested. To assist in reducing the possibility of a concussive injury remaining unnoticed the coach, manager
and team medic identified players who were required to be assessed and these players were told to remain
in the changing rooms until tested. Future studies involving the K-D as a sideline assessment tool for
concussion may need to have more than one K-D available so that all players can be tested post-match.
This study highlighted the relevance of the K-D as a quick and effective tool for sideline assessment of
concussive incidence in rugby union at premier club level. The K-D was able to identify players with a
suspected concussion and players with a concussion that was not reported or witnessed. Although the K-D
was able to identify people at risk of concussive injuries, the current ‘gold standard’ for the diagnosis of
concussion is by a medical physician.5" The ease-of-use of the K-D made it more acceptable to team

management and players, as it provided immediate feedback to the player and coaching staff.
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“I am the coach of this team and I will
decide who is concussed and who Is
not. Just you worry about not
upsetting me so you can stay with this
team and only assess those people |

tell you to assess”

Senior club coach and club captain - 2007
[Club imposed life ban for removing a concussed player]

Junior (U9) coach - 2015
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CHAPTER 6:

THE KING-DEVICK TEST WAS USEFUL IN IDENTIFICATION OF CONCUSSION
IN AMATEUR RUGBY UNION AND RUGBY LEAGUE IN NEW ZEALAND

This chapter comprises the following paper published by the Journal of Neurological Sciences
Reference
King, D.A., Gissane, C., Hume, P.A. & Flaws, M. The King-Devick test was useful in management

in amateur rugby union and rugby league in New Zealand. J Neurol Sci (2015) 351(1-2): 58-64.

Author contributions
D. King 75%, C. Gissane, 10%, P.A. Hume 10%, M Flaws 5%.

Overview
Aim: To use the King-Devick (K-D) test in senior amateur rugby union and rugby league players over a
domestic competition season to see if it could identify witnessed and unwitnessed episodes of concussion

that occurred from participation in competition matches over three years.

Methods: A prospective observational cohort study was conducted on a club level senior amateur rugby
union team (n=36 players in 2012 and 35 players in 2013) and a rugby league team (n=33 players in 2014)
during competition seasons in New Zealand. All 104 players completed two trials 10 minutes apart of the K-
D at the beginning of their competition season. Concussions (witnessed or unwitnessed) were only recorded

if they were formally diagnosed by a health practitioner.

Results: A total of 52 (8 witnessed; 44 unwitnessed) concussive events were identified over the duration of
the study resulting in a concussion injury incidence of 44 (95% Cl: 32 to 56) per 1,000 match participation
hours. There was a six-fold difference between witnessed and unwitnessed concussions recorded. There
were observable learning effects observed between the first and second K-D test baseline testing (50 vs.
45s;z=-8.81; p<0.001). For every 1 point reduction in each of the post-injury SAC component of the SCAT3,
there was a corresponding increase (worsening) of K-D test times post-match for changes in orientation (2.9
s), immediate memory (1.8 s) concentration (2.8 s), delayed recall (2.0 s) and Standardized Assessment of

Concussion (SAC) total score (1.7 s).

Discussion: The rate of undetected concussion was higher when the K-D test was routinely applied to all
players post-match than solely relying on the witnessing of potentially concussive episodes during a game.
Worsening of the K-D test post-match was associated with reduction in components of the SAC. The appeal
of the K-D test is in the rapid, easy manner of its administration and the reliable, objective results it provides
to the administrator. The K-D test helped identify cognitive impairment in players without clinically observable

symptoms.
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Introduction

The number of sport-related concussions has raised concern in the public, media and clinical arenas in
recent years.5® The incidence of sports-related concussion has increased over the past decade but the
actual incidence is likely higher than documented as there is a tendency for sports participants to under-
report their symptoms.23 Concussion has become one of the most troublesome injuries facing the sports
medicine professional,3*” especially in regards to early identification of concussive signs and symptoms, and
appropriate concussive management facilitation.®® A sports-related concussion is a unique and
individualized injury that can present with a myriad of physical, emotional, somatic, cognitive and sleep-
related symptoms and impairments.*23 Due to the nature and variability of concussions, these injuries should

have a multifaceted approach in the assessment and management of these injuries.

In the upper levels of sport on-site health professionals are available to assess players on the sideline for
the signs and symptoms of concussion. Yet symptoms may not manifest for several hours post event, so
many participants may not produce symptoms that meet the clinical criteria for concussion.5' More recently
interest has increased in the impacts to the head that do not result in clinically-observed symptoms
associated with concussion.3® Termed ‘subconcussive’, these impacts are often not recognised as a
concussion, but may result in a rapid acceleration-deceleration of the body or head, moving the brain within
the cranium creating a “slosh” phenomenon.' The number of impacts that can occur vary, but over time
there are repetitive occurrences of these impacts and the cumulative exposure of these may become
deleterious.'® Players not reporting or showing any signs or symptoms of concussion can still have

neurophysiological changes.58!

Following any brain trauma eye function movements may become impaired.8'. 2% |n acute traumatic brain
injuries there are reported latency and inaccuracy of saccades following the injury.2® This can remain in
people with post-concussion syndrome, where there are a higher number of saccades and poor motor
movement timings with longer durations and slower velocities of movement.2° Poor oculomotor function is
one of the most robust discriminators for the identification of, 2% and one of the most widely reported visual

problems in,8" 238 @ mild-traumatic brain injury.

Originally developed as a reading tool to assess the relationship between poor oculomotor functions and
learning disabilities, the King-Devick (K-D) test utilises a series of charts of numbers that progressively
become more difficult to read in a flowing manner.3%2 The K-D test requires eye movements, language
function and attention in order to perform tasks reflective of suboptimal brain function in hypoxia, 570 extreme
sleep deprivation,'2 Parkinson’s370 and concussion. 34 202 203, 206, 314, 317, 367, 395 Seyeral sports, such as boxing
and mixed martial arts202 %7 professional ice hockey, 2 representative rugby league®'” and domestic rugby
union, have utilised the K-D and identified unwitnessed concussive events. These studies highlight the
potential of the K-D test to detect subconcussive impacts that may accumulate over a period and can lead
to neurological changes.3!” The K-D test has been recommended as a sideline test to enhance the detection
of players with a concussive injury in conjunction with other concussion tests.2 3% Recently it was identified

that larger scale research over a longer period of time may provide increased validity of the K-D test as part
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of a continuum of concussion assessment tools.3%: 603 As such, the purpose of this study was to examine
the worth of the K-D test as part of a sideline assessment process of players participating in contact sport

over a three year period.
Methods
Experimental approach to the problem

A prospective observational cohort study was conducted on a club level senior amateur rugby union team
(n=36 players in 2012 and 35 players in 2013) and a rugby league team (n=33 players in 2014) during
competition seasons in New Zealand. A total of 104 male players participated in the study with a mean age
of 23.7 £5.0 yr. Two players were enrolled for all three years of the study, 17 players were enrolled for two
years (2012-2013) while 85 players completed one year of the study. The first year (2012) of data (22
concussive events; 5 witnessed concussions and 17 un-witnessed concussive events) for rugby union
players has been previously reported.?™ All players were amateurs receiving no remuneration for
participating in match activities. The matches were played under the laws of the respective codes in New
Zealand. The Auckland University of Technology Ethics Committee approved all procedures involved in this

study (AUTEC 12/156) and all players participating in the study gave informed consent prior to participating.
King-Devick (K-D) test in association with Mayo Clinic

Based on the time to perform rapid number naming, the K-D test takes less than two minutes to
administer.202 203 The K-D test involved the players reading aloud a series of random single-digit numbers
from left to right. The K-D test included one practice (demonstration) card and three test cards varied in
format on either a moisture-proof 6x8 inch spiral bound physical test or as an application on a IPad platform.
Players were asked to read the numbers from left to right across the card as quickly as they could without
making any errors using standardized instructions. The time was kept for each test card, and the K-D
summary score for the entire test was based on the cumulative time taken to read all three test cards. The
number of errors made in reading the test cards was recorded. Baseline K-D times for all participants were
established at either the preseason, or when participants joined the team after the season had commenced.
The best time (fastest) of two trials 10 minutes apart without errors became the established baseline K-D
test time 202, When a potentially concussive episode was witnessed, the K-D test was used as a screening
tool. The test was administered once using the same instructions, and the time and errors are recorded then
compared to the subject's baseline. Worsening of time and/or errors identified on the sideline or post-match
K-D test have been associated with concussive injury. 3+ 202,203,206, 314,317,395 K[ test performance has been
previously shown to be unaffected in various noise levels and testing environments.%” The K-D test has
been reported to have significant correlations (p<0.0001) with the visual motor speed (VMS), reaction time
(RT), verbal memory (VEM) and visual memory (VIS) of the Immediate Post-concussion Assessment
Cognitive Test (ImPACT®)388 computerised concussion evaluation system. The K-D test has been reported
to have an inter-class correlation for test-retest reliability of 0.96%67 and 0.97.202 The K-D test utilised was
v2.2.0 (http://Iwww.kingdevicktest.com) on an IPad2. The IPad2 version enables the use of the K-D test with
two different number sets and these were varied over the duration of the study.
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Sport Concussion Assessment Tool v.3 (SCAT3)

The SCAT3 is a concussion assessment tool developed by combining existing concussion assessment
tools.255 A modification of the SCAT2, the SCAT3 has removed the use of the composite score. The SCAT3
consists of both subjective, and evaluative components comprising of the Post-Concussion Symptom Scale
(PCSS), modified Maddocks38 questions, cognitive assessment (Standardized Assessment of Concussion
(SAC))*5 and neurological screening. The cognitive assessment consists of a five word immediate (upon
hearing the words) and delayed (following concentration tasks) recall assessment, reciting the months of
the year in reverse order and repeating single digits in reverse order. Balance testing is assessed through
the modified Balance Error Scoring System (BESS).2%% Only the BESS double stance and tandem stance
tests286 were completed as baseline and post-incident tests. All players completed the SCAT3 baseline
assessment prior to participating in any match activity. All players identified with a witnessed concussive
incident, or a low K-D-test score (unwitnessed concussion — later confirmed by a physicians’ clinical
assessment), were required to complete a post-match SCAT3 assessment. There were no players with a
worsening of the post-match K-D test, and no changes in the SCAT3, who were not diagnosed as having a

concussion.
Concussion definition

Concussions were classified as witnessed (a concussive injury that met the definition of a concussion,*2
that was identified during match activities resulting in removal from match activities and had >3 s for pre to
post-match K-D with associated changes pre- to post-match SCAT3, and later confirmed by a physician’s
clinical assessment) or unwitnessed (changes >3 s for pre to post-match K-D with associated changes pre-
to post-match SCAT3, and later confirmed by a physician’s clinical assessment). The 3 s threshold for
changes in the post-match K-D is identical to previous studies reporting the use of the K-D test.3'4 317 The
definition of a concussion utilised for this study was “any disturbance in brain function caused by a direct or
indirect force to the head. It results in a variety of non-specific symptoms and often does not involve loss of
consciousness. Concussion should be suspected in the presence of any one or more of the following: (a)
Symptoms (such as headache), or (b) Physical signs (such as unsteadiness), or (c) Impaired brain function
(e.g. confusion) or (d) Abnormal behaviour.™2® An ‘unwitnessed’ concussion was defined for the purpose of
this study as “any disturbance in brain function caused by a direct, or indirect force, to the head that does
not result in any immediate observable symptoms, physical signs, impaired brain function or abnormal
behaviour but had a delay in the post-match K-D score of >3 s and associated changes in the post-match
SCAT3".

Testing procedures

At baseline (prior to the player participating in any match activity), every player named for the premier teams
completed a baseline SCAT3 and two trials 15 mins apart of the K-D test. All players were asked to read
aloud the practice (demonstration) card before reading aloud all three test cards. Only the three test cards
times were recorded. The fastest time of the K-D with no errors was recorded as the baseline score. Players

were asked to additionally complete the K-D test after each match they participated in (post-match) and
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again at the end of the competition season (post-season). Players with post-match changes in the K-D test
>3 s underwent a further SCAT3 assessment to test for signs of concussion. Players with changes in the
SCAT3 from their baseline were referred for further medical evaluation. All witnessed concussions were
assessed with the K-D and SCATS3 tests and were referred for further medical evaluation. All concussions

(witnessed or unwitnessed) were only recorded if they were formally diagnosed by a health practitioner.

During matches, the team medic (and lead researcher), observed players for any signs of a direct blow to
the head, for being slow to rise from a tackle or collision, or for being unsteady on their feet following a
collision. If this occurred the players were assessed on-field. If there were any signs of delayed answering,
incorrect answers to questions, or if the player appeared to be impaired in any way, the player would be
removed from the match activity and rested on the sideline. Players who reported any sign(s) of a
concussion, who were suspected to have received a concussion, or who were removed from match
participation were assessed with the K-D test on the sideline after a 15 minute rest period; not allowed to
return to play on the same day; and, referred for further medical assessment. No player identified with
delayed (worsening) post-match K-D times was allowed to return to training or match activities without a full
medical clearance. Players with a loss of consciousness were treated for a cervical spine injury and
managed accordingly. The identification, assessment and management of players identified with a
suspected concussive injury were identical to a previous study.?7 All suspected concussive injuries were
evaluated by the players own health professional. All players who were identified with a delay (worsening)
of the K-D test from their baseline were assessed by their health professional and were diagnosed as having
a concussion underwent the return-to-play K-D test monitoring process. No player that was identified with a
delay (worsening) of the K-D test and referred to their health professional were immediately cleared for
return to play. All players identified as having a concussion were further evaluated with the K-D test on days
3,7, 14, and 21 following the injury. No player was allowed to return to full match activities until they were

medically cleared and, had returned to their baseline K-D score.
Statistical analysis

All data collected were entered into a Microsoft Excel spread sheet and analysed with SPSS v22.0.0. Data
are presented as mean (£SD) for player data, concussive injury per 1,000 match hours with 95% confidence
interval (95% CI) and median [25% to 75" inter-quartile range] for K-D scores. Differences in K-D scores
from pre-competition (baseline establishment) were calculated, baseline and post-match K-D scores were
compared using the Wilcoxon signed-rank test by the sporting code and as a combined composite score.
Risk-ratio (RR) was calculated'? for the number of witnessed vs. unwitnessed concussions with 95% CI.
The sensitivity and specificity of the K-D test was calculated using a 2-by-2 contingency table with 95% Cl
by year and for the total study with a Cohen kappa (k) with 95% CI to assess for intra-rater concordance.”
37 Test-retest reliability was also estimated utilising the intra-class correlation coefficient (ICC), with 95%
Cl, to examine agreement between first and second baseline test scores and the post-season scores. The
post concussive injury return to play test-retest reliability of the K-D test was also estimated utilising the ICC

and Pearson correlation coefficient (r). Linear regression models (R?) were utilised to examine the
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relationship of components of the SCAT3 SAC to post match changes of the K-D test. Regression
coefficients were reported as measures of the magnitude of association between post-match K-D times and
SAC scores of the SCAT3; coefficients represent the number of seconds associated with a 1 point difference
in the SAC score. Normality was assessed with the Shapiro-Wilk test.2'® Statistical significance was set at
p=0.05.
Results

Over the duration of the study there were 43 rugby union (2012-2013) and 19 rugby league (2014) matches
resulting in a combined match exposure of 1,187 h (see Table 17). A total of 52 concussive events were
identified over the duration of the study resulting in a concussion injury incidence of 44 (95% CI: 32 to 56)
per 1,000 match participation hours. There was a six-fold difference (RR: 5.5 [95% CI: 2.6 to 11.6];

p<0.0001) between the number of witnessed (n=8) and unwitnessed (n=44) concussions recorded.

There were observable learning effects observed between the first and second K-D test baseline testing (50
vs. 45 s; z=-8.81; p<0.001) (see Table 17). The ICC between the first and second baseline tests were 0.89
(2012), 0.89 (2013), 0.94 (2014) and 0.92 (combined). Over the duration of the study the K-D test had
sensitivity of 1.00 (95% CI 0.93 to 1.00); specificity of 0.94 (0.84 to 0.99), and kappa of 0.98 (95% CI: 0.94
to 1.00). The learning effects were also obvious with the post-season test when compared with the baseline

score for all players (45 vs. 38 s; z=-8.80; p<0.001).

Table 17: Characteristics of participants by mean (+Standard Deviation) for age and King-Devick test baseline and

post- season scores in seconds by median score and 25t to 75t interquartile range.

2012 2013 2014 Combined
Number of players enrolled 36 35 33 104
Age,y £SD 22834 23.3 6.1 24950 23.7%5.0
Matches played [pre-season; match] (match h.) 2415;19] (479) 19[1; 18] (379) 191[2; 17](329) 62 [8; 54] (1,187)
Concussive incidents (total) [witnessed; unwitnessed] 22 [5;17] 22 [2; 20] 8[1;7] 52 [8; 44]
Concussion incidence per 1,000 match h. (95% Cl) 45.9 (26.7 to 65.1) 58.1(33.8 10 82.3) 243 (7.8t041.2) 43.8 (31.9t0 55.7)
No with a concussive injury, n=; [re-injury in current season] 17 5] 16 [6] 6[2] 3913

Pre-season K-D test 1, s, median [IQR]
Pre-season K-D test 2, s, median [IQR]

50.3 [45.8 10 58.7]
47.3[41.0t0 54.2

48.1 [43.8 t0 53.5]
43.6[39.7 10 49.3

53.7 [47.510 59.0]
49.7 [44.4 10 54.6]

50.1[44.3 10 55.5]
45.1 [41.110 50.6]

Difference test 1 vs. test 2, s, median [IQR] -2.8[-5.71t0-1.6] -3.5[-5.410-1.3] -3.3[-5.51t0-1.9] -3.3[-563410-1.7]
Post season K-D test, s, median [IQR] 36.4[31.91043.0P 31.2[26.5t038.2F 41.8([37.7t049.3]°  37.5[30.7 to 43.4]
Difference baseline vs. post season, s, median [IQR] -6.0[-10.0 to -4.0] -11.3[-15.2t0-8.6] -7.0[-11.7t0-3.3] -8.5[-12.0t0 -4.9]
ICC (95% ClI), K-D Baseline 1 vs. baseline 2 0.89 (0.78 t0 0.94) 0.89(0.78t00.94)  0.94(0.88t00.97)  0.92(0.88 to 0.94)
ICC (95% ClI), K-D Baseline vs. post season 0.93(0.87 t0 0.97) 0.88(0.76t00.94)  0.94(0.84100.96)  0.91(0.82t0 0.94)
Sensitivity (95% CI) K-D test 1.00(0.80.0t01.00)  1.00 (0.84t0 1.00)  1.00(0.62t0 1.00)  1.00 (0.93 to 1.00)
Specificity (95% CI) K-D test 0.94 (0.73 10 0.99) 0.92(0.63t100.99) 0.97(0.80t00.99)  0.94(0.84 to 1.00)

K-D = King-Devick test; s = seconds; IQR = [Inter Quartile Range]; ICC: = Intraclass Correlation Coefficient; Significant difference
(p<0.05) than (a) = test 1 of baseline; (b) = established baseline

Witnessed concussive incidents recorded, on average, a longer K-D post-match test score (6 s; z=-2.52;
p=0.012) than unwitnessed concussive events (5 s; z=-5.84; p<0.001) when compared with their baseline
K-D test scores (see Table 18). The mean (£SD) SCAT3 symptom scores for all concussions recorded were
9 +5 symptoms recorded and SAC total score of 24 +3 (see Table 18). Unwitnessed concussive incidents
had a lower symptom severity (23 vs. 31; z=-1.60; p=0.109), lower immediate (13 vs. 14; z=-0.43; p=0.671)
recall and better delayed (4 v 3; z=-2.06; p=0.040) memory scores, had a higher SAC total score (24 vs 23;
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z=-0.77; p=0.440) and a lower BESS score (13 vs. 18; z=-0.53; p=0.598) and a better coordination score

(0.5 vs. 0.3’ z=-2.45; p=0.014) when compared with witnessed concussive incidents.

Lower scores on the SAC of the SCAT3 were associated with increased (worse) times required to complete
the K-D test post-match for players with a concussive injury. The scores were normally distributed with a
skewness of 0.58 (SE=0.42), a kurtosis of 1.24 (SE=0.82) and normality (SW=0.95; p=0.2025). For every 1
point reduction in each of the post-injury SAC components there was a corresponding increase (worsening)
of K-D test times post-match for changes in orientation (2.9 s [95% CI: 2.7 to 3.2]; R*=0.85; p<0.001),
immediate memory (1.8 s[1.7 t0 2.0]; R2=0.94; p<0.001) concentration (2.8 s [2.6 to 3.0]; R2=0.87; p<0.001),
delayed recall (2.0 s[1.8 to 2.2]; R?=0.93; p<0.001) and SAC total score (1.7 s [1.6 to 1.8]; R?=0.95; p<0.001)
(see Fig 5).

Table 18: Changes and differences in K-D scores in seconds by median [25t to 751 inter quartile range] and SCAT3

scores in means (tstandard deviation) for withessed and unwitnessed concussive incidents of over the 2012

to 2014 amateur senior match competition seasons for rugby union (2012-2013) and rugby league (2014).

Witnessed Unwitnessed Total
concussion concussions concussions
Age, y, mean (£SD) 23 +31 228 +46 229444
Baseline K-D score, s, median [IQR] 43.6[31.1t0 54.3] 40.6 [34.2 to 48.6] 41.4[34.2 to 48.6]
Post-match K-D test score, s, median [IQR] 48.0([38.8t058.6]c 45.9([38.1t053.3]c 46.5[38.3t053.4]
K-D change baseline vs. post-match, s, median [IQR] 6.2[4.0to 8.8 4.6[3.6 to 6.0F 4.6[3.8t0 6.7
SCAT3 domain scores
Symptom Evaluation
Score (22), mean (+SD) 8.6 £3.7 8.64.8 8.6+4.6
Severity (132) mean (+SD) 31.0+22.8 231 %172 24.3 £18.1
Cognitive Assessment
Orientation (5) mean (+SD) 4.0+0.5 44+0.8 43+0.8
Immediate memory (15) mean (+SD) 13.5+1.2 128 +1.8 129 1.7
Concentration (5) mean (+SD) 254141 27412 27412
Delayed recall (5) mean (+SD) 3.0 £1.30 3.6+1.22 35412
SAC Total (30), mean (+SD) 23.0 %21 23.5£31 23.5%3.0
BESS (20), mean (+SD) 17534 125+6.2 13.3 6.1
Coordination (1), mean (+SD) 0.3 £0.5° 0.8 +0.42 0.7+05
Maddocks Score 45108 45+11 4511

K-D = King-Devick test; SD = Standard Deviation; s = seconds; IQR = interquartile range; 1 = positive numbers for change in K-D
score indicates longer (worsening) than baseline score; Significant difference (p<0.05) than (a) = witnessed concussion; (b) =
unwitnessed concussion’ (c) = baseline score

Post-match K-D test scores were longer than the baseline score (4.6 s; z=-6.40; p<0.001) for all concussive
injuries identified (see Table 19). Post-injury evaluations of the players with a concussive injury were longer
than the baseline score on post day 3 (6.3 s; z=-6.33; p<0.001) before they began to return to the baseline
score. By day 14, most, but not all, unwitnessed concussive injury players had improved their K-D test (-0.1
s; z=-1.14; p=0.475) when compared with their pre-injury baseline score. Most, but not all, players with a
witnessed concussive injury had returned to, or improved on, their K-D test score (0.8 s; z=-1.99; p=0.046)

when compared to their pre-injury baseline score by day 21 post injury.
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Figure 5:  Scatter plot and linear regression line showing the relation of post-match King-Devick (K-D) test time scores to Sport Concussion Assessment Tool 3 (SCAT3) Standardized Assessment of
Concussion (SAC) components for orientation (a), immediate memory (b), concentration (c), delayed recall (d) and total SAC score (e). The regression line represents fitted values for the

post-match K-D time score for each value of SCAT2 SAC total score. Lower (worse) total SAC scores were associated with higher (worse) K-D time scores at baseline; on average, for every

1-point reduction in component score, we found a corresponding increase (worsening) of K-D time.
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Table 19: Post-match K-D test scores in seconds by median [25t to 75! inter quartile range] for witnessed, unwitnessed and total concussions compared with baseline K-D test scores for

post-match, Days 3, 7, 14, 21 and 28 post concussive injury and the association between these tests.

Witnessed i Unwitnessed s Total s
. . Association . Association . Association
Testing phase concussions concussions concussions
s, median [IQR] ICC r s, median [IQR] ICC r s, median [IQR] ICC r
Baseline K-D 43.6 [31.1 to 54.3]pcdef 40.6 [34.2 to 48.6]pcdf 41.4[34.2 to 48.6]pcdef
Post-Match K-D 48.0[38.8t058.61F  0.984 0.969 459[38.1t053.3cf 0986 0.974  46.5[38.3t0 53.4Jcef 0985 0.972
Difference from baseline 6.2 [4.0to 8.8 4.6[3.6t06.0]* 4.6[3.8t06.7]%
Post day 3 K-D 51.9[44.7t059.1]%¢'  0.923 0.891 47.8[38.6t0o57.62bdf 0947 0.902 48.2[40.0to 57.5[2bdef 0,942  0.891
Difference from baseline 6.8[6.4t0 10.1]* 6.1[3.3t0 10.0]* 6.3[4.2t0 10.0]*
Post day 7 K-D 498[44.7t0 556  0.894 0.829  46.8[37.8to 534t 0954 0.914  46.8[38.6t053.8cf  0.944 0.893
Difference from baseline 4.3[3.1to 11.4]% 4.3[1.7t07.3]% 4.2[2.0t0 7.3]*
Post day 14 K-D 455[36.1to 57.5F 0994 0.992  41.0[34.1to48.1]cdf 0989 0.979  42.1[34.7to 48.4ebcdt  0.988 0.976
Difference from baseline 3.0[1.6t0 10.1]* -0.1[-0.3t0 1.2]% 0.0[-0.2t0 2.6]%
Post day 21 K-D 43.6[34.5t056.012cde  0.994 0.989 40.9[33.9t047.3]cde 0994 0.988 41.2[34.0to048.0]2bcde  0.993  0.987
Difference from baseline 0.8[0.0t0 2.7]* -0.3[-0.9t0-0.1] -0.3[-0.7 t0 0.0]

K-D = King-Devick test; Cl = Confidence Interval; ICC = Intraclass Correlation Coefficient; = Pearson correlation coefficient; s = seconds; IQR = inter-quartile range; Significant difference (p<0.05) than (a) = Baseline; (b) =
Post-match; (c) = Day 3; (d) = Day 7; (e) = Day 14; (f) = Day 21; 1 = positive numbers for change in K-D score indicates longer (worsening) than baseline score
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Discussion

This study was conducted to assess the worth of the K-D test in amateur senior rugby union and rugby
league in New Zealand. The two sporting codes enrolled in the study (rugby union and rugby league) are
similar in terms of the physicality required to play the games, and the nature of the tackling and running
required in the sports. However, there are differences in the number of players (rugby union 15 vs. rugby
league 13) on the field during the match, and rugby league does not have rucks, mauls and lineouts, and
players do not push in the scrum. Despite these differences, often players involved in rugby union have
participated in rugby league, or vice versa. Two players enrolled in the study did participate in both sporting

codes over the duration of the study.

Rugby union has contestable scrums, lineouts, rucks and mauls whereas rugby league does not undertake
any of these activities. Rugby league allows for a set of six tackles to be undertaken for the team in
possession of the ball and when this is completed the ball is handed over to the opposition. Rugby union
allows for contesting for the ball when the tackle is made through the use of rucks and mauls whereas rugby
league requires the tackled player be allowed to get off the ground and play the ball back to the attacking
team. Likely as a result of these differences there were observable differences recorded in the K-D tests
between rugby union and rugby league. Only two of the players involved in the rugby league cohort had

been previously exposed to the K-D test through their rugby union participation.

There was a drop in the number of concussive events identified in the final year of the study and an increase
in the median K-D baseline score (see Table 17). The 2014 season data was from a different cohort of
players (rugby league) whereas the first two years of data was from a similar cohort (rugby union). The
differences between years may be related to the number of players involved in the different sporting codes

combined with the different match activities undertaken between rugby union and rugby league.'? %

In this study of amateur senior rugby union and rugby league players, worsening of the K-D test post-match
were associated with a reduction in components of the SAC. The changes are likely to be reflective of the
anatomical aspects that the K-D and SAC tests capture.26 Pathways for saccades, or fast eye movements,
in the brain are widely distributed and involve several areas of the brain such as the frontal eye fields,
supplementary eye field, dorsolateral prefrontal cortex, parietal lobes and deeper structures including the
brainstem, necessitating the involvement of several cortical areas in the production, and regulation, of
saccades.? As saccades can be used to assess cognitive domains such as attention, spatial and temporal
orientation and working memory, injuries involving the disruption of the areas involved in saccades
production and regulation can result in changes in these cognitive domains.?% Undertaking the K-D test
enables the analysis of numerous circuits throughout the brain involving attention, motivation, visual-spatial
integration, motor planning, and spatial organization.’® The K-D test requires saccades to enable
completion of the test and may also reflect concentration and language function.2% Injuries to any of the
areas involved in saccade production and regulation may explain the eye movement and memory related

problems that can occur following a concussive injury.20
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Many concussion assessment tools are still undergoing research and development and these all have the
potential for widespread clinical application.™® Although no one concussion assessment tool can be
definitive, the use of a continuum of assessment tools may provide a broader screening process available
to the clinician assessing concussions.?* The K-D test is available in either a moisture-proof 6x8 inch spiral
bound physical test or as an application on an IPad platform and this makes the K-D test a readily portable,
and easily adaptable, sideline administration tool for the assessment of concussive injuries.? The appeal
of the K-D test is in the rapid, easy manner of its administration, and the reliable, objective results it provides
to the administrator.588 The K-D test has been shown to be sensitive to subtle changes that can occur with
concussive injuries in high school football players without clinically-diagnosed concussion but with

functionally-detected cognitive impairment. 5’

Impacts to the head from participation in high school American football have resulted in some players
exhibiting no clinically-observed symptoms associated with concussion but demonstrated measurable
neurocognitive and neurophysiological impairments.5' These players had decreased functional magnetic
resonance imaging (fMRI) activation levels in areas strongly associated with working memory and significant
reductions (score outside 99% confidence interval and flagged by IMPACT® as significantly decreased) in
the VMS and/or VIS composite scores of the INPACT® computerised concussion evaluation system.%! The
VMS component of INPACT® has been shown to have the most reliable composite scores and is commonly
utilised for determining visual-motor deficits.5 The VMS, and other composite scores (RT and VIS), provide
unique information incorporating visual processing, acuity and oculomotor speed and any deficits in these
areas may reflect axonal damage to oculomotor neurons.® The finding®® that the K-D test was significantly
correlated with changes in the VMS (r=-0.696; p<0.0001), RT (r=0.633; p<0.0001), and VIS (r=-0.482;
p<0.0001) components of IMPACT® indicates that the K-D test appears sensitive to revealing visual
performance-related effects of concussion in players with no clinically-observed symptoms. The use of the
K-D test as part of a continuum for the assessment and monitoring of players with a concussion can assist
healthcare providers to evaluate adequate cognitive rest and informed clinical decisions regarding return-

to-play and return-to-academic activities.588

In the absence of concussion, the K-D test has been shown to have learning effects associated with repeat
testing.2% This is commonly associated with repeated performance measures, or timed testing 2% and can
be seen by the median improvement of 3.4 s between the two tests undertaken to establish the individual
players baseline score. This is similar to previous studies reporting on the K-D in sports activities with
improvements of 1.9 s to 3.1 s202,203,206, 314, 317, 367 for establishing the baseline score of participants. The use
of dual baseline assessments allows familiarization of the test and can help alleviate any possible
confounding factorsé® such as previous exposure to similar tests. Although employing serial K-D
assessments has a learning effect, which is not uncommon in timed test,2%2 there should be an equalling of,
or an improvement in, the score upon each subsequent test administration.6% The IPad version of the K-D
test (v2.2.0) utilised in our study had two sets of demonstration and test cards with different numbers along
the same pattern. The post-match K-D tests were varied weekly to eliminate any possibility of players
learning the numbers. Although these were varied, players showed an improvement in the scores from their
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baseline. Any worsening of the scores is likely to be a reliable indicator that player should be evaluated

further for a possible concussive event.208

The procedures utilised for the assessment and management of players identified to have a worsening of
their K-D test score are identical to a previous study.3'” The post-match testing was undertaken at least 15
minutes after the game had finished to allow for any of the complex cascade of ionic, neurometabolic,
neurochemical and physiologic events to occur.2®® This is reported to occur in the first 10 minutes from a
concussive event and then a neuronal depression period occurs where cognitive dysfunction manifests.23
Previous studies202 203, 314, 317, 367 have reported K-D test times of participants with a concussive injury 5 s
slower (range 3.2 s to 18.0 s) than their baseline. Our study showed that players with a concussive injury
had a similar slower than baseline K-D test score with a median of 5 s for players with a decrease in their
post-match assessment, and a median of 6 s for players with a withessed concussive injury identifying that
these players needed further medical evaluation. All players with a worsening of their K-D test score were
subsequently diagnosed with a concussion by their medical practitioner and underwent the required return-

to-sport evaluations and clearances before they were allowed to participate in training and match activities.

Over the duration of the study there were three false positive cases of players who had slower post-match
K-D test scores. None of these players had changes on the post-match SCAT3 and were cleared by their
own health practitioner. Upon further investigation it was identified that these players were night-shift
workers who had not had a sleep prior to commencing the match activities. It has been previously reported20
that the K-D test is sensitive to the impact of sleep deprivation on cognitive functioning and this may have
been the result of the false-positives detected post-match. Despite the three false-positive cases identified,
sensitivity (1.00), specificity (0.94) and kappa (0.98) of the K-D test shows a high accuracy and near perfect
agreement”- 357 for the detection of disruption of the pathways involved in saccades following an injury to

these areas.206

By using a return-to play monitoring process with the K-D test, the team medic was able to identify players
that could commence graduated return-to-play activities while still monitoring the players’ recovery.
Improvements in the K-D test performance have been shown to be paralleled with improvements of the
components of IMPACT® and appear effective in monitoring concussion recovery and symptom resolution.
Although no player was allowed to return to full match activities until they equalled or improved their baseline
score, several players were medically cleared by their own health practitioner before this occurred. All the
witnessed concussed players were medically cleared by day 14 post injury but were withheld from match
activities until their K-D scores equalled or bettered their baseline score. For witnessed concussions one
player (14%) returned to their baseline score at the 21 days post-match test while the other seven (86%)
returned to their baseline at the day 28 post-match test which was similar to a previous study.** Most, but
not all (n=2; 4%), players with an unwitnessed concussion returned to their baseline K-D scores 14 days
after the incident and, when medically cleared, were allowed to return to full training and match activities.

This finding supports the need for the management of concussion on an individualized basis.*2?
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The use of multiple sideline tools such as the SCAT3 and the BESS examine a wide range of neurologic
dysfunction and, while one tool may not identify a concussive injury, other assessment tools may show
abnormalities3¥ but the ‘gold standard for the diagnosis of concussion is by a medical physician.5 A
composite of rapid brief tests such as the K-D test, the SAC and the BESS are likely to provide a series of
effective clinical tools to assess players on the sideline with a suspected concussive injury. Further
longitudinal studies over different player cohorts will assist in the identification of a continuum approach to

sports-related concussion.
Limitations

A limitation to this study was that not every player underwent the K-D test after every match they participated
in. There were a few players who would try to avoid being tested post-match but these were assessed at
the next training session (2 days later) and were required to complete the K-D test before undertaking any
training activities or being named in the team for the ensuing weekend. Having a team medic on the sideline
as the researcher also meant that other injuries were required to be tended to and some players did leave
the changing rooms prior to being tested. To assist in reducing the possibility of a concussive injury
remaining unnoticed the coach, manager and team medic identified players who were required to be
assessed and these players were told to remain in the changing rooms until tested. Future studies involving
the K-D as a sideline assessment tool for concussion may need to have more than one K-D administrator

available so that all players can be tested post-match.
Conclusion

The K-D and SCATS3 tests helped identify cognitive impairment in players without clinically observable
symptoms post-match whether or not they were witnessed as being involved in a potentially concussive
incident. The rate of undetected concussion was higher when the K-D test was routinely applied to all players
post-match than solely relying on the witnessing of potentially concussive episodes during a game. By
undertaking a return-to play monitoring process with the K-D test, the team medic was able to identify players
that could commence graduated return-to-play activities while still monitoring the players’ recovery. The
inclusion of a visual dimension tool such as the K-D test may assist in increasing the capacity for the
identification of concussed players and decrease the likelihood of players with a concussive injury not
reporting the symptoms and exposing themselves to further concussive events. Using the K-D test as part
of a continuum for the assessment and monitoring of players with a concussion can assist healthcare
providers to evaluate adequate cognitive rest and informed clinical decisions regarding return-to-play and
return-to-academic activities. A composite of rapid brief tests such as the K-D test, the SAC and the BESS
are likely to provide a series of effective clinical tools to assess players on the sideline with a suspected

concussive injury.

- 106 -



0815134

Section 4:
Head impact biomechanics in amateur

rugby union and rugby league
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“There’s not many impacts in the
game and of the impacts that do occur
these are typically of no real

significance”

International sporting code medical representative - 2011
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CHAPTER7:
INSTRUMENTED MOUTHGUARD ACCELERATION ANALYSES FOR
HEAD IMPACTS IN AMATEUR RUGBY UNION PLAYERS OVER A
SEASON OF MATCHES

This chapter comprises the following paper published in the American Journal of Sports Medicine

Reference

King, DA., Hume, P., Brughelli M. and Gissane, C. Instrumented mouthguard acceleration
analyses for head impacts in amateur rugby union players over a season of matches. Am J Sports
Med, 2015 43(3): 614-624.

Author contributions
D. King 80%, P.A. Hume 10%, M. Brughelli 5%, C. Gissane 5%.
Overview

Background: Direct impacts with the head (linear acceleration or pressure) and inertial loading of the head
(rotational acceleration or strain) have been postulated as the two major mechanisms of head related injuries
such as concussion. Although data are accumulating for soccer and American football there are no

published real-time data for non-helmeted collision sports such as rugby union.

Purpose: To quantify head impacts via instrumented mouthguard acceleration analyses for rugby union

players over a season of matches.
Study Design: Cross-sectional study.

Methods: Data on impact magnitude and frequency were collected with moulded instrumented
mouthguards worn by thirty eight premier amateur senior rugby players participating in the 2013 domestic

season of matches.

Results: A total of 20,687 impacts >10g (range 10.0-164.99) were recorded over the duration of the study.
The mean number of impacts per player over the duration of the season of matches was 563 £618 resulting
in a mean of 95 +133 impacts to the head per player, per match over the duration of the season of matches.
The impact magnitudes for linear accelerations were skewed to the lower values (S,=3.7 £0.02; p<0.001)
with a mean linear acceleration of 22.2 £16.29. Rotational accelerations were also skewed to the lower
values (S,= 2.0 £0.02; p<0.001) with a mean rotational acceleration of 3,902.9 +3,948.8 rad/s?.

Conclusion: The acceleration magnitudes and number of head impacts in amateur rugby union players
over a season of matches measured via instrumented mouthguard accelerations, were higher than for most
sports previously reported. Mean linear acceleration measured over the a season of matches was similar to
the mean linear accelerations previously reported for youth American football players, high school American

football players, and collegiate American football players, but lower than female soccer youths. Mean
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rotational acceleration for measured over the a season of matches was similar to for youth American football
players, high school American football players, and collegiate American football players, but less than female

soccer youths, concussed collegiate American football players and professional American football players.
Key terms: injury, linear, rotational, impact, instrumented mouthguard.
What is already known:

e High cumulative impacts with a low linear acceleration magnitude of <10g may not have any

cumulative or long term effects.

e Impacts that do not show any overt clinical symptoms of concussion, loss of match or training time,

or concussion related symptoms, are termed subconcussive.

e Subconcussive impacts to the head that occur during football participation may lead to subclinical

cognitive decline
What this study adds:

e The number of head impacts per player per game for rugby union is higher than that reported for

American high school football, American collegiate football and youth ice hockey.

e The majority of the linear and rotational acceleration impacts recorded in senior amateur rugby

union fall into the mild category of impact severity.
Introduction

The potentially severe consequences associated with repetitive sport related concussion have provoked
intense discussion in both the academic?®423 and public sectors. A concussion typically occurs as a result
of a direct impact to the head, or from an indirect impact to the body that is transmitted to the head.*#! When
the torso is either decelerated or accelerated rapidly3'® the head sustains a combination of linear and
rotational accelerations. Direct impacts with the head (linear acceleration-deceleration) and inertial loading
of the head (rotational acceleration-deceleration) have been postulated as the two major mechanisms of
head related injuries such as concussion.3'0 Linear acceleration produces focal injuries while rotational
acceleration produces both focal and diffuse injuries.®”® Repetitive impacts that do not result in an
observable, diagnosed or reported concussion i.e. “subconcussive impacts”, may potentially lead to
longitudinal deleterious effects such as chronic traumatic encephalopathy.2. 40. 3% Exposure to repetitive
subconcussive impacts show anisotropic and diffusional white matter changes,?: 3% however, there has
been no clear causality identified between repeated concussions or subconcussive impacts and these

anatomical changes.*

The incidence of concussion in sports provides a unique opportunity to collect biomechanical data on head
accelerations involved in mild traumatic brain injury (mTBI).52 By instrumenting athletes with accelerometer
instrumented headbands*” and helmets,52* head acceleration data have provided proof of concept and laid
the groundwork for future research.'*1. 528 By quantifying the head impacts experienced by professional

football players, the National Football league (NFL) reconstructed injurious game impacts based on video
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analysis.*®® By recreating 31 impacts, 25 of which were concussive, injury risk curves were developed for
mTBI's.52 Nominal values for an injury were a peak linear acceleration of 98g and peak rotational
acceleration of 6,432 rad/s2.4%  Although this study did characterize concussive biomechanics, the injury
risk curves likely over-estimate the risk as head impacts that did not result in concussions were not
accounted for.5% Undertaking reconstructions of real-life concussive events in Australian football and rugby
players,'68 the mean peak values recorded for linear acceleration was 103g and 8,022 rad/s? for head
angular acceleration. Further, more recent studies?s 49 50. 52, 141, 150, 443, 528, 530, 531, 538, 5% haye contributed to
the ongoing development of biomechanical data related to head impacts but these have utilised different

impact measuring data acquisition limits and reporting formats (see Table 20).

Despite the increasing number of studies reporting impacts to the head and concussions, no study, to date,
has identified a data acquisition limit that constitutes a subconcussive impact. Impacts under 10g have been
reported*’ to be a result of activities such as walking, jumping, running and sitting and are considered to be
non-contact events.% 449 Impacts greater than 10g that do not result in a participant presenting with acute
signs or symptoms of concussion, are identified as subconcussive impacts'3 and repetitive subconcussive
impacts may have negative long-term effects.% As shown in Table 20, several studies?8. 2949, 50, 52, 531, 596, 626
have utilised data acquisition limits greater than 10g and these studies may have removed subconcussive
impacts from their dataset. The data obtained from these types of impacts are non-normally distributed.
Utilising a data acquisition limit greater than 10g may remove a large amount of impacts that could be
subconcussive. The data acquisition limit of 10g was therefore selected by us to identify impacts that were
considered to have occurred from impact accelerations enabling elimination of activities undertaken in daily

living.110

Non-helmeted sports have also utilised accelerometers in measuring impacts from sports participation.
Heading the ball by female soccer youths resulted in peak accelerations of 63g and 8,869 rad/s2.%'" No
concussions were reported,?' as no injury nor injury risk was assessed, even though some of the rotational
accelerations were within the nominal values for an injury to the head when compared with NFL data*% and
injury risk tolerance levels.532 Although data are accumulating for soccer and NFL there are no published
real-time data for non-helmeted collision sports such as rugby union. The aim of this study was to quantify
head impacts via instrumented mouthguard acceleration analyses for amateur rugby union players over a

premier season of matches in New Zealand.
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Data Linear Acceleration (g) Rotational Acceleration (rad/s?)

Author ach::Is;flon Mean (+SD) 95% Cl/ SD Mean (+SD) 95% CI Athletes population (no of participants)
Mihalik et al.45" 109 21a 20-223 1,418 1,335-1,506 Youth (13-14 yr.) Ice Hockey (n=16)
Mihalik et al.452 109 184 18-19 1,466 1,449-1,480 Youth (13-14 yr.) Ice Hockey (n=52)
Mihalik et al.44 10g 22 +2 - - - Collegiate Football (n=72)

Crisco et al."10 10g 210 - 1,4000 - Collegiate Football (n=314)
Crisco et al.!"" 109 20pe 20-20 1,1870e 1,166-1,210 Collegiate Football (n=254)
20 20-21 1,1970d 1,170-1,225
Hanlon et al. 10g 19 +11 - 1,717 £1,300 - Girls Youth (u14) Soccer (n=24)
Daniel et al.!"s 10g 18 - 901 Youth Football (n=7)
Broglio et al.# 159 2515 - 1,627 1,183 High School Football (n=78)
105 +18¢ - 7,230 +1,158¢
Broglio et al.5 159 25 +16¢ - 1,670 +£1,2494 High School Football (n=35)
Broglio et al.52 159 24 £1510 27 £18¢ - 1,506 +1,262 to 1,633 +1,150¢ High School Football (n=95)
25 +15 to 29 +20¢ - 1,659 £1,191 to 1,789 +1,354¢
Urban et al.5% 14.49 22 £24 - 953 +132¢f High School Football (n=40)
Schnebel et al.538 10g 84 +289s - N/S Collegiate & High School Football (n=56)
78 £24hs - N/S
Rowson et al.531 14.49 N/S - 1,158 972 (6DOF)a Collegiate Football (n=335)
N/S - 1,230 £915 (HIT System)a
N/S - 5,022 1,791 (HIT System)e
Rowson et al.528 10g 18 - 1,017 Collegiate Football (n=10)
Pellman et al.4% N/S 98 +28di - 6,432 £1,8134i American Professional Football (n=31)
56 +2244 - 3,983 +1,402dk
Duhaime et al.1%0 N/S 86 +43¢ - 3,620 £2,166¢ - Collegiate Football & Ice Hockey (Male & Female) (n=44)
Beckwith et al.28 1449 21 20-55m 848k 799-922! Collegiate & High School Football (n=95)
23¢ 19-27m 874¢ 723-1,040'
Beckwith et al.? 14.49 103 +34¢ - 3,977 £2,272¢ - Collegiate & High School Football (n=95)
Fréchede et al. 68 N/S 103ikn - 8,022k Australian Football and Rugby Union (n=27)
Zhang et al.632 N/S 103 £30% - 7,354 2,897k American Professional Football (n=24)
55 +21ka - 4,204 £1,411ka
Duma et al.™! 10g 32 £25 - 905 +1,075 (x-axis); 2,020 +2,042 (y-axis) Collegiate Football (n=38)
Brolinson et al.%® 10g 21419 - N/S Collegiate Football (n=52)
Wong et al .62 309 47 £14 - N/S Pop Warner (12-13 yr.) Football (n=22)
Reed et al.5! 10g 2140 - 1,557 +27 Youth Ice Hockey (n=13)

a = non-infraction impacts; b = 50 percentile; ¢ = concussion impact data; d = game impacts; e = practice impacts f = median values reported; g = Colleglate impact data; h = High School impact data; i = struck player; j =

striking player; k =

impact reconstruction; | = non concussion day impacts; m = 25% - 75% interquartile range; n = peak linear accelerations; o = peak angular accelerations; p = injury impact data; g = non-injury

impact data; r = subconcussive impact values; s = top 5% of impacts; N/S = not stated; 6DOF = six degree of freedom measurement; HIT System = Head Impact Telemetry System
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Materials and Methods

A prospective observational cohort study was conducted on a premier club level amateur rugby union team
during the 2013 season of matches in New Zealand. All thirty eight male players (mean +SD age; 22 +4 y)
were amateur receiving no remuneration for participating in rugby union activities. The matches were played
under the laws of the New Zealand Rugby Football Union. The researchers’ university ethics committee
approved all procedures in the study (AUTEC 12/156) and all players gave informed consent prior to
participating.

Players were fitted with a moulded instrumented mouthguard (X2Biosystems, Inc., Seattle, WA, USA)
sampling at 1,000 Hz, prior to the start of the season. Mouthguards contained a low-power, high g tri-axial
accelerometer (H3LIS331DL) with 200g maximum per axis, and a tri-axial angular rate gyroscope
(L3G4200D; ST Microelectronics, Geneva, Switzerland; www.st.com).83 The mouthguards utilised were
similar to those utilised in a previous study.6® The accelerometer and gyroscope calculated an acceleration
and rotational time history of the head’s estimated centre of gravity for all impacts that occurred during match
participation. The time history incorporated three axes (, y, z) of acceleration and three axes of velocity.
With the player standing upright, these planes described sideways (medio-lateral), forward-back (anterior-
posterior) and vertical acceleration and deceleration. The mouthguards® have strong correlations for peak
linear acceleration (PLA) (r>=0.937), peak rotational velocity (PRV) (r?=0.966), and peak rotational
acceleration (PRA) (r2=0.882) when compared with the head’s centre of gravity. The moulded instrumented
mouthguards were reported® 40! to have normalized root-mean-square errors for impact time traces of 9.9
* 4.4% for linear acceleration, 9.7 + 7.0% for angular acceleration, and 10.4 + 9.9% for angular velocity but
miss or misclassify ~4% of impacts.5% The average error offset for impact location was 1.63 £3.74° azimuth
and -1.57 +0.48° elevation.®"' The mouthguards recorded head linear and rotational acceleration, impact
location and duration. All data was recorded on the X2Biosystem Injury Management Software (IMS) and

transferred to an Excel spreadsheet for further analysis.

Impacts were identified as any linear acceleration above 10g measured at the mouthguard. This data
acquisition limit was chosen based on a review of data acquisition limits used in previous studies (see Table
20). These impacts could be a result of a direct blow to the head, face, neck or elsewhere on the body with
an ‘impulsive’ acceleration transmitted to the head. Each recorded impact was categorised into four general
locations (front, side, back and top).'% The direction of impact (azimuth 8) was defined from -180° to 180°
with 0° at the x-axis with positive 8 on the right side of the players head. The height of impact (elevation a)
was defined from 0° (horizontal plane that passes through the head’s centre of gravity) to 90° (crown of the
head at the ‘Z' axis). The ‘xz’ plane represented the midsagittal plane with positive x corresponding to the
caudal direction. The ‘xy’ plane represented the coronal plane with positive ‘y’ corresponding to the right
side of the head. Impacts with a > 65° were defined as top; while impacts with 6 of -45° to 45° were defined
as back, +45° to +135° side and -135° to 135° front direction.

Over the course of the 2013 domestic rugby union season of matches, a total of 20,687 impacts exceeded

our study data acquisition limit of 10g for a head impact and were retained for data analyses. Impacts <10g

-113-



0815134

of linear acceleration were considered negligible in regards to impact biomechanical features and to
eliminate head accelerations from non-impact events such as jumping and running.4® Their relationships to

head trauma make it difficult to distinguish between head impacts and voluntary head movement.4%

A subconcussive impact was defined as any “impact that does not result in a concussion diagnosis, does
not result in time-loss of participation in practice or games and does not result in concussion related
symptoms that linger for a prolonged period of time.”3' Over the study two concussion diagnoses were
confirmed by medical personnel including the witnessing of the event resulting in the concussion. Impact
data obtained from these two confirmed concussions (94.8g and 5,319.8 rad/s? player A and 54.9g and

9,935.2 rad/s? player B) were not included in the dataset utilised for analyses.

The biomechanical measures of head impact severity consisted of impact duration in milliseconds (ms),
linear acceleration (g), and rotational head acceleration (rad/s?) Resultant linear acceleration is the rate of
change in velocity of the estimated centre of gravity of the head attributable to an impact and the associated
direction of motion of the head.*® Resultant rotational acceleration is the rate of change in rotational velocity
of the head attributable to an impact, and its direction in a coordinate system with the origin at the estimated
centre of gravity of the head.*® The rotational acceleration was calculated through the IMS utilising a five-
point stencil from the rotational velocity measured by the tri-axial angular rate gyroscope (L3G4200D; ST

Microelectronics, Geneva, Switzerland; www.st.com).

Head impact exposure including frequency, magnitude and location of impacts was quantified using
previously established methods.'*1"" Data were not collected at team trainings as the researchers were
most interested in the characteristics of head impacts sustained during rugby union matches in the season
of matches. Four measures of impact frequency were computed for each player: player impacts, the total
and average number of head impacts recorded for a player during all matches; player position impacts, the
total and average number of head impacts recorded for the playing position for all matches; player group
impacts, the total and average number of recorded head impacts for the playing group (forwards and backs)

for all matches and impacts per match, the total and average number of impacts per match for all matches.

For the impact to be recorded, a total of 100 ms of data were stored, including 25 ms prior to, and 75 ms
following, the impact. Software provided by X2Biosystems calculated the peak linear acceleration, rotational
acceleration (x-axis and y-axis angular accelerations), impact location, HIC,8* GSI,20' and date and time
stamp for later download and analyses. An example of the impacts recorded for a single player in a single
amateur rugby union match can be seen in Figure 6. All matches were videotaped (Sony HDR-PJ540

Camcorder) to enable verification of the impacts recorded.
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Front Right side Top

Back Bottom

Figure 6: Example of the locations of impacts for one monitored player with the X2mouthguard from a single player in a single amateur rugby union match on the Impact Management System
(X2Biosystems, Seattle, WA, USA). Blue = 10-30g, orange = 40-60g and red = 70g+.
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All impacts recorded were assessed for head movement or biting by the players when the mouthguard was
worn. Impacts that were identified as having occurred through these activities were termed ‘clacks’. All
impacts were assessed through the IMS utilising a “de-clacking algorithm” that involved two methods. The
first method utilised various parameters (time above 10g data acquisition limit, ratio of PLA to area under
curve, filtered/unfiltered PLA ratio, PLA vs. number of points above data acquisition limit) to assess
waveform characteristics of the aggregate of the various features of the acceleration waveform to determine
an impact vs a ‘clack’. The second method utilized a cross-correlation pattern matching (with configurable
cross-correlation coefficient) by comparing the impact form to a Gaussian-like reference waveform, looking
for a cross-correlation coefficient above a configurable data acquisition limit (0.90 is the default i.e. 90%
match). This method assumed a “good” shape for a head impact and matches recorded impacts against this
reference waveform (J.Thibado, personnel correspondence, May 1, 2014). All impacts identified as ‘clacks’
were removed from the dataset prior to downloading for further analysis. All data collected were entered into
a Microsoft Excel spreadsheet and analysed with SPSS V.22.0.0. The impact variables were not normally
distributed (Sharpo-Wilk test; p<0.001). Therefore data were expressed as mean tstandard deviation (SD),
as severity measures (95" percentile linear acceleration, 95t percentile rotational acceleration), risk ratios
(RR) between player positional groups (forwards vs. backs), and 95% confidence intervals (95% Cl).282 283
Additionally the cumulative impact burden per match competition, per playing group, per player position per
game, per player per match competition and per player per match were analysed using a Krusal-Wallis one-
way ANOVA with a Dunn’s post-hoc test for all pairwise comparisons. Although there is no accepted method
to quantify cumulative impact burden,®2 the sum of linear and rotational accelerations associated with each

individual head impact over the course of the study were calculated for all of these parameters.

The impact location variables were computed as azimuth and elevation angles relative to the centre of
gravity (CG) of the head centred on the mid-sagittal plane.'® These were categorized as front (Left: 6 =
180° to -135°; Right: 6 = 180° to 135°), side (Left: 8 =—135° to -45°; Right: 8 =135° to 45°), back (Left: 8
=-45° t0 0°: Right: 8 =45° to 0°) and top (Left: 6 =180° through negative 6 to 0°; Right: 8 = 180° through
positive 6 to 0°) . Impacts to the top of the head were defined as all impacts above an a of 65° from a
horizontal plane through the CG of the head.?*! Impact locations were analysed by left and right side impacts

using a Friedman repeated measures ANOVA on ranks.

Head impacts were assessed for injury tolerance level for a concussion occurring using previously published
injury tolerance levels*® 52254 for linear (>95g) and rotational acceleration (>5,500 rad/s?). Head impacts
were assessed for impact severity using previously published levels for linear acceleration (mild <66g,
moderate 66-106g, severe >106g) and rotational acceleration (mild <4,600 rad/s2, moderate 4,600-7,900
rad/s?, severe >7,900 rad/s?).264.478.632 Both injury tolerance and impact severity levels were analysed using
a Friedman repeated measures ANOVA on ranks. Post hoc analysis with Wilcoxon signed-rank tests was

conducted with a Bonferroni correction applied. Statistical significance was set at p<0.05.
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Results

Thirty eight players participated in 19 matches giving a match exposure of 379 player match hours for the
season. A total of 20,687 impacts to the head over 10g (range 10.0-164.99) were recorded over the duration
of the study (see Table 21). The impact magnitudes for linear accelerations were skewed to the lower values
(Sp=3.7 £0.02; p<0.001) with a mean linear acceleration of 22.2 £16.2g. Rotational accelerations were also
skewed to the lower values (S,= 2.0 £0.02; p<0.001) with a mean rotational acceleration of 3,902.9 +3,948.8
rad/s2. The mean number of impacts per player over the duration of the season of matches was 563 618
resulting in a mean of 95 £133 impacts to the head per player, per match over the duration of the season of
matches. The mean impacts per match were 1,379 578 resulting in a mean of 77 £42 impacts to the head
per player position, per match. Forwards recorded more impacts than backs (RR: 10.89; [95% CI: 1.85 to

1.93]; p<0.001) over the duration of the season of matches.

The number of head impacts, linear and rotational accelerations and the cumulative impact burden per
player varied by player position (see Table 22). In the forwards, the hooker recorded a mean of 112 £73
impacts per match, the hooker recorded a mean linear acceleration of 27 £19¢g per match. For rotational
accelerations, the open-side flanker recorded a mean of 4,472 4,085 rad/s2. The hooker recorded the
highest cumulative linear acceleration burden of 56,523g and the left hand prop recorded the highest
rotational acceleration impact burden of 9,036,995 rad/s?. In the backs, the first five-eight recorded a mean
of 117 £141 impacts per match and the centre recorded a mean linear acceleration of 27 £19¢g per match.
For rotational accelerations, the fullback recorded and mean of 7,106 +5,807 rad/s2. The first five-eight
recorded a cumulative linear acceleration impact burden of 56,713g and a cumulative rotational impact
burden of 8,763,716 rad/s2.

The number of impacts to area of the head varied over the season of matches (see Table 23). The right side
of the head recorded the most impacts. The back left side of the head recorded the highest linear
acceleration (27 +4g) for player position, for the forwards and per player. The top right side of the head
recorded the highest linear acceleration for the backs (28 +11g). Linear accelerations were higher on the
left than the right side of the head for impacts recorded to the front (¥?=43.68; p<0.001) and the back
(x2=17.83; p<0.001) per player. The top right side of the head recorded the highest rotational accelerations
(6,160 £2,908 rad/s?) for player positions and this was similar for backs (7,273 +3,379 rad/s?) and per
players (5,333 £3,673 rad/s?). Backs recorded higher rotational accelerations than forwards for impacts to
the left (x2=31.84; p<0.0001) and the back left (x2=7.53; p=0.008) of the head. The top 5%, 2%, 1% and
0.05% of impacts magnitudes recorded for total, player positions groups and by player position can be seen
in tables 24 and 25. Although both backs and forwards recorded similar linear accelerations in the top 5%
of impacts, backs recorded a higher resultant rotational acceleration than forwards (14,083 rad/s? vs. 11,023

rad/s?).
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Table 21: Impacts to the head greater than 10g by total and player group in amateur rugby union for total, forwards, backs and per player over a season of matches for linear and rotational acceleration.

Data are presented as mean, standard deviation and cumulative scores per player.

Impacts Resultant Linear Acceleration (g)  Resultant Rotational Acceleration (rad/s?)
!‘lumber Averagglper match Average duration Mean +SD Total Frequency Mean £SD Total Frequency
impacts competition season per player (ms) Impact burden Impact burden
recorded Mean £SD Mean £SD Mean £SD
Player Position’ 20,687 1,379 578 77 +42 12 £9 22 +16 18,145 £15,037 3,990 +£3,949 2,724,788 £2,142,682
Forwards? 13,340 1,668 £385 84 19 11 £9 22 +16 36,741 £9,470 3,620 +3,605 6,038,798 2,082,258
Backs? 7,3472 1,050 +609 54 +30 12 9 23 +16 23,647 £15,348 4,417 +4,461 4,365,606 +3,005,570
Per player* 20,687 564 £618 95 +133 1120 22 +6 12,029 13,822 3,847 1,408 2,101,028 £2,702,572

Significantly (p<0.05) different than (a) = Forwards; 1 = 15 positions; 2 = 8 player positions; 3 = 7 player positions; 4 = 38 players

Table 22: Impacts to the head greater than 10g by player position in amateur rugby union over a season of matches for linear and rotational acceleration. Data are presented as mean, standard

deviation and cumulative impact burden per player.

Impacts Resultant Linear Acceleration (g) Resultant Rotational Acceleration (rad/s?)
Average per player .
Total Pgr gatc‘; Y D:’:’:::rlggs) Mean +SD FreTotaI Impact Mean +SD Total Impact
Mean +SD + quency Burden Frequency Burden
L-H Prop 2028 101 149 947 18 £13 35,685 4,456 +4,256 9,036,995
Hooker 2128 112 £73 14 £10 27 +19 56,523 3,441 £3,012 7,321,483
R-H Prop 2098 100 +142 10 8 19 £13 39,099 3,538 3,881 7,422,848
Left Lock 1190 63 115 15410 24 +15 28,675 2,486 +1,980 2,957,883
Right Lock 1581 79 179 15410 2518 39,885 2,799 +2,635 4,424 478
B-S Flanker 1224 61 +54 12 £10 24 19 29,923 3,654 +3,847 4,472,473
0O-S Flanker 1688 84 +102 10 8 22 17 37,757 4,472 +4,085 7,576,284
No. Eight 1403 74 60 9+7 19 13 26,381 3,634 +3,629 5,097,938
Halfback 1160 61463 1148 23 17 26,624 7,041 £5,657 8,167,675
First 5/8 2330 117 +141 1349 24 16 56,713 3,761 £3,547 8,763,716
Left Wing 735 39 51 10 £7 15 +11 10,909 2,472 +3,602 1,816,600
Second 5/8 602 32 +42 15410 26 +17 15,732 2,919 +2,480 1,757,180
Centre 599 32 +45 16 £10 27 19 16,320 3,188 +2,785 1,909,485
Right Wing 1130 60 +58 87 18 £12 19,742 3,906 +3,676 4,413,690
Fullback 791 40 +53 13 8 2518 19,489 7,106 +5,807 5,620,898

L-H Prop = Loose-head Prop; T-H Pop = Tight-head prop; B-S Flanker = Blind-side Flanker; O-S Flanker = Open-side Flanker
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Table 23: Impacts to the head for the season of matches by location of total impacts recorded, average linear (g) and rotational (rad/s?) acceleration of impacts by player position, forwards, backs and

per players in amateur senior rugby union.

Player Position Forwards Backs Per Player
Location InT:::ItS Side Number PLA (g) PRA (rad/s?) Number PLA (g) PRA (rad/s?) Number PLA (g) PRA (rad/s?) Number PLA (g) PRA (rad/s?)
n= Mean £SD Mean +SD Mean +SD n= Mean £SD Mean +SD Mean +SD n= Mean £SD Mean +SD Mean +SD n= Mean £SD Mean +SD Mean +SD
Right 3,431 229 £147 20 £7 2,781 £709 2,086 261 £122 2146 2,710 +419 1,345 192 173 19.9+6.9 2,862 1,107 3,431 107 +161 22 48 3,092 +1,026
Front 5989 Left 2,558 171 +82 2145 3,569 +1,048 1,757 220 +80 210 45 3,359° +962 801 114 £37 216459 3,810 1,292 2,558 85 +104 25210 4,1192 +1,430
) Right 4,791 319 £245 2144 3,887 +£1,195 2,883 360 +154 23 45 3,971+1,272 1,908 273 £328 19.3+3.8 3,790 +1,257 4,791 150 £177 2147 3,9947 +1,617
Sie 522 Left 4,441 296 +116 24 +4 4,848 +2,061 2,841 355 64 23 44 4,001 £2,043 1,600 229 +129 24.8°+3.7 5,8162 +2,539 4,441 148 +136 22 6 4,389 +1,955
Right 2,027 135 +64 23 6 4,024 1,256 1,375 172 +59 2245 3,475 +962 652 93 +40 234467 4,650 1,478 2,027 68 £78 23 6 4,045 £1699
Back e Left 2,900 193 132 27 +4 4,392 1,283 2,101 263 £136 27 +4 4,026 £1,176 799 114 £74 264 +4.1 4,810% +1,544 2,900 94 £127 278 46 4,686 +1,899
Right 290 19 +18 27 £9 6,160 +2,908 150 199 26 £7 5,181 2,648 140 20 £26 284+11.3 7,272 3,379 290 13413 25 +18 5,333 3,673
Top %% Left 249 17 9 26 6 5,864 +2,627 147 18 £7 26 £7 5,568 +2,384 102 15 +11 250439 6,202 +3,391 249 10 11 22412 4,857 +3,397

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); Significant difference (p<0.05) than: (a) = forwards; (b) = left side
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Table 24: Percentile rankings of post-impacts for linear and rotational accelerations intensity by total impacts recorded and impacts recorded by forwards and backs player positional
group for the top 5%, 2%, 1% and 0.05% of impacts in amateur senior rugby union.

Total Forwards Backs
Percentle  PLA(g) PRA(radls) PLA(g) PRA(radls?) PLA(g) PRA (radis?)
5% 53 12,204 53 11,023 53 14,083
2% 72 16,456 73 14,715 72 18,317
1% 9N 18,923 92 17,454 91 20,879
0.5% 108 21,528 110 19,595 104 23,266

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?)

Table 25: Percentile rankings of post-impacts for linear and rotational accelerations intensity by player position for the top 5%, 2%, 1% and 0.05% of impacts in amateur senior

rugby union.
L-H Prop Hooker R-H Prop Left Lock Right Lock B-S Flanker 0-S Flanker No. Eight
Percentile PLA(g9) PRA(rad/s) PLA(g) PRA(rad/s) PLA(g) PRA (rad/s?) PLA(g) PRA(radls?) PLA(g) PRA (rad/s?) PLA(9) PRA(radis?) PLA(g) PRA(radls?) PLA(g) PRA (radis?)
5% 39 13,382 63 9,222 41 11,123 53 6,679 61 7,993 62 11,416 51 13,372 44 11,463
2% 53 16,265 82 11,808 59 15,936 75 8,749 88 11,193 82 15,263 80 17474 61 14,964
1% 75 18,393 101 14,301 76 19,309 87 10,331 99 13,952 104 18,433 1M 18,678 70 17,739
0.5% 96 20,173 115 17,773 97 23,315 107 12,717 108 15,643 125 22,633 124 19,794 95 20,747
Halfback First 5/8 Left Wing Second 5/8 Centre Right Wing Fullback
Percentile =~ PLA(g) PRA(radls?) PLA(g) PRA(rad/s) PLA(g) PRA (rad/s?) PLA(g) PRA(rad/ls?)  PLA(g) PRA (rad/s?) PLA(g) PRA(radis?) PLA(g) PRA/(rad/s?)
5% 56 18,725 51 10,706 33 9,602 59 8,129 65 8,825 40 11,844 58 18,273
2% 85 21,581 68 15,535 48 14,409 77 11,385 90 11,483 56 14,960 81 22,953
1% 94 24,086 90 18,766 72 17,504 92 12,001 102 13,014 71 17,948 101 24,008
0.5% 109 25,833 110 21,588 90 21,306 104 14,119 110 16,252 78 20,595 109 26,586

L-H Prop = Loose-head Prop; T-H Pop = Tight-head prop; B-S Flanker = Blind-side Flanker; O-S Flanker = Open-side Flanker; PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational
acceleration in radians/second/second (rad/s?)
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There were 181 impacts recorded above the linear injury risk limit and 4,452 impacts above the rotational
injury risk limit (see Table 26). Forwards recorded more impacts in the moderate rotational acceleration
(4,600 to 7,900 rad/s?) range than backs (p=0.008). The majority of impacts were in the low impact severity

limit for linear (97%) and rotational (73%) data acquisition limits.

Table 26: Number of impacts to the head over a season of matches for injury tolerance level,” 9 23,38 and impact
severity limits264 478, 632 by resultant linear and rotational accelerations for impacts per player positions,
impacts per player group and impacts for all players in amateur senior rugby union by total impacts recorded,

percentage of impacts recorded (%), means and standard deviation.

Total Player Position Forwards Backs Players
n= (%) Mean £SD Mean £SD Mean £SD Mean *SD
Injury Tolerance level
>95g 181(0.9) 12 48 1548 8 +6 548
>5,500 rad/s? 4,452 (21.5) 296 +164 323 +164 265 197 118 +183
Resultant PLA(g)
<66g 20,140 (97.4) 1,343 £567 1,624 £379 1,023 £598 5480 +602
66-106g 436 (2.1) 297 £17 3519 22 12 12 £18
>106g 111 (0.5) 8 5 1045 54 3 5
Resultant PRA (rad/s?)
<4,600 rad/s? 15,034 (72.7) 1,003 £455 1,249 £257 721 483 413 474
4,600-7,900 rad/s? 3,020 (14.6) 201 +101 2372 £90 160 £104 82 +89
>7,900 rad/s? 2,633 (12.7) 176 £124 183 114 168 +144 69 +127

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); Significant
difference (p<0.05) than (a) = Backs

Discussion

This study described the magnitude and frequency of head impacts sustained by amateur premier club
rugby union players over the season of matches. The players sustained a mean of 95 +133 impacts per
player over the season of matches, with a wide range of impacts recorded depending upon the position on-
field. With no other published studies reporting impacts in rugby union utilising similar technology,
comparisons are limited to studies utilising headbands and helmet fitted accelerometers reporting impacts
in youth ice hockey,*" girls youth soccer,%' American youth,!5 high school, 4% 50. 150, 531, 5% collegiate, 8. 52 141,

449, 528,531,538 and professional football 49748

Gysland?” identified that players experiencing high cumulative impacts with a low linear acceleration
magnitude of 109 may not have any cumulative or short term effects. Several authors have reported
subconcussive impacts as those that do not result in a diagnosis of concussion.27. 3%, 531.5% The impact
acceleration that is adequate to produce a non-structural brain injury with the neuronal changes of
concussion is yet to be established.?" These neuronal changes may not result in any apparent clinical
symptoms of concussion being recognised.?! Yet, these accelerations may be sufficient to initiate the
neurodegenerative cascade that may result in long term neurocognitive complications.2!. 209 The rotational
accelerations in our study were calculated through the gyroscope embedded in the mouthguard whereas,
in the previous study5' rotational accelerations were calculated from a linear acceleration vector, the inertial

properties of the head, and an mean direction of acceleration.
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Players in our study recorded a mean of 77 impacts to the head per game or 1,379 impacts per player, per
season of matches which was higher than any other published study to date. American high school football
studies had a mean impact per player of 16 to 29 per game or 520 to 652 per season.52 538 American
collegiate football impacts studies varied from 9 to 13 impacts per session (practice and games combined)
or 414 to 1,400 impacts per season (practice and game combined).!%. 141.538 There are no published studies
of impacts at the senior level of sports participation for any sporting code so comparisons are limited given

different sports with different age groups.

The mean linear acceleration value of impacts (22g) measured over the course of the season of matches
was higher than the mean value reported for studies in youth (15g),!5 but similar to high school (21-269),4:
5. 150, 5% some collegiate football (18-27g),%8 528 but lower than female youth soccer (25-63g),%8' some
American collegiate (329)'*! and professional American football (60g)**” mean values. The mean rotational
acceleration for impacts (3,990 rad/s2) measured over the course of the season of matches was higher than
American youth (671 rad/s?),'® and American high school football (973-1,711 rad/s?),4% 50. 5% American
collegiate football (848-1,107 rad/s?),28 528 subconcussive American collegiate impacts (1,230 rad/s?),%" but
less than female youth soccer (8,889 rad/s?),28' concussed American collegiate players (5,022 rad/s?),5!
non-concussed (4,043-4,446 rad/s?)*" and concussed professional American football reconstructions
(4,870-7,173 rad/s2).4" The differences in the linear and rotational accelerations reported may suggest that
higher severity impacts in some, but not all, of the studies®® when compared with our cohort. It must be
noted that although the resultant linear and rotational accelerations reported are lower than female youth
soccer,?! the impacts recorded were from a heading drill and are not reflective of the impacts that may
occur during match participation. Although this study identifies the mean linear and rotational accelerations
that occur during participation in amateur senior rugby union, further studies are warranted to explore these

factors at the junior, female and professional levels of participation.

The distribution of impacts varied by location, player position, player group and by players. Impacts were
more commonly recorded on the side of the head (n=9,232; 45%) with the right side (23%) more commonly
impacted. The distribution of the impacts recorded is similar to male collegiate ice hockey (30%)8'6 but
different from American high school and American collegiate football where up to 45% of impacts occurred
in the front.49. 50. 449,59 |mpacts to the top of the head (n=539; 3%) were less commonly recorded. Backs
recorded the highest mean linear (289) and rotational (7,273 rad/s?) accelerations on the top-right side. This
was similar to high school and collegiate football where impacts to the top of the head varied from 19 to
38g.49. 50, 449, 5% Djifferences between the impact locations could be related to the different sporting codes
and the protective equipment utilised. Rugby union does not employ the padding and helmets utilised in
American football, and is played under different rules, such as not leaving ones feet during a tackle (i.e. not
taken to ground). An interesting finding was the frequency of impacts identified from below the head around
the neck (see Fig. 7). This may be related to the nature of rugby union where players are tackled to the
ground then try to retain possession of the ball while other players form a ruck to try to push the player off
the ball. This may be similar in the maul situation where the ball carrier is held up and other players join the
tackle to try to either retain possession of the ball stopping the opposition from turning the possession over
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while the opposition try to turn the player around to regain possession. Similarly, under the rules of rugby
union, players engage in the scrum by impacting against each other. As there are eight players per side in
the scrum, these impacts are transmitted through the body and can be directly onto the neck. Further
research is warranted to better understand the impact pattern that occurs in rugby union. Although the mean
linear acceleration was less on the side than the top of the head, side impacts with a higher rotational
acceleration component are the most likely impact scenario to result in a concussion.'? Further research is

warranted to compare the different tackling techniques with linear and rotational accelerations to the head.

The mean impact duration over the duration of the study was 12 ms. This is slightly longer than youth3* and
high school*® 50 American football (8.8 to 10.1 ms) but similar to collegiate528 American football (14.0 ms).
When viewed by player position the mean impact durations varied from 8.0 ms to 16.0 ms which is close to
the range of impact durations reported on concussion reconstructions in professional*® American football
(14 to 18 ms). Players in the roles of forwards had shorter mean impact duration than backs (11 ms vs. 12
ms) and lower mean rotational accelerations (3,620 rad/s? vs. 4,417 rad/s?). The impacts involved in these
contacts may be related to the tackle techniques employed, and the subsequent duration and torque, in in
rugby union when compared with American football. Further research is recommended to identify the
impacts (linear and rotational) involved in the different tackles types (i.e. arm, jersey, shoulder, lift, collision

and smother tackles) reported”* in rugby union.

As previously reported, impacts that do not show any overt clinical symptoms of concussion,?3 loss of match
or training time or concussion related symptoms?3*.40. 118 gre termed subconcussive. Subconcussive impacts
may have a cumulative effect, however little is known about the effects of these impacts.?” Subconcussive
impacts that occur during sports participation may result in some form of sub-clinical decline. 40118 even
when signs and symptoms are absent.' |t has been identified that football players diagnosed with a
concussive injury on the day of participation are closely associated with high kinematic measures.28 Football
players with a delayed diagnosis were moderately associated with high kinematic measures but had an
increased number of low kinematic measures.2® Some concussive events may not present on the day of the
impact but may be reported several days after the event with some form of transient alteration in cognition
and headache. 0. 387 Possible subconcussive data acquisition limits in terms of rotational acceleration have
been reported to average between 1,230%3' and 4,0284% rad/s? with concussive events between 4,7265'
and 6,4324% rad/s?. In relationship to linear acceleration, subconcussive events averaged 26¢%' to 57g*%
with concussive events averaging 9853 to 1049.4% Our players recorded a mean of 22g and 3,847 rad/s?
and for impacts over the season of matches. The mean rad/s? recorded was lower than American
collegiate’3' and professional American football.4% Other factors may be involved in the body’s response to
subconcussive impacts such as match intensity, impact frequency, activity undertaken, ethnicity, age, mass,
height, fitness level, hydration, nutrition, concussive history and previous exposure to subconcussive

impacts for any clear data acquisition limit to be established. This needs to be investigated further.

The relationships between linear and rotational acceleration and injury tolerance level for impacts have been

previously described. 52 254,49 The injury tolerance level for impacts are impacts greater than 95g and
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5,500 rad/s? and impacts to the front, top or back of helmets,. 52. 254. 498 [yt this is primarily limited to
helmeted sports studies. In a numerical reconstruction using a rigid-body model of a video analysis of
concussive impacts'®® in Australian football and rugby union from video analysis of concussions, there were
mean peak linear and rotational accelerations of 103g and 8,022 rad/s? when a concussion occurred. More
recently, in a video analysis of Australian football, rugby league and rugby union, a review of 100 medically-
verified concussion cases was undertaken.*92 Utilising a human head finite model reconstruction of 27
concussions and 13 no-injury head impacts it was suggested that rotational kinematics above 4,500 rad/s2
was a tentative tolerance level for loss of conscious to occur.4%2 The use of different data acquisition limits
in studies makes comparison difficult. We decided to utilise data acquisition limits of 95g and 5,500 rad/s2.
There were 181 impacts greater than 95g and 4,452 impacts greater than 5,500 rad/s? recorded in our study
indicating that there are some impacts above the injury tolerance level for impacts of concussion occurring
in rugby union. The number of impacts above these levels varied by player group, player position and players
enrolled in the study. This was similar for impacts in the low, moderate and severe injury risk data acquisition
limits for both linear and rotational accelerations with the majority of these being recorded in the low injury
severity limits previously identified.264 478.632 As there are no previously published studies reporting impacts
to the head in rugby union, these levels may not be relevant to non-helmeted sporting codes. The reporting
of un-weighted summated impact measures for linear (g's) and rotational (rad/s?) accelerations is an
informative way to record the total impact measures over a period, giving some useful information about a
possible cumulative impact to the head.5% However, Urban et al.5% has identified that this format ignores
the nonlinear relationship between peak acceleration level and injury tolerance for concussion and the
results presented in this study may provide a misleading picture of the exposure®® for the participants
enrolled. Although the use of reporting of un-weighted summated impact measures is beneficial for
undertaking monitoring of these players, and can assist with comparisons between competition formats and
training activities, when utilised for inter-study comparisons, it may provide a misleading picture of what is
occurring. A format not utilised in conducting our study that may provide a more appropriate comparison is
the risk weighted cumulative exposure (RWE) measure.® By adjusting the impacts contribution to
cumulative exposure according to its associated impact tolerance injury, a RWE for linear, rotational and a
combined measure can be established. This enables the identification of the RWE from impacts to the head
for individual players, player group and for the sport. The identification of this impact RWE may assist in the
identification of players with a potential cumulative exposure concussion. Further studies reporting impacts

to the head in rugby union should consider incorporating these measures into the analysis.

Monitoring head impacts in contact sports has been suggested to assist in the identification of high risk
events and to alert medical personnel of the need to perform a concussion evaluation of the identified
player.42 240 Monitoring may reduce the incidence and severity of concussions by reducing subsequent
impacts that may cause impact brain injury.2%0 The ability to directly measure and record impacts to players
in contact sports is also valuable to develop further the body of knowledge of the relationship between head
impacts, concussive injuries and the potential cumulative effects of subconcussive impacts.'® Knowledge

can be achieved through monitoring contact sports participants with the use of equipment such as
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accelerometer and gyroscope fitted mouthguards. This knowledge will assist in formulating a detailed
understanding of the exposure and mechanism of injury for any head related trauma.*2 1% This may assist
in the evaluation of the injury tolerance of concussive type injuries, the future development of interventions
to reduce the likelihood of any concussive type injuries and, to establish a broader understanding of the
potential role of subconcussive events and long term health."® Research with this type of technology is

warranted in all contact sporting activities to assist in the development of this knowledge.
Limitations

The use of the X2 mouthguard was novel in that they are an All-In-Mouth (AIM) mouthguard incorporating
the accelerometer and gyroscope into the structure. The mouthguards were bulky to fit and required some
individual customizing but all players were required by the laws of the game to wear these during match
participation. The effects of saliva resulted in some of the activation contacts in the mouthguard becoming
inactive and the impact data were not able to be downloaded. As well it has been reported that the XGuard
can miss or misclassify ~4% of impacts. As a result of this missing or misclassifying impacts, not all
impacts that may have occurred have been recorded. Although we recorded the impact data, there are no
consistent reliability studies for the XGuard so we don’t know how accurate these measure may or may not
be and the data reported maybe incomplete and the number of impacts could be more than have been

reported.

The AIM mouthguard has a 10% error for linear and rotation acceleration and for angular velocity with an
average offset of 2° for azimuth and elevation impact location.® 40" The correlation of the AIM mouthguard
with laboratory head-forms is good but the impact measurements should be assumed to have some form of
error that is dependent on impact conditions and the measure of interest and the variability tested.?”- 140 It is
unlikely that the mouthguard was tested under all of the activities seen in rugby union matches such as the
rucks, mauls, lineouts and scrum situations and how these correlate to the laboratory conditions results. The
large percentage errors reported for the reliability of the impact variables may partially explain why no strong
relationships were found between impact variables and concussions. As such, the results presented in this

study should be interpreted with some caution.

All games were videotaped to enable verification of the impacts recorded. Unfortunately only those impacts
that occurred in the tackle with the player standing were able to be verified as identification of the impacts
occurring to the players in rucks and mauls were not able to be completed. The percentage of impacts
identified at the 10g inclusion limit that were able to be visualised by video review and analysis was 65% to
85% of the total impacts recorded per match. The ball carrier with possession of the ball in a ruck situation
is on the ground and other players are attempting to push them off the ball to regain possession. This may
involve multiples of players all attempting to move the opposition off the ball, while the team in possession
is attempting to retain possession. These collisions resulted in multiples of impacts being recorded by the
players involved in the ruck, not just the ball carrier. As a result, multiples of impacts were recorded at the
same times. The impacts were not broken down into tackles and non-tackles and this may be of use in future

studies on impacts in rugby union. Another limitation was the nature of the scrum during the time of the
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study. All forwards were involved in the scrum and they would go through a series of positions before they
engaged. If the referee was not happy with the scrum formation they would stop the scrum and get the
teams to reform and commence the scrum again. When the teams engage in the scrum, the players all push

against each other from a distance enabling a collision situation to occur. Multiples of impacts were recorded.
Conclusions

Our study was conducted to explore and describe the magnitude and frequency of head impacts sustained
by a single amateur senior premier rugby union team. By utilising accelerometer fitted mouthguards in a
single premier team throughout the 2013 domestic season of matches there were 20,687 impacts recorded
above 10g. Although the inter-study comparisons showed that the frequency of impacts recorded were in
the low injury impact severity limit (<66g and <4,600 rad/s?), the comparison studies utilised different formats
of accelerometer fitted equipment. Mean linear acceleration measured over the season of matches was
similar to mean linear accelerations reported in studies for American high school football, some American
collegiate football, but lower than female soccer youths Mean rotational accelerations measured were higher
than American youth, high school and collegiate football, but lower than female youth soccer. The majority
of the linear and rotational acceleration impacts recorded in senior amateur rugby union fall into the mild

category of impact severity.
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“It’s like this .... you complained about
the player who was knocked out and
played the next week so we feel that

we can’t carry your application any
further. You won’t be getting an

appointment to a team ever again”

Sporting code representative - 2010
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CHAPTER 8:
THE INFLUENCE OF HEAD IMPACT THRESHOLD FOR REPORTING
DATA IN CONTACT AND COLLISION SPORTS: SYSTEMATIC
REVIEW AND ORIGINAL DATA ANALYSIS

This chapter comprises the following paper submitted to Sports Medicine
Reference
King, DA., Hume, P., Gissane, C., Brughelli, M. & Clark T. The influence of head impact threshold for
reporting data in contact and collision sports: Systematic review and original data analysis. Submitted
to Sports Medicine.
Author contribution:
D. King 75%, P.A. Hume 10%, C. Gissane 5%, M. Brughelli 5%, T. Clark 5%

Overview
Background: Head impacts and resulting head accelerations cause concussive injuries. There is no

standard for reporting head impact data in sports to enable comparison between studies.

Objective: To outline methods for reporting head impact acceleration data in sport and the effect of the

acceleration thresholds on the number of impacts reported.

Methods: A systematic review of accelerometer systems utilised to report head impact data in sport.
Calculation of the effect of using different thresholds on a set of impact data from 38 amateur senior rugby

players in New Zealand (NZ) over a competition season.

Results: Of 52 studies identified, 42% reported impacts using >10g threshold. Studies reported descriptive
statistics as mean xstandard deviation, median, 25" to 75% interquartile range, and 95" percentile.
Application of the different impact thresholds to the NZ data set resulted in 20,687 impacts >10g; 11,459
(45% less) impacts >15g; and 4,024 (81% less) impacts >30g.

Discussion: Linear and angular raw data were most frequently reported. Metrics combining raw data may
be more useful, however validity of the metrics has not been adequately addressed for sport. Differing data
collection methods and descriptive statistics for reporting head impacts in sports limits inter-study
comparisons. Consensus on data analysis methods for sports impact assessment is needed, including
impact reporting thresholds. Based on the available data, the 10g threshold is the most commonly reported
impact threshold and should be reported as the median with 25th and 75t interquartile ranges as the data
is non-normal distributed. Validation studies are required to determine the best threshold and metrics for

impact acceleration data collection in sport.

Conclusion: Until in-field validation studies are completed, it is recommended that head impact data should

be reported as median and interquartile ranges using the 10g impact threshold.
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Introduction
Head impacts cause injury — evidence

Known as the ‘silent injury’,340 and often reported by the media and sporting circles as a ‘knock to the
head’,3%5 sport-related concussions (hereafter called ‘concussion’) are a subset of mild traumatic brain
injuries (mTBIs)*2 and have become an increasingly serious concern for all sporting activities worldwide. 0.
123,416 Research into concussions?'® has increased over the years leading to greater insight into the causes
and the effects Of these injuries. ResearChZZ, 84, 110, 168, 221, 261, 330, 431, 471, 497, 498, 521, 528, 549, 605, 606, 616, 622, 631, 632
has sought to better determine the head linear and rotational accelerations involved in concussion injuries
through the use of telemetry. By adapting radio-telemetry that was utilised for astronauts,52 the telemetry
system has been in use since 1961 for the recording of impacts for football players and concussions® that
have occurred.

A cumulative head impact threshold may be related to concussion

The immediate and long term effects of multiple and repeated blows to the head that athletes receive in
contact sporting environments are a growing concern in clinical practice.2- 2% Concern has grown about the
effects of subconcussive impacts to the head and how these impacts may adversely affect cerebral
functions.2!.209.257 Subconcussive events are impacts that occur where there is an apparent brain insult with
insufficient force to result in the hallmark signs and symptoms of a concussion.2% 613. 623 Although
subconcussive events do not result in observable signs and apparent behavioural alterations,?. 18 they can
cause damage to the central nervous system and have the potential to transfer a high degree of linear and
rotational acceleration forces to the brain.52 Proposed decades previously,%2 59 exposure to repetitive
subconcussive blows to the head may result in similar, if not greater damage to the central nervous system

than a single concussive event®'® and may have cumulative effects.53

Participants can be exposed to a high number of impacts per season.’ It has been suggested36s. 581 that
brain injuries come from concussive events and also from the accumulation of subconcussive impacts that
result in pathophysiological changes in the brain. As subconcussive impacts do not result in observable
concussion related signs and symptoms, these are often not medically diagnosed. The accumulation of
subconcussive blows can result in neuropsychological changes. '3 21,156,209, 435, 504,581 However, similar to the
literature focused on concussion and mild traumatic brain injury (mTBI), the literature on subconcussive
head trauma is limited.53 What is not known is the number of head impacts, and their intensity, that are
required that might result in a concussive injury occurring (i.e. a concussion cumulative threshold). The injury
threshold is likely to be different for each person given the multifactorial nature of injuries, similar to other
thresholds for injuries to tendons, ligaments, muscle and bone.%8 %7 |f a threshold could be determined,
then players could be monitored to reduce their potential risk for a subsequent concussive injury — akin to
cricket monitoring ‘player loading’ to the body during bowling events via the number of overs in an attempt

to reduce the risk of back stress fractures.2%
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Impacts can be measured with a number of technologies

Head impact dynamics have been analysed through the use of video analysis,**" in game measurements,
10, 141, 330, 466, 521, 528, 531, 538, 616, 631 nUmMerical methods?2 168 549,632 and reconstructions using anthropometric
test devices?2! 471, 497,498,605, 606, 622 jn helmeted sports such as American football®+ 110.528.631 and ice hockey5?":

66 and in un-helmeted sports such as soccer®' and rugby union.330

The on-field assessment of head impacts has been captured with a head impact telemetry system (HITS)
(Simbex, LLC, Lebanon, NH) using helmet mounted accelerometers enabling determination of the head
linear and rotational accelerations in American football, 109 110. 115, 141, 473, 631 jce hockey52'. 616 and in a
headband in youth soccer.%' The data collected through the HITS has enabled analytical risk functions,%.
529-531 concussion risk curves,®! and risk weighted exposure metrics5% to be developed further assisting in
the identification of sports participants at risk of concussive injuries. More recently, instrumented
mouthguards known as XGuard (X2biosystems, Inc., Seattle, WA, USA) have documented head impacts in

rugby union.330
Thresholds have differed for reporting impact data in contact and collision sports

Although there is an increasing amount of published literature reporting impact accelerations to the head in
the sporting environment, there is less attention focussed on identifying what is a subconcussive impact and
where this occurs. Studies® 2%9.473 have been conducted reporting the impacts absorbed by the head during
activities undertaken daily. Although impacts to the head and body under 10g have been reported*’, these
activities such as walking, jumping, running and sitting are considered to be non-contact events.!0 44
However, impacts greater than 10g occurring from events that do not result in acute signs or symptoms of

concussion, are identified as subconcussive impacts. '3
To enable comparison of studies, a consistent threshold for reporting is needed

Head impact data are essential to understand the biomechanics of head injury and to develop potential
injury prevention strategies. Researchers have utilised different thresholds with the most common being
9.6g and 14.4g depending on the accelerometer. The collection of the impact data is based on one
accelerometer and the unfiltered / unprocessed data and the value obtained only loosely relates to the final
measure being sought. The impact data is processed with a hard exclusion cut-off of 10g enabling data
collection to become manageable as acceleration lower than 10g without impacts occurring becomes more
common (personal correspondence S. Broglio 22" September 2015). There is currently no standard for
reporting head impact data to enable comparison between studies. Currently the use of accelerometers may
not necessarily provide the meaningful inter-study comparisons that are sought due to data collection,
processing and methodologies not being standardized.*% Studies utilising different impact thresholds have

proposed varying conclusions based on the methodological and reporting approaches undertaken.
Aim of the study

The rationale for this study is based on questions around the magnitude of a single impact that may result

in concussion, the number of impacts needed to result in signs and symptoms of concussion, and individual
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player differences that might affect injury tolerance levels for concussion. Given head impacts are likely to
cause concussive injury, and the number of head impacts may be related to a potential concussion threshold
(i.e. a cumulative threshold), the number of head impacts should be monitored in players. However, given
impacts can be measured with a number of technologies (e.g. instrumented behind the ear patches,
mouthguards, head gear), and thresholds have differed for reporting impact data in contact and collision

sports, a threshold for reporting impact data in sport is needed to enable comparison of studies.

Therefore the aims of this study were to: a) summarise the methods for reporting head impact data in sport
to date; and b) assess the impact of different acceleration thresholds on the likely identification of concussive
injuries.

Methods

To outline methods for reporting head impact data, a systematic review of the literature was conducted. The
guideline for reporting observational studies (MOOSE: Meta-analysis Of Observational Studies in
Epidemiology)”s was followed for the empirical literature evidence included in this study. The MOOSE
checklist contains specifications and guidelines for the conduct and review of the studies. To evaluate the
effects of acceleration thresholds on the number of impacts reported, variable thresholds were applied to
head impact data obtained from 38 senior amateur rugby union players during 19 matches in New

Zealand.3%0
Literature review to identify thresholds for reporting head impact data in contact and collision sport
Search strategy for identification of publications

A total of 53,183 studies available online from Jan 1990 to June 2015 identified through the SCOPUS
(n=10,090), SportDiscus (n= 1,187), OVID (n=9,729), Science Direct (n= 27,803) and Health Sciences (n=
4,376) databases were screened for eligibility (see Fig. 7). The keywords utilized for the search of relevant
research studies included combinations of ‘head impact telemetry system®, ‘HITS’, ‘concussion’, ‘impact®,
‘traumatic brain injury’, ‘chronic traumatic encephalopathy’, ‘angular’, ‘linear’, ‘rotational’, ‘acceleration’,
‘biomechanics’, ‘head acceleration’ and ‘risk’. An example of the Health Sciences search strategy is provided
in the Table 27. Searches were limited to ‘English language’ and ‘humans’ only. The references of all
relevant articles were searched for further articles. All publications identified were initially screened by
publication title and abstract to identify eligibility. In cases of discrepancies of eligibility another author

assessed the publication to screen for eligibility.

To establish some control over heterogeneity of the studies,* inclusion criteria were established. Any
published study or book that did not meet the inclusion criteria was excluded from the study. Publications

were included if they reported head impact biomechanics and met the following inclusion criteria:
(i) The study was published in a peer reviewed journal or book; and
(i) The study reported the biomechanics of impacts to the head in a sporting environment; and

(iii) The study addressed one or more of the keywords relating to this study.
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Figure 7: Flow of identification, screening, eligibility and study inclusion of published studies.

Table 27: An example of the Health Sciences search strategy for head impact telemetry

The use of the ™ is a truncation
Traumatic brain inj*
Concussion*

Head impact telemetry system
Linear

Rotational

1and 3

2and 3

3and4

3and5

G6or7or8or9

Limit 10 to (English language and humans)

© ®©® N o g R~ w D=

- -
-
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Table 28: MOOSE scores, data acquisition impact thresholds, study groups, sporting codes and duration, instrumented equipment, participant numbers, impacts recorded for total and per player and
metrics for reporting data

Stuy MOOSES™ acq?l?st;ion Study Sport, No. _N_o Impacts Impacts per player Raw data Derived variables Reporting statistics
Score Limit (g) group seasons Participants total PLA(g) PRA(rad/s?) HIC1s HIC3s GSI HiTsp Mean (SD) Median IQR 95% Other

Hernandez et al 272 416 (67%) 7,10 Coll; P AmF, MM, B 2 concussions; T: 513 Y Y Y Y
Brolinson et al.5 5/6 (83%) 10 Coll AmF,2 52 11,604 T, 223 Y Y
Bazarian et al.%6 5/6 (83%) 10 Coll AmF, 1 10 9,769 T, 9772 Y Y Y
Crisco etal.!0 5/6 (83%) 10 Coll AmF,3 314 286,636 T:420;> P: 250;> M: 1280 Y Y Y Y Y Y
Crisco etal."" 5/6 (83%) 10 Coll AmF,2 254 184,358 T: 7260 Y Y Y y
Daniel etal.!s 5/6 (83%) 10 Youth AmF, 1 7 748 T:107; P: 63; M: 44 Y Y Y Y Y
Duma et al.™! 5/6 (83%) 10 Coll AmF, 1 38 3,312 T:872 Y Y Y Y
Funk etal.'™ 5/6 (83%) 10 Coll AmF, 4 98 37,128 T:379 Y Y
Hanlon et al.%! 5/6 (83%) 108 Youth Soccer, P 24 47H20NH N/S Y Y Y Y
Harpham et al.265 5/6 (83%) 10 Coll AmF, 1 38 N/S N/S Y Y Y Y
King et al.30 5/6 (83%) 1M Snr Amat RU, 1 38 20,687 T: 564; M: 77 Y Y Y
Mihalik et al.#9 5/6 (83%) 10 Coll AmF,2 72 57,024 T:9,5042 Y Y Y
Mihalik et al 453 5/6 (83%) 10 Youth H, 1 37 7,770 T:1,945¢ Y Y Y Y
Mihalik et al.452 5/6 (83%) 10 Youth H,2 52 12,253 T:223;> P: 83;> M: 240 Y Y Y Y Y Y
Mihalik et al. 45! 5/6 (83%) 10 Youth H, 1 16 4,608 T: 2882 Y Y Y Y Y
Munce et al.#6 5/6 (83%) 10 Youth AmF, 1 22 6,183 T: 2812 Y Y Y Y Y Y
Ocwieja et al.478 5/6 (83%) 10 Coll AmF, 1 46 7,992 T: 1742 Y Y Y Y Y
Reed et al.5! 5/6 (83%) 10 Youth H, 1 13 1,821 T:140; M: 5 Y Y Y Y Y
Rowson et al.5 5/6 (83%) 10 Coll AmF, 1 10 1,712 T:1712 Y Y Y Y

o 10 Coll AmF, 1 40 54,154 T:1,3542 Y Y
Schnebe et al. = 56 (835%) 10 HS AmF, 1 16 8326 T: 5200 v v
Beckwith et al.28. 29 5/6 (83%) 14.4 Coll/HS AmF, 6 95 161,732 T:1,7022 Y Y Y Y Y
Broglio et al.4” 5/6 (83%) 144 HS AmF, 1 42 32,510 T:744; P: 11,5 M: 24 Y Y Y
Cobb et al 5/6 (83%) 14.4 Youth AmF, 1 50 11,978 T: 240; P: 10; M: 11 Y Y Y Y Y
Crisco et al.10? 5/6 (83%) 14.4 Coll AmF, 1 188 3,878 T:212P: 6, M: 14 Y
Daniel etal.!"6 5/6 (83%) 14.4 Youth AmF, 1 17 4,678 T:275;2 P: 163; M: 112 Y Y Y Y Y
Rowson et al.53 5/6 (83%) 14.4 Coll AmF,2 314 300,977 T: 9592 Y
Talavage et al.58! 5/6 (83%) 14.4 HS AmF, 1 21 15,264 T: 7272
Urban et al.5% 5/6 (83%) 14.4 HS AmF, 1 40 16,502 T: 413 Y Y Y Y Y Y
Young et al.83! 5/6 (83%) 14.4 Youth AmF, 1 19 3,059 T:161; P: 95; M: 65 Y Y Y Y Y Y
Broglio etal 4 5/6 (83%) 15 HS AmF,3 78 54,247 T: 6952 Y Y Y Y
Broglio et al.5%0 5/6 (83%) 15 HS AmF, 1 35 19,224 T:5492 P:9; M: 25 Y Y Y
Broglio et al 452 5/6 (83%) 15 HS AmF, 4 95 101,994 T:652 Y Y Y Y Y
Eckner et al.1% 5/6 (83%) 15 HS AmF,2 20 30,298 T:1,515 Y Y Y Y Y Y Y Y
Martini et al.3% 5/6 (83%) 15 HS AmF, 2 83 35,620 T: 4292 Y Y Y Y
Wilcox et al.616 5/6 (83%) 20 Coll H M/F,3 91 37411 T:19,980¢/ 17,531¢ Y Y Y Y Y Y Y
Wilcox et al.618 5/6 (83%) 20 Coll IHM/F1/3 54 616 T:2709/ 242 Y Y Y Y
Wong et al 626 516 (83%) 30 Youth AmF, 1 22 480 T:.222P: 4;M: 2 Y Y
Gysland et al.257 5/6 (83%) <60 >90 Coll AmF, 1 46 N/S T:1,177; 12 >90g Y Y
McCaffrey et al.403 5/6 (83%) <60 >90 Coll AmF, 1 43 N/S N/S Y Y Y
Fréchéde etal 184 416 (67%) Recon Prof AFL/RU, 3 - - N/S Y Y Y Y
Mclintosh et al 4334 416 (67%) Recon Prof AFL,3 - - N/IS Y Y Y
Pellman et al.4% A 416 (67%) Recon Prof AmF,5 - - N/S Y Y Y Y
Zhang et al.832A 416 (67%) Recon Lab - - - - Y Y Y Y Y
Breedlove etal. 404 416 (67%) N/S HS AmF,2 24 N/S N/S Y Y Y Y
Duhaime et al.104 416 (67%) N/S Coll AmF, H, 4 450 486,594 T:1,0812 Y Y
Greenwald et al. 241 A 416 (67%) N/S Coll/HS AmF, 3 449 17 concussions only Y Y Y Y Y
Guskiewicz et al.?4A 416 (67%) N/S Coll AmF,2 88 104,714 T:1,1902 Y Y
Rowson et al.530A 416 (67%) N/S Coll AmF N/S 63,011 Combined data Y Y Y
Wilcox et al.617 416 (67%) N/S Coll IHF,3 58 9 concussions Y Y Y Y
Mean study quality 4.8+0.4 (79.6% £7.0) Percentage of studies 91.5 92.0 76.6 76.0 21.3 18.0 43 4.0 6.4 4.0

Instrumented equipment used is helmet unless the data acquisition limit is reconstructed = Recon, or superscript M = Mouthguard or H = Headband. Coll = Collegiate; HS = High School; Snr Amat = Senior Amateur; Prof = Professional; Am F = American Football; IH = Ice Hockey; RU = Rugby Union; AFL = Australian Football League;
MM = Mixed martial Arts; B = Boxing; T = Total impacts; P = Practice Impacts; M = Match impacts; a = calculated number of impacts; b = Median results; ¢ = contact practice; d = male; e = female; H = Header; NH = non-header; N/S = Not Stated; PLA(g) = Peak Linear Acceleration; PRA(rad/s2) = Peak Rotational Accelerations in

radians/second/second (rad/s2); HIC15 = Head Impact Criterion 15 milliseconds; HIC36 = Head Impact Criterion 36 milliseconds; GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; SD = Standard Deviation; IQR = Inter-Quartile Range; 95% = 95th Percentile.
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Reviewed studies were excluded from this review if it was identified that the publication:

(i) Was unavailable in English; or

(ii) Did not provide additional information specifically addressing areas relating to this study;
(iii) Was a case study; or

(iv) Reviewed head impact studies.

Assessment of publication quality

The 52 studies26. 28, 29, 40, 44, 47,49, 50, 52, 53, 84, 109-111, 115, 116, 140, 141, 150, 168, 174, 241, 254, 257, 261, 265, 272, 330, 398,
403, 433, 449, 451453, 464, 478, 498, 521, 528, 530, 531, 538, 581, 56, 616-618, 626, 631,632 meeting the inclusion criteria (see

Table 28) were assessed for quality by two of the authors on the basis of the MOOSE®" published checklist.
Heterogeneity of the studies included in the literature review was expected as there might be differences in
the study design, population and outcomes.5” As a result of the MOOSE®" checklist, the studies included

had a median score of 4.8/6.0 with a range of 4.0-5.0.

Application of head impact thresholds identified from the literature to the rugby head impact data

set

The data set, used for the application of the head impact thresholds identified from the literature review, was
from 38 amateur rugby union players who wore instrumented mouthguards over a season of matches.3%
The raw data set was filtered by linear acceleration thresholds at increments of 1g to establish the
percentage of impacts removed at each threshold from 10.0g to 30.0g. This percentage was then used to
calculate the possible number of impacts removed for the impact thresholds used in the different studies

reviewed.

All data estimations were calculated on an Excel spreadsheet. The data were analysed using SPSS v22.0.0
(SPSS Inc.) and, as the data were non-normally distributed (Shapiro-Wilk test p<0.001), data were analysed
using a Friedman repeated measures ANOVA on ranks. Post hoc analysis with Wilcoxon signed-rank tests
was conducted with a Bonferroni correction applied. Statistical significance was set at p<0.05. The estimated
number of impacts were calculated by dividing the number of reported impacts by the estimated percentage
of impacts removed at the different thresholds. The estimated total number of reported impacts were
subtracted from the reported number of impacts to identify the possible number of impacts removed from
the data set e.g. Number of impacts reported = 161,732;8 2 Impact threshold = 14.4g; Based on New
Zealand rugby union dataset for 20,687 impacts recorded at 10.0g when reassessed at 14.4g there were
12,091 impacts. A total of 8,569 impacts were removed or 42% of the data set (see Fig 8). Therefore 161,732
(number of impacts reported) + 42% (percentage of impacts removed at 14.49) gave a possible total number
of impacts at the 10g threshold of 385,076. The possible total number of impacts removed from the dataset
was 223,344 (i.e. 385,076 — 161,732 impacts).
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Data collection impact threshold
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Figure 8: Percentage of impacts removed when applying different data impact threshold limits compared with
original 10g threshold limit for the New Zealand data set of head impacts to senior amateur rugby union

players for one season.
Literature review

A total of 52 publications were identified that reported head impacts and met the inclusion criteria. Studies
reported impacts to the head via technology in American football, 2. 2% 49, 50, 52, 83, 110, 111, 15, 141, 261, 265, 272, 449,

464,528,531, 538, 596, 626 jc hockey, 5. 452,521, 616-618 goccer, 28! rugby union®®® and mixed martial arts and boxing.272
Impact threshold

Studies utilised different data impact acceleration thresholds (see Table 26): 42% of studies?s. 53, 110, 111, 115,
141, 174, 261, 265, 272, 330, 449, 451-453, 464, 478, 521, 528, 538 used 109, 18% Of StUdieSZB’ 29, 47, 84, 109, 116, 531, 581, 596, 631 used
14.49;10% of studies* 49.50. 52,150, 398 ysed 15¢; 4% of studies®'6. 68 used 20g; 2% of studies’? used 30g;
4% of studies?". 403 reported impact data within 10g to 60g and greater than 90g. Four studies68. 433, 498, 632
(8%) were reconstruction studies from video analysis but were included as they reported impact
biomechanics. Six studies40. 140. 241, 254,530, 617 (12%)) did not report the impact threshold but did report head

impact biomechanics. One study?? (2%) used a 7g and 10g threshold with different sporting activities.
Acceleration raw data and metrics

Apart from raw resultant linear accelerations53. 141, 174, 254, 257, 403, 449, 538, 626 (reported in 91% of studies) and
rotational acceleration data'6® %' (reported in 76% of studies), 2 28, 29, 40, 44, 47, 49, 50, 52, 84, 110, 115, 116, 140, 150, 241,
261, 265, 330, 398, 433, 451-453, 464, 478, 498, 521, 528, 530, 596, 631, 632 Several head impact derived variables were reported
such as the Gadd Severity Index (GSI),20! the Head Impact Criterion (HIC),5% Head Impact Telemetry
Severity Profile (HITsp)?*! and the Risk Weighted Cumulative Exposure (RWE)>% metrics.
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Three (4%) of the studies? 14!. 261 reported the Gadd Severity Index (GSI). In 1966, Gadd?' proposed the
GSI head injury severity index based on the Wayne State Tolerance Curve (WSTC) (see Eq. 1). Developed
from animal and cadaver impact data, the GSI simplified the WSTC by taking into consideration the shape
of the linear acceleration time history, providing a weighting factor of 2.5 enabling the whole body
acceleration data to be plotted on log-log coordinates along a straight line. The critical value of the GSI is
1,000. If the GSl is less than 1,000 then the head impact is considered probabilistically safe. The GSI is
used to quantify severe skull fractures and brain injury risk but is not recommended for use to quantify a risk
of concussion.™ A concern of the GSl is that it can give unrealistically high values for impacts that have a

much longer pulse duration.®® The mathematical expression for the GSl is:

[ (1)

GSI =fa(t)z'5dt
where a is the ‘effective’ acceleration (thought to have been the average linear acceleration) of the head
measured in terms of g, the acceleration of gravity, and t is the time in milliseconds from the start of the

impact.43

In 1971 a modification of the Gadd Severity Index, the Head Injury Criterion (HIC), was proposed®® to focus
the severity index on that part of the impact that was likely to be relevant to the risk of injury to the brain.
This was done by averaging the integration of the resultant acceleration/time curve over whatever time
interval yielded the maximum value of HIC. Because this varies from one impact to another, the expression
for the modified index simply refers to times t1 and 2. The HIC is computed based on the following
expression:

tz

[ 1
HIC = f
-t

ty

(2)

5/2
a(t)dt} (t, —t1)

where t; and t; are any two arbitrary time points during the acceleration pulse (see Eq. 2). Acceleration is
measured in multiples of the acceleration of gravity [g] and time is measured in seconds. The resultant
acceleration is used for the calculation. The US National Highway Traffic Safety Administration (NHTSA)
requires t; and ¢, not to be more than 36 ms apart (thus called HICss) and the maximum HICss not to exceed
1,000. In 1998%2 the NHTSA introduced the HIC+5 where t; and t; was not to be more than 15 ms apart and
the maximum HIC+s was not to exceed 700. In a numerical study®'® it was estimated that a mild Traumatic
Brain Injury (mTBI) tolerance for the HIC+s, where there is a 25%, 50% and 75% likelihood of an mTBI
occurring, had HIC+s values of 136, 235 and 333 respectively. Only two studies? 52! (4%) reported HICss

with ten studies (18%) reporting the HIC+5.28 29, 141, 168, 174, 241, 261, 498, 521, 632

In 2008,2#' the principal component score (PCS), a weighted sum of linear acceleration, rotational
acceleration, HIC and GSI, with objectively defined weights, was published (see Eq.3). Now more commonly
termed the Head Impact Telemetry Severity Profile (HITsp), the HITsp is a weighted composite score
including linear and rotational accelerations, impact duration, as well as impact location. The resulting

formula is:

HITsp = 10x([0.4718 x sGSI + 0.4742 x sHIC + 0.4336 x sLIN + 0.2164 x sROT] + 2 (3)
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where sX = (X-mean[X])/(SD[X]), LIN = linear acceleration, ROT = rotational acceleration, HIC = head injury
criterion, and GSI = Gadd Severity Index. The offset by 2 and scaling by 10 generates HITsp values greater
than 0 and in the numerical range of the other classic measures studied. A HITsp score of 63 or greater is
reported to be an indication there is a 75% risk of a concussive injury occurring.#! More than a quarter

(300/0) of the studies44 47,52, 110, 150, 241, 265, 398, 451, 452, 464, 478 reported the HITSP.

In 2013, a novel cumulative exposure metric, the Risk Weighted Cumulative Exposure (RWE) equation was
developed®® with four previously published analytical risk functions. The four different analytical risk
functions (see Table 29) were the linear resultant acceleration,*%8 52 rotational resultant acceleration¥' and
combined probability (linear and rotational) resultant accelerations.5% These risk functions were utilised to
elucidate individual player and team-based exposure to head impacts. The RWE equations comprise of a.
as the measured peak linear acceleration, ar as the measured peak rotational acceleration, and nnis as the

number of head impacts in a season for a given player.

Table 29: Risk Weighted Cumulative Exposure (RWE) equations, where a; is the measured peak linear acceleration,
ar is the measured peak rotational acceleration, and naits is the number of head impacts in a season for a

player.
Risk function(s) Equation
Linear4or. 528 RWELnear = %720 R(a, )i
Rotationals3! RWERotional = Y74 R(atg)i
Combined Probabilitys RWEe = Xi2° CP(ay, ap)i

Logistic regression equations and regression coefficients of the injury risk functions utilised in the prediction
of injury, where a and 3 are the regression coefficients and x is the measured acceleration for the linear and
rotational risk functions (see Table 30).5%

Table 30: Logistic regression equations and regression coefficients of the four injury risk functions utilized in the

prediction of injury, where a and § are the regression coefficients and x is the measured acceleration for the
linear,'2 13 and rotational53" risk functions.

Logistic Regression equation Risk Function Regression coefficients
1 Linear4e7. 528 a=-9.805, =0.0510
Rla]l = -——— 5
1+e Rotationals3! a=-12.531, 3=0.0020
cp ! Combined Probabilty (P B0 =-10:2. 6, =0.0433, 5, = 0.000873,

= 1+ e~ BotBratBratBs aa B3 =-9.2E-07

Bo, B1, B2 and 33 are regression coefficients, a is the measured linear acceleration, and a is the measured
rotational acceleration for the combined probability risk function. The three metrics provided as a result of
these equations are for linear (RWELiear), rotational (RWEroationa) and combined (linear and rotational)

probability (RWEce). Only one study®® has reported on the RWE as an injury risk function.

In an attempt to delineate injury causation and to establish a meaningful injury criterion through the use of
actual field data, Zhang et al.%2 proposed tolerance levels for human head injury based on input kinematics
scaled from animal data and non-injurious volunteer test results. Injury predictors and injury levels were
analysed based on resulting brain tissue responses and these were correlated with the site and occurrence

of a concussion occurring. The calculated shear stress around the brainstem region could be an injury
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predictor and statistical analyses were performed to establish a brain injury tolerance level. As a result of
the analyses undertaken, and based on linear logistic regression analyses, it was reporteds3? that the
maximum resultant translational acceleration at the center of gravity (CG) of the head was estimated to be

669, 82g and 106g for a 25%, 50% and 80% probability of sustaining an mTBI respectively.

For resultant rotational acceleration at the CG of the head this was estimated to be 4,600 rad/s?, 5,900 rad/s?
and 7,900 rad/s? for a 25%, 50% and 80% probability of sustaining an mTBI respectively.®® The estimated
HIC1s thresholds were 151, 240 and 369 for a 25%, 50% and 80% probability of sustaining an mTBI.632
These thresholds are considerably less than the HIC+s limit of 1,000 for sustaining a serious brain injury.83
If the head was exposed to a combined translational and rotational acceleration with an impact duration
between 10 to 30 ms, the suggested tolerable reversible brain injury was 85¢ (translational acceleration),
6,000 rad/s? (rotational acceleration) and HIC1s value of 240.832 |t was reporteds3? that these values may
change as more human data become available but to date no published updates of these values have been

available.

Although other variables have been proposed (Generalised Acceleration Model for Brain Injury Threshold
(GAMBIT),z2 470.4711 and Head Impact Power (HIP);#72 these were not utilised in any studies reporting head

impacts in contact sport.

Nearly all of the studies reviewed identified the number of impacts that were recorded, however 4% studies
reported impacts in matches only, 23% recorded impacts separately for both match and practice activities,
and 55% combined both match and practice activity impacts reporting them as a single dataset. The
remaining 15% of studies reviewed reported on impacts above 90g or were reconstruction of impacts from
video analysis The number of impacts ranged from 480 impacts from 22 players in Pop Warner American
footballé% to 486,594 impacts from 450 players in collegiate American football and ice hockey'* (see Table
26).

Over ha|f (52%) Of the StUdieSZG' 28, 49, 52, 53, 141, 150, 168, 254, 265, 330, 398, 403, 449, 451-453, 464, 478, 498, 528, 596, 617, 618, 626, 631,

832 reported the impact biomechanics data as mean + standard deviation (£SD). Some studies?. 150. 272, 464,
5%, 616,631 (22%) also reported the head impacts as median, but not all*64 81 (4%) included the interquartile
ranges (IQR) for the data. Of the studies that reported the impact biomechanics by the median,2 138 254,441,
568,587,601 only 7% reported the IQR. Most of the studies reporting the median also reported the 95t percentile
of the impacts. Other data reporting methodologies utilised within the data sets reviewed were the median
of the 95t percentile, 10 the 98th,150. 241 9gth 150,241 gnd 99,5150 percentiles. Fourteen percent of studies also
included lower and upper limits#49. 451, 452,478 for the range of impacts,'#. 52! and the mean range$? of the
impacts. Less than a quarter of studies (23%) reported their impacts as x, y, z axis data,’® +1SD,53%
Cumulative Distribution Functions (CDF),11.5% percentage of impacts, %% 110 and the impact duration (ms).2.
29, 44,50, 4% |n addition to the impact biomechanics being presented by various methodologies, 14% of

studies*9. 52,254, 265, 330, 478, 632 g|s0 incorporated impact tolerances and impact severity levels.
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Application of head impact thresholds to the rugby head impact data set

By utilising data from a previously published study3% that used the 10g impact threshold, data were re-
extracted at differing impact thresholds from 10g to 30g. By adjusting the impact threshold (see Fig. 8) the
number of impacts decreased as the impact threshold increased (see Table 31). There were significant
differences observed (p<0.05) for each of the different acceleration thresholds for the number of impacts
reported, the mean, median and the 95" percentile when compared with the impacts at the 10g linear

acceleration threshold (see Table 29).

Based on the differences observed in the study reporting on impacts in amateur senior rugby union,®® at
the 14.4¢ threshold there could have been as many as 42% of the impacts recorded not being reported. As
a result, studies?s. 29.44. 47,49, 50, 84, 116, 150, 531, 596, 626, 631 ysing impact thresholds above 10g may have removed
2,100 to 206,573 impacts. At the 30g impact threshold it can be estimated that 80 to 85% of impacts were
not reported.® Again, based on the differences observed in this study through the analysis of different
thresholds, it is possible that each player in the Pop Warner study®% may have experienced a cumulative
total of 1,885 impacts above 10g. Although the impacts may not have been recorded, the players may well
have been exposed to this number of impacts between 10g and 30g. The differences between impacts
reported and the possible number of impacts (480 vs. 2,365) may result in an underestimation of the

exposure risk to these players to subconcussive impacts.
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Table 31: Differences in the resultant linear (PLA(g)) and rotational (PRA(rad/s?)) accelerations, head impact criterion (15ms) (HIC1s5) and Gadd severity index (GSI) at different impact threshold limits by
the mean and standard deviation (£SD), median [25! to 75t percentile] and 95t percentile for the New Zealand senior amateur rugby union total player dataset.

acq?liast?tion Resultant Linear Accelerations (PLA(g)) Resultant Rotational Accelerations (PRA(rad/s?)) Head Impact Criterion 15ms (HIC1s) Gadd Severity Index (GSI)
thr::r"’:f; 0 ir::a“’::s Mean +SD Median [25t-75%]  95% Mean £SD Median [25t-75t] 95% Mean £SD Median [25t-75%]  95%  Mean#SD  Median [25"-75%]  95%
10 20,687 22 +16 16 [12-26] 53 3,903 £3,949 2,625 [1,324-4,934] 12,204 32 £99 9 [56-25] 128 48 +118 15[8-398] 192
11 17,747 24 £17 18[13-29] 56 4,255 +4,096 2,898 [1,549-5,389] 12,945 37 £106 11[6-30] 145 55 +126 19 [10-47] 218
12 15,454 26 £17 20 [15-31] 59 4,603 +4,214 3,181[1,781-5,860] 13,581 42 £112 14 [7-35] 160 62 +134 23 [12-55] 241
13 13,825 28 17 22 [16-32] 62 4,858 +4,293 3,423 [1,967-6,263] 13,948 46 +118 17 [9-40] 176 69 £140 27 [14-62] 262
14 12,531 29 +18 24 [18-34] 64 5,079 +4,368 3,589 [2,123-6,596] 14,325 51 +123 19 [10-44] 188 75 £146 31[17-69] 278
15 11,459 3118 25[19-35] 65 5,286 +4,438 3,774 [2,263-6,908] 14,647 55 +128 22 [12-49] 205 80 +151 34 [19-76] 297
16 10,570 32418 26 [20-36) 67 5478 £4,510 3,936 [2,400-7,180] 14,994 59 £133 24 [14-53] 215 86 £156 38 [21-82] 318
17 9,784 33118 27 [21-38] 68 5,655 +4,565 4,082 [2,538-7,394] 15,235 63 £137 27 [15-57] 228 92 £161 41 [24-88] 331
18 9,095 34 +18 28 [22-39] 70 5,799 +4,610 4,173 [2,644-7,567] 15,486 67 +141 29[17-62] 241 97 +165 45[27-95] 348
19 8,500 3519 29 [23-40] 71 5,939 +4,662 4,265 [2,731-7,744] 15,823 70 £145 32 [18-66] 253 103 169 49 [29-102] 364
20 7,934 36 £19 30 [24-41] 74 6,072 +4,716 4,357 [2,810-7,931] 16,256 74 £150 34 [20-70] 263 109 +174 53 [31-109] 374
21 7,430 37 £19 31[25-42) 76 6,206 +4,757 4,483 [2,896-8,158] 16,470 79 154 37 [22-75] 275 115 +178 57 [34-114] 39
22 6,938 39+19 32 [26-44] 77 6,363 +4,801 4,595 [2,992-8,426] 16,806 83 +158 40 [24-80] 291 121 +183 62 [37-121] 415
23 6,463 40 19 33 [27-45] 80 6,519 +4,859 4,722 [3,096-8,628] 17,073 88 £163 43 [26-85] 302 127 +188 67 [40-129] 444
24 6,060 41 +19 34 [28-46) 82 6,656 +4,906 4,835 [3,201-8,798] 17,282 92 £167 46 [28-90] 318 1344192 71 [43-135] 466
25 5,666 42 £20 35[29-47] 83 6,819 +4,952 4,965 [3,305-9,012] 17,435 97 172 49 [31-95] 337 141 +197 76 [47-144] 485
26 5,275 43 £20 36 [30-48] 84 6,977 +4,986 5,101 [3,428-9,297] 17,622 102 +177 53 [33-101] 357 148 +202 81 [50-152] 512
27 4,955 44 +20 37 [31-49] 87 7,107 £5,036 5,210 [3,495-9,459] 17,844 107 181 57 [35-107] 389 155 +206 86 [54-162] 536
28 4,642 45 +20 39 [32-51] 88 7,261 £5,079 5,339 [3,607-9,704] 18,131 113 +186 60 [38-114] 396 163 211 93 [58-173] 557
29 4,305 47 £20 40 [33-52] 91 7,448 +5,130 5,492 [3,778-9,917] 18,221 119 192 65 [41-123] 407 172 217 99 [64-186] 583
30 4,024 48 20 41 [34-54] 92 7,597 £5,187 5,624 [3,875-10,129] 18,436 125 +197 69 [44-131] 420 1804221 106 [68-196] 606

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); Significant difference (p<0.05) than: (a) = 10g.
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Discussion

This study undertook to review the methods for reporting head impact data in sport and to outline the effect
of various acceleration thresholds on the number of impacts reported. A consensus on a threshold for
reporting data is important given the variation in conclusions that may be drawn if the same dataset is used
with different thresholds, as identified by our application of the range of thresholds from prior literature
applied to a New Zealand rugby union head impact data set. A standard threshold for head impact data is
important given possible monitoring of player head impact acceleration data in the hope of identifying a

cumulative threshold for concussion from subconcussive impacts.

The equipment utilised to record and report head impacts vary in the sensitivity and the types of algorithms
they employ for the identification of impacts.®? These differences may invariably influence the results of the
published studies as, although some studies report the linear threshold as 14.4g, they may actually be
recording from 10g and, if the researcher is unaware that this threshold is the default then the data may be
included (personal correspondence S. Broglio; Sept 2015). In the recording of data for the HITS, the data is
based on the triggering of one accelerometer, and the unfiltered / unprocessed data only loosely relates to

the final measurement of interest at the heads centre of gravity.

The discussion surrounding subconcussive impacts has become popular. 3. 43,132, 257, 398, 566 |njtjally the term
subconcussive impact described an impact that did not result in severe, noticeable symptoms, especially
loss of consciousness'3? However, recently, subconcussive is a term used to describe an asymptomatic
non-concussive impact to the head.!3 43 257. 39,566 The issue relating to the effects of subconcussive impacts
is controversial as researchers and clinicians are divided on the true effects.2!. 209, 257, 435, 455, 581 Some
research. 45 has reported that these impacts have minimal effect on cognitive functions, while others?":
209, 435, 504, 581 have reported these impacts to be detrimental to cerebral and cognitive functions. To date,
there is a paucity of evidence to identify the impact acceleration that is adequate to produce a non-structural

brain injury associated with the neuronal changes of concussion.?!

Animal models display metabolic changes associated with concussion, which may be similar in
subconcussive impacts.1¥” To research subconcussive impacts in isolation is challenging and there are, to
date, no reports on animal models or other reliable methodologies that have been successful at identifying
these impacts'’ Brain injury may occur from concussive events as well as from an accumulation of
subconcussive impacts.5® The effects of concussive events and multiple subconcussive impacts have been
associated with long term progressive neuropathologies and cognitive deficits.'. 437. 487. 572 | ongjtudinal
impact monitoring at the level where these subconcussive events are beginning to occur is important, and

a standard threshold needs to be established.
What threshold should be used to monitor head impacts?

Impacts <10g of linear acceleration have been considered negligible in regards to impact biomechanical
features. The <10g impact threshold has been used in research to eliminate head accelerations from non-

impact events such as jumping and running.!% 449,473 The inclusion of these non-impact events to head
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trauma make it difficult to distinguish between head impacts and voluntary head movement*® and
eliminating these will help identify the true extent of the number of impacts that do occur from sports
participation. A suggestion for this may be to report the distribution of the impacts by the various resultant
linear accelerations using a frequency analysis and reporting quartile ranges i.e. 25" and 75" interquartile
range. It is usual statistical practice to report heavily skewed data through the use of percentiles.36.404 This
may assist in identifying where the most frequent resultant linear accelerations occur in the different sports.
Consensus for the impact threshold will need to be established, and should be based on validation studies
to determine the best impact threshold for various sports and injury outcomes. Biomechanical modelling of
impact forces and brain movement would first be needed to identify likely impact thresholds for injury, as
well as in-field validation studies using prospective monitoring of players during tackles and impacts with the
ground. As there is no established criterion for reporting head impact biomechanics, and the majority of
StUdieS (42%)26, 53, 110, 111, 115, 141, 174, 261, 265, 272, 330, 449, 451-453, 464, 478, 521, 528, 538 reponed the resultant |inear
acceleration threshold at 10g, then future studies should report all impacts above the 10g resultant linear

acceleration threshold.
What descriptive statistics should be used to report head impact biomechanics?

There were a variety of descriptive statistics used in the reporting of head impact biomechanics in the
reviewed studies which limits inter-study comparisons. Although more than half (52%) of the studies
reviewedZG, 28, 49, 52, 53, 141, 150, 168, 254, 265, 272, 330, 398, 403, 449, 451-453, 464, 478, 498, 528, 596, 617, 618, 626, 631, 632 reported their
results by means and standard deviations, the use of these statistics may not accurately represent the true
centre of the data. By reporting the mean value of the data set, this method is subject to extreme values (i.e.
outliers) such as those in skewed datasets. The use of the mean is suitable if the dataset has a symmetrical
distributed. In non-normal distributed data, the median is the most useful for describing the center of the
data. 127.387 Of the studies?8. 150. 464,59, 616,631 reviewed (22%) that reported the results by the median would
more accurately have identified the center of the dataset. The New Zealand senior amateur head impact
data were non-normally distributed (i.e. not symmetrical) therefore the use of descriptive statistics that can
better represent this skewness needed to be considered. To enable inter-study comparisons, and until a
consensus is established for the reporting of head impact biomechanics, future studies should report the

median [25" and 75" interquartile ranges] for all head impact biometrics.
What acceleration metrics should be used to monitor head impacts?

It has been suggested that both resultant linear and rotational accelerations should be reported with head
impact metrics.*8 As there is an improved correlation between impact biomechanics and the occurrence of
a concussion, than when linear accelerations are reported alone.832 Research8. 344, 346,550, 606 gyggests that
the brain is more sensitive to rotational than linear accelerations. Rotational accelerations are reported®
832 to be correlated to the strain response of the brain and the primary mechanism for diffuse brain injury
including concussion, contusion, axonal injuries and loss of consciousness.3!!.343.344.346 | inear accelerations

are reported to result in the intracranial pressure response of the brain and be the primary mechanism for
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skull fractures and epidural haematomas.®® 5% Reporting both linear and rotational accelerations should

assist with identification of possible brain injury.

More recently5%. 5% resultant linear and rotational acceleration results have been combined into a risk
weighted exposure (RWE) metric. This metric can be beneficial for fully capturing the linear (RWELinear),
rotational (RWErationa) @nd combined probability (from linear and rotational) (RWEcp) of the risk of a
concussion as it accounts for the frequency and severity of each player's impacts. The HIC and GSI are the
most frequently utilised head injury assessment functions in helmet and traffic restraint safety standards,*2
832 however this was not reflected in the sport head impact studies reviewed. Based on the Wayne State
University tolerance curve,% the HIC and GSl criteria are considered plausible ways of determining relative
risk of severe head injury3s but they do not account for the complex motion of the brain, or the contribution
of resultant rotational acceleration to the head.4’*. 472632 |n particular the HIC only deals with frontal impacts
and was not designed to be used for lateral impacts that can be found in head impact biomechanics*2 and
arbitrarily defines an ‘unsafe pulse” within a ‘safe pulse” by discounting any data outside the two time points
chosen for the calculation of the HIC value.'8* The GSI and HIC may be beneficial for evaluating acute head
trauma due to single impacts but they are reportedly not beneficial for repeated impacts at lower acceleration
magnitudes*2 such as those found in contact sports such as American football, rugby union and soccer.
The inclusion of the HIC and GSI by studies reporting on head impact biomechanics may be more historical
thus providing the ability for inter-study comparisons with previous studies. However, as they are used to
calculate multiple impacts and provide a nonsensical number, the value of these metrics are limited. The
use of HIC and GSlI in future studies, and the value that these metrics provide, needs to be standardised.

Consensus is required on the incorporation of these and other biomechanical metrics into future research.
Limitations in the use of accelerometery

The use of accelerometers to record and assess movement is not new to the scientific community.8". 628
There have been some inter-study and international comparability limitations reported for use of
accelerometers to report physical activity.*% The identified limitations for physical activity accelerometers
may be identical to areas now being faced by studies reporting the biomechanics of impacts to the head.
The majority of studies reporting head impact biomechanics have utilised HITS,25. 28. 23, 40, 44,47, 49, 50, 52, 53, 84,

109-111, 115, 116, 140, 141, 150, 174, 241, 254, 257, 265, 398, 403, 449, 451-453, 464, 478, 521, 528, 530, 531, 538, 581, 596, 626, 631 or 9 variant.26

More recently, an electronic mouthguard has been used to assess head impacts in rugby union.3%

The issues identified with the use of accelerometers for physical activity*® include affordability of the
accelerometers,*¥ and the administration burden*® to the participants and researcher(s) given post data
collection analysis. The choice of accelerator brand,*®® generations? and firmware version,2 wearing
position®0 based on the sports code requirements (i.e. helmet mounted vs. headband mounted vs.
mouthguard embedded vs. patch), specifics of the research being undertaken such as the epoch length>".
479 (match vs. training vs. combined), data imputation methods,* dealing with spurious data'®' and the
reintegration of smaller epochs into larger epochs® are all considerations for use of accelerometers. In

addition to the issues identified, there are technological developments, emerging methodological questions
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and a lack of academic consensus that may also hinder the development of uniformity in the utilisation of

accelerometers*® for recording head impact biomechanics.

In comparing the New Zealand rugby union data with data collected with the use of the HITS, it must be
noted that these are different impact telemetry systems. The mouthguard is reported to have a 10% error
for linear and rotation acceleration and for angular velocity with an average offset of 2° for azimuth and
elevation impact location.t® 401 Although the correlation of the AIM mouthguard with laboratory head-forms
is good, the impact measurements should be assumed to have some form of error that is dependent on
impact conditions and the measure of interest and the variability tested.?- 140 It is unlikely that the
mouthguard was tested under all of the activities seen in rugby union matches such as the rucks, mauls,
lineouts and scrum situations. How these rugby activities correlate to the laboratory conditions is unknown.
Although the majority of the impact biomechanics studies reported in this review are helmet based telemetry
systems, there is a paucity of studies reporting on head impact biomechanics with other systems such as
the mouthguard and headband. In addition there are no published studies comparing the HITS with other

forms of impact telemetry systems such as the X2Biosystems All-In-Mouth (AIM) mouthguard.

A final consideration to the use of accelerometers in recording impacts is the need for concurrent video-
analysis to enable comparison and verification of the impacts. This would enable the identification of non-
impact activities where an impact has been recorded such as post-try celebrations, dropping equipment onto
the ground, or other activities where the equipment may record an impact. In the case of the New Zealand
rugby union data, only impacts that occurred in the tackle with the player standing were able to be verified.330
The percentage of impacts that were identified at the 10g inclusion limit, that were able to be visualised by

video review and analysis, varied from 65% to 85% of the total impacts recorded per match.330
What are the long term implications of repeated head impacts?

The use of impact tolerance and impact severity level data may be important if a risk assessment is
undertaken for possible long term implications from repetitive head impacts (RHI). Recently in a small
sample? of collegiate players with no reported concussions after a season of American football, there were
white matter changes that correlated with multiple head impact measures. Participants with more than 30-
40 RHI's with peak rotational accelerations >4,500 radians per second per second (rad/s?) per season
(r=0.91; p<0.001), and more than 10-15 RHI's >6,000 rad/s? (r=0.81; p<0.001), were significantly correlated
with post-season white matter changes.?® These changes post season imply a relationship between the
number of RHIs that occur over a season of American football and white matter injury, despite no clinically

evident concussion being recorded.?

The inclusion of impact tolerances and impact severity levels may assist with the identification of players at
risk of possible long term injuries. Impact tolerance may also act as an indicator of when to rest players if
they are exposed to RHIs above >4,500 rad/s? and >6,000 rad/s2. This type of information will assist in
formulating a detailed understanding of the exposure and mechanism of injury of concussion.*2 1% Further
research is required to evaluate the injury tolerance of concussive type injuries, to develop interventions to

reduce the likelihood of any concussive type injuries, and to develop exposure durations and stand down

- 144 -



0815134

periods to establish a broader understanding of the potential role of subconcussive events and long term

health.109
Conclusion

This study identified the methodological differences in the threshold limits of impacts to the head as a result
of participation in contact sports. Of the 52 studies, 42% reported impacts at the 10g impact threshold?: 3.
110, 111, 115, 141, 174, 261, 265, 272, 330, 449, 451-453, 464, 478, 521, 528, 538 while 18% Of StUdieSZ& 29, 47,84,109, 116, 531, 581, 596, 631 used
the 14.4g impact threshold. Resultant linear accelerations were most frequently reported>3. 141. 174, 254, 257, 403,
449,538,626 (91%) while 76% reported resultant rotational accelerations. 228, 29, 40, 44,47, 49, 50, 52, 84, 110, 115, 116, 140,
150, 241, 261, 265, 330, 398, 433, 451-453, 464, 478, 498, 521, 528, 530, 596, 631, 632 Near|y three_quarters (74%) Of studies reported
both resultant linear and rotational accelerations. Impact data were most frequently (52%) reported 2. 28.49.
52,53, 141, 150, 168, 254, 265, 330, 398, 403, 449, 451-453, 464, 478, 498, 528, 596, 617, 618, 626, 631, 632 asmean + Standard deviation (iSD)
Some (10%) studies?® 150 272,464, 5%, 616, 631 reported the head impact data as median, but not all*6+ 831 (4%)

included the interquartile ranges (IQR) for these data.

The influence of head impact thresholds was shown using head impact data obtained from 38 senior
amateur rugby union players during 19 matches in New Zealand. Application of the varied head impact
thresholds resulted in 20,687 impacts >10g; 11,459 (44.6% less), impacts >15¢; and 4,024 (80.5% less)
impacts >30g.

Given head impacts are likely to cause concussive injury, and the number of head impacts may be related
to a potential concussion threshold (i.e. a cumulative threshold), the number and severity of head impacts
should be monitored in players. However, impacts can be measured with several technologies (e.g.
instrumented behind the ear patches, mouthguards, head gear), and thresholds have differed for reporting
impact data in contact and collision sports. Consensus is therefore required to identify the reporting
modalities (e.g. linear threshold, descriptive calculations), utilised in future impact studies to enable between
study comparisons. Until in-field validation studies are completed, it is recommended that data should be
reported as mean = standard deviation, median and interquartile ranges using the 10g impact threshold to

enable inter-study comparisons.
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“Thank you for explaining to me what
a concussion is. Now [ feel
empowered and can make the
decisions for the kids in my team and
stop them playing when they may be

injured.”

Team Manager and mother of a concussed player - 2015
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CHAPTER 9: SUMMARY/CONCLUSIONS

The topic of sport-related concussions has drawn the attention of the sports medicine world, the media and
the public in general. The issue of the longitudinal effects of concussion is an area that is increasing in the
published research in sports such as American Football and boxing. What is not known is the incidence,
costs, and the magnitude of these injuries in sports such as rugby league and rugby union. In addition, the
effectiveness of concussion assessment tools for sideline use is not yet known for rugby codes. The
research in this thesis aimed to assist in broadening the knowledge base of sport-related concussion by
conducting a series of studies focused on: (1) The costs (Chapter 3), and frequency (Chapter 4) of sport-
related concussions via epidemiological analyses of longitudinal data; (2) The identification of sport-related
concussions with the use of a saccadic reading tool (Chapters 5 and 6) via prospective field based studies;
(3) The frequency, distribution and magnitude of impacts to the head in senior amateur rugby union players
(Chapter 7) via a prospective field based study; and (4) The need for a consensus for the reporting of impact
biomechanics (Chapter 8) via a retrospective review of literature and analysis of head impact data using
different thresholds.

Epidemiology of concussion in New Zealand

The epidemiology of sport-related concussive injuries and the associated costs in New Zealand requiring
medical treatment were examined (Chapter 3) using the New Zealand national Accident Compensation
Corporation (ACC) injury data for the period 2001 to 2011. The concussion history of a group of amateur
rugby league players was examined through a retrospective review in a zonal region of New Zealand
(Chapter 4).

Sport-related concussions in New Zealand: A review of 10 years of Accident Compensation

Corporation moderate to severe claims and costs

In Chapter 3, data were analysed by seven sporting codes, gender, ethnicity and age. In the United States
of America 1.6 to 3.8 million sports related concussions occur annually3% with a cumulative (direct and
indirect) cost estimated to be US$56 billion.35 Most sport-related concussions occur in sports that involve
physical contact between participants.3 However, rates are also high for non-contact sports such as
baseball and volleyball.5%% Despite the increasing number of international studies on sport-related
concussion, there is a paucity of studies describing sport-related concussion in New Zealand sports-

participants.

It conducting this study over the 2001-2011 reporting period, a total of 20,902 claims costing $NZD
16,546,026 were recorded of which 1,330 (6.4%) were moderate-to-severe claims (MSC). The mean yearly
number and costs of MSC's were 133 +36 and $1,303,942 +$378,949. Rugby union ($6,252,870) and
rugby league ($4,572,625) recorded the highest total costs over 2001-11. Rugby league (92.2%; $25,545)
and netball (86.6%; $11,371) recorded the highest percentage of sport code total costs and mean costs per
ACC claim.
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Males participating in rugby union recorded the highest total costs for MSC claims ($5,644,655). Males
participating in rugby league recorded the highest mean costs per MSC claim ($26,182). Females
participating in netball recorded the highest total ($833,530) and mean costs per female MSC claim
($12,080). The finding that rugby union recorded the most MSC claims was not unexpected as this is the
national game in New Zealand.?'" Previous international studies have identified that ice hockey?®* and the
national football league (NFL)3! have some of the highest incidences of concussion of all sports but these
sports have low participation levels in countries such as New Zealand. MSC claims accounted for 6.4% of
the total sport-related concussions for the seven sports surveyed but accounted for 79.1% of total costs.
This indicates that although sport-related concussions may be minor in severity, the related economic costs

attached to a sport-related concussion with ongoing symptoms can be high.

Rugby league had the third highest number of claims (n=179) for reported concussions over the ten years.
However, the overall knowledge level of concussion identification and management was only 42% for rugby
league team coaches and trainers in New Zealand which was lower than other studies reporting concussion
knowledge of team coaches (62%5" to 84%%77). Of 95 rugby league coaches and team managers, 26%
reported they would not remove a player with symptoms of concussion, 20% would return a symptomatic

player to participation and 39% reported that concussion only occurred when a player lost consciousness. 33!

Over 2001-11 period, New Zealand Maori recorded the highest mean costs per MSC claim for rugby league
($43,604) and rugby union ($14,186). People participating in rugby league activities in the 30-39 age group
recorded the highest total ($2,268,398) and mean cost ($48,211) per MSC claim. This may be reflective of
the nature of rugby league when compared with other sporting activities. For example, the differences in the
types and numbers of tackles between the two sports may expose players in rugby league to more head
impacts resulting in more severe head trauma and therefore more cost per claim. Studies reporting on rugby
union®'® and rugby league®* tackles have reported that contact with the head during the tackle occurred at
a rate of 0.6 per 1,000 tackles in rugby union®'® but at a rate of 89.9 per 1,000 tackles in rugby league.332
This higher rate of contact with the head in rugby league may be reflected in the higher costs recorded in

the current study.

The average cost per claim for a moderate to severe concussive injury varied by sports code, ethnicity,
gender and age over a 10 year period for seven sporting codes in New Zealand. Maori rugby league males
aged between 30 and 39 years, female players and rugby union players need to be targeted for injury
prevention initiatives. A wider understanding of concussion identification for team coaches and first aiders
and removal from play for assessment at all levels of participation may assist in the identification of

concussive injuries.
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Concussion in amateur rugby league players in New Zealand: A review of player concussion history

In Chapter 4 a retrospective analysis was undertaken on all medical pre-competition questionnaires
completed during the 2010 to 2012 competition periods by amateur rugby league players. Players
undertaking any sporting activity are at risk of receiving a concussive event.** The risk of receiving a
concussive event is reported to be increased in players with a history of a previous or multiple concussive
events.2®! A way to assist the team medical personnel to manage this risk is to record the players individual
concussion history. Often this requires self-disclosure by the player or the management of a concussion
history by the team medical person through sideline and post-match examinations. Recently there has been
an increase in published research on sport-related concussion relating to the identification, assessment and

management in all sporting environments. 123, 31

Concussion has become one of the most troublesome injuries facing the sports medicine professional,3#
especially with regard to the early identification of concussive signs and symptoms and appropriate
concussive management facilitation.?’ 4% Amateur sports such as rugby league in New Zealand do not
have the resources available for qualified medical personnel to attend every match.3¥ As such it is often the
coach or team manager, if the team has one, to make decisions with regard to player welfare including
concussion identification and management. The low level of concussion awareness amongst team
management has been previously reporteds33!. 351.477.601,615 and highlights the need for concussion education

for all people involved in the management level of sports participation

A total of 213 (mean + SD: age, 19.2 +4.4) amateur rugby league player concussion questionnaires were
reviewed. There was an average of 4.0 £2.6 concussive injuries per participant in the previous two years
and an average of 5.0 £4.6 concussive injuries per participant the period preceding this. A total of 7.5%
participants saw a medical doctor for their concussion; 5.2% completed the required three week return-to-
play; and 2.8% reported seeing a medical doctor for medical clearance. No under 15 yr. old player reported

seeing a medical doctor or having a stand down period for return to play.

A previous study“® identified that players will not report concussive symptoms because they do not think it
is sufficiently serious enough to necessitate reporting. A lack of knowledge of the risks and potential
consequences of concussion was reported to be the most common reason for the non-reporting of a possible
concussion.“% |t was also identified that more than a third of players failed to report a concussive injury as
they did not recognize that they had sustained a concussive injury based on their symptoms.4%® This may

have been the case in the current study with 7% of players showing signs of a concussive event.

Players across all age groups were administered the same questionnaire in different settings where they
were gathered for the respective age group competition meetings. An unexpected finding was that 7% of all
players had active concussive symptoms and was a cause for concern. None of the players identified had
seen a medical professional for their symptoms nor reported these symptoms to anyone as they felt this
was all part of “playing the game”. All of these players were advised to seek further medical assistance and
required to provide a full medical clearance before they would be allowed to return to match activities. One

player was subsequently medically cleared two days later by his own medical practitioner as he “had no
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signs of a concussion”. A lack of knowledge of the risks and potential consequences of concussion was

reported to be the most common reason for the non-reporting of a possible concussion.

Identification and assessment of concussion
The identification and assessment of concussion was examined with the use of the King-Devick (K-D)
saccadic reading test and the Sports Concussion Assessment Tool version 3 (SCAT3) in amateur senior

rugby union (Chapters 5 and 6) and amateur senior rugby league (Chapter 6) domestic players.

Concussions in amateur rugby union identified with the use of a rapid visual screening tool

In Chapter 5, a prospective observational cohort (field based) study was conducted on a premier club level
amateur rugby union team during the 2012 competition in New Zealand. Rugby union is one of the most
popular contact team sports in the world with nearly 200 countries affiliated to the International Rugby
Board.%5 303 Rugby is played at the professional, amateur and junior levels by both males and females.56
Rugby also has a modification of the match rules for the different age groups and competition types (i.e.
international, junior, sevens and masters’ competitions) that are competed in.% As with any contact or
collision sport there is a risk of an injury occurring due to the number of collisions and contacts that are
integral to the game.% Studies reporting on concussion injuries in rugby union have identified that the
incidence was relatively low with reports varying from 0.2'° to 4.3% per 1,000 playing hours, and 3.8 to

5.7 430 per 1,000 athlete exposures.

Every player in this study completed a pre-competition questionnaire on concussion history, a baseline Post-
Concussion Symptom Scale (PCSS) and two trials of the K-D before they participated in any match activities.
For players reporting a concussion in the previous three years there was an average of 4.0 £2.8 concussions
per player. The KD has been reported?® to be a practical sideline screening tool that is quicker than other
concussion screening tools such as the Immediate Post-Concussion and Cognitive Testing (ImPACT),
Cognitive Status Sport (Cog Sport),? the Standardized Assessment of Concussion (SAC)*° and the Sports
Concussion Assessment Tool 2 (SCAT2).4%5 Although these screening tools are useful in assessing for
suspected concussion they do not assess eye movements or brain stem function well.Z* The KD does
however, test for impairment of eye movement, attention, language and other areas that correlate with sub-

optimal brain function that may occur following a concussive episode.?”!

There were 22 concussive incidents recorded over the duration of the competition (46 per 1,000 match
hours). Five concussive incidents were witnessed (11 per 1,000 match hours) and 17 unrecognised
concussive incidents were identified with the K-D (37 per 1,000 match hours). Witnessed concussions
recorded, on average, a longer K-D on the day of injury (5.5 £2.4 s) than unrecognised concussions (4.4
10.9 s) when compared with their baseline K-D. The internal consistency reliability of the three K-D cards
was acceptable (0=0.72 for card 1; a=0.78 for card 2; 0=0.76 for card 3) between card scores and total time

score at baseline. The internal consistency reliability of the PCSS was excellent (0=0.98).
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Unwitnessed concussions identified with the K-D recorded on average fewer symptoms (6.8 vs. 16.1), lower
symptom severity (8.8 vs. 42.4) better balance examination (5.2 vs. 12.8) and better immediate (13.7 vs.
13.0) and delayed (4.2 vs. 2.6) memory scores than witnessed concussions. Most, but not all, players with
an unwitnessed concussive injury had their K-D equal to, but not significantly faster than their baseline K-D
by day 14 of the required stand-down period (-0.8 £ 1.4s). The current rate (46 per 1,000 match hours) is a
ten-fold increase in the previously reported concussion injury rate.* 432 |f the present finding is any indication
that there is a ratio of 3.4 identified concussions for every witnessed concussion occurring then studies will

be under-estimating the incidence of concussions.

The K-D was useful in rapidly identifying players that had a witnessed concussive incident by being able to
provide instant feedback to the player and to team management. The K-D was able to identify players that
had not shown, or reported, any signs or symptoms of a concussion but who had meaningful head injury.
An interesting finding was that players who recorded a slower K-D, and were treated as an unwitnessed
concussion, had changes in SCAT2 but returned to their baseline result in a shorter period than players with
a witnessed concussion. The ease-of-use of the K-D made it more acceptable to team management and

players, as it provided immediate feedback to the player and coaching staff.

The King-Devick test was useful in management of concussion in amateur rugby union and rugby

league in New Zealand

In Chapter 6 a prospective observational cohort (field based) study was conducted on a club level senior
amateur rugby union team (n=36 players in 2012 and 35 players in 2013) and a rugby league team (n=33
players in 2014) during competition seasons in New Zealand. Originally developed as a reading tool to
assess the relationship between poor oculomotor functions and learning disabilities, the K-D test utilises a
series of charts of numbers that progressively become more difficult to read in a flowing manner 352, The K-
D test requires eye movements, language function and attention in order to perform tasks reflective of
suboptimal brain function in hypoxia, 0 extreme sleep deprivation, 2 Parkinson’s 70 and concussion 3
202, 203, 206, 314, 317, 367, 395 Previous studies?02 203, 314,317, 367 have reported K-D test times of participants with a

concussive injury to be on average 5 s slower (range 3.2 s to 18.0 s) than their baseline.

Several sports, such as boxing and mixed martial arts 202 367, professional ice hockey 2%, representative
rugby league 3'7 and domestic rugby union, have utilised the K-D and identified unwitnessed concussive
events. These studies highlight the potential of the K-D test to detect sub-concussive impacts that may
accumulate over a period and can lead to neurological changes 3'7. The K-D test has been recommended
as a sideline test to enhance the detection of players with a concussive injury in conjunction with other
concussion tests 142:3%, Recently it was identified that larger scale research over a longer period of time may
provide increased validity of the K-D test as part of a continuum of concussion assessment tools 3%. 603, As
such, the purpose of this study was to examine the worth of the K-D test as part of a sideline assessment

process of players participating in contact sport over a three year period.

All 104 players enrolled in this study completed two trials 10 minutes apart of the K-D at the beginning of

their competition season. Concussions (witnessed or unwitnessed) were only recorded if they were formally
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diagnosed by a health practitioner. A total of 52 (8 witnessed; 44 unwitnessed) concussive events were
identified over the duration of the study resulting in a concussion injury incidence of 44 (95% CI: 32 to 56)
per 1,000 match participation hours. There was a six-fold difference between witnessed and unwitnessed
concussions recorded. There were observable learning effects observed between the first and second K-D
test baseline testing (50 vs. 45 s; z=-8.81; p<0.001). For every 1 point reduction in each of the post-injury
SAC components there was a corresponding increase (worsening) of K-D test times post-match for changes
in orientation (2.9 s), immediate memory (1.8 s) concentration (2.8 s), delayed recall (2.0 s) and SAC total

score (1.7 s).

The changes observed are likely to be reflective of the anatomical aspects that the K-D and SAC tests
capture.26 Pathways for saccades, or fast eye movements, in the brain are widely distributed and involve
several areas of the brain such as the frontal eye fields, supplementary eye field, dorsolateral prefrontal
cortex, parietal lobes and deeper structures including the brainstem, necessitating the involvement of
several cortical areas in the production, and regulation, of saccades.?% As saccades can be used to assess
cognitive domains such as attention, spatial and temporal orientation and working memory, injuries involving
the disruption of the areas involved in saccades production and regulation can result in changes in these

cognitive domains.208

The rate of undetected concussion was higher than detected concussions by using the K-D test routinely
following matches. Worsening of the K-D test post-match was associated with reduction in components of
the SAC. The appeal of the K-D test is in the rapid, easy manner of its administration and the reliable,
objective results it provides to the administrator. The K-D test helped identify cognitive impairment in players

without clinically observable symptoms.
Head impacts in rugby union

The magnitude and frequency of impacts were measured with an instrumented mouthguard (Chapter 7) in
amateur senior rugby union players over a domestic competition season. Impacts thresholds were reviewed
(Chapter 8) and the identification of common reporting modalities was identified for future studies reporting

on impact biomechanics.

Instrumented mouthguard acceleration analyses for head impacts in amateur rugby union players

over a season of matches

In Chapter 7 a prospective observational (field based) study was undertaken to record the magnitude and
frequency of impacts to the head with moulded instrumented mouthguards worn by thirty eight premier

amateur senior rugby players participating in the 2013 domestic season of matches.

The incidence of concussion in sports provides a unique opportunity to collect biomechanical data on head
accelerations involved in mild traumatic brain injury (mTBI).52 By instrumenting athletes with accelerometer
instrumented headbands*” and helmets,52* head acceleration data have provided proof of concept and laid
the groundwork for future research.'#1. 528 By quantifying the head impacts experienced by professional

football players, the National Football league (NFL) reconstructed injurious game impacts based on video
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analysis.*®® By recreating 31 impacts, 25 of which were concussive, injury risk curves were developed for
mTBI's.52 Nominal values for an injury were a peak linear acceleration of 98g and peak rotational
acceleration of 6,432 rad/s2.4% Although this study did characterize concussive biomechanics, the injury risk
curves likely over-estimate the risk as head impacts that did not result in concussions were not accounted

for.530

Non-helmeted sports have also utilised accelerometers in measuring impacts from sports participation.
Heading the ball by female soccer youths resulted in peak accelerations of 63g and 8,869 rad/s2.28' No
concussions were reported,?' as no injury nor injury risk was assessed, even though some of the rotational
accelerations were within the nominal values for an injury to the head when compared with NFL data*% and
injury risk tolerance levels.%®2 Although data are accumulating for soccer and NFL there are no published

data for non-helmeted collision sports such as rugby union.

A total of 20,687 impacts >10g (range 10.0-164.99) were recorded over the duration of the study. The mean
number of impacts per player over the duration of the season of matches was 563 +618 resulting in a mean
of 95 £133 impacts to the head per player, per match over the duration of the season of matches. The mean
number of impacts per player over the duration of the season of matches was 564 +618 resulting in a mean
of 95 £133 impacts to the head per player, per match over the duration of the season of matches. The mean
impacts per match were 1,379 £578 resulting in a mean of 77 £42 impacts to the head per player position,
per match. Forwards sustained more impacts than backs (RR: 10.89; [95% CI: 1.85 to 1.93]; p<0.001) over

the duration of the season of matches.

The back left side of the head sustained the highest linear acceleration (27 +4g) for player position, for the
forwards and per player. The top right side of the head sustained the highest linear acceleration for the
backs (28 +11g). The top right side of the head sustained the highest rotational accelerations (6,160 +2,908
rad/s?) for player positions and this was similar for backs (7,273 +3,379 rad/s?) and per players (5,333
13,673 rad/s?).

Players in our study recorded a mean of 77 impacts to the head per game or 1,379 impacts per player, per
season of matches which was higher than any other published study to date. American high school football
studies had a mean impact per player of 16 to 29 per game or 520 to 652 per season.52 538 American
collegiate football impacts studies varied from 9 to 13 impacts per session (practice and games combined)

or 414 to 1,400 impacts per season (practice and game combined).'09. 141,538

The mean linear acceleration value of impacts (229) measured over the course of the season of matches
was higher than the mean value reported for studies in youth football (159),*® but similar to high school (21-
264),49:50.150,5% some collegiate football (18-279),%. 528 but lower than female youth soccer (25-63g),28! some
American collegiate (32g)'*! and professional American football (60g)*” mean values. The mean rotational
acceleration for impacts (3,990 rad/s2) measured over the course of the season of matches was higher than
American youth (671 rad/s?),"5 and American high school football (973-1,711 rad/s?),*® 0. 59 American
collegiate football (848-1,107 rad/s?),28 528 subconcussive American collegiate impacts (1,230 rad/s?),5%' but

less than female youth soccer (8,889 rad/s?),%' concussed American collegiate players (5,022 rad/s?),%!
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non-concussed (4,043-4,446 rad/s?)*" and concussed professional American football reconstructions
(4,870-7,173 rad/s?).4%7

The distribution of impacts varied by location, player position, player group and by players. Impacts were
more commonly recorded on the side of the head (n=9,232; 45%) with the right side (23%) more commonly
impacted. The distribution of the impacts recorded is similar to male collegiate ice hockey (30%)8'6 but
different from American high school and American collegiate football where up to 45% of impacts occurred
in the front.49. 50.449.5% |mpacts to the top of the head (n=539; 3%) were less commonly recorded. Backs
recorded the highest mean linear (289) and rotational (7,273 rad/s?) accelerations on the top-right side. This
was similar to high school and collegiate football where impacts to the top of the head varied from 19 to
38g.49. 50. 449, 5% Djifferences between the impact locations could be related to the different sporting codes

and the protective equipment utilised.

The relationships between linear and rotational acceleration and injury tolerance level for impacts have been
previously described. 52 254,49 The injury tolerance level for impacts are impacts greater than 95g and
5,500 rad/s? and impacts to the front, top or back of helmets,. 52. 254. 498 [yt this is primarily limited to
helmeted sports studies. There were 181 impacts greater than 95g and 4,452 impacts greater than 5,500
rad/s? recorded in our study indicating that there are some impacts above the injury tolerance level for
impacts of concussion occurring in rugby union. The number of impacts above these levels varied by player
group, player position and players enrolled in the study. This was similar for impacts in the low, moderate
and severe injury risk data acquisition limits for both linear and rotational accelerations with the majority of

these being recorded in the low injury severity limits previously identified. 26 478, 632

Monitoring head impacts in contact sports has been suggested to assist in the identification of high risk
events and to alert medical personnel of the need to perform a concussion evaluation of the identified
player.42 290 Monitoring may reduce the incidence and severity of concussions by reducing subsequent

impacts that may cause impact brain injury.240

The influence of threshold on the reporting of impact data in contact and collision sports:

Consensus needed

In Chapter 8 a review was undertaken on the impact thresholds utilised to report data in sport from
accelerometer systems. Head impact data are essential to help understand the biomechanics of head injury
to develop potential injury prevention strategies. There are currently no standard for reporting head impact
data to enable inter-study comparisons. Currently the use of accelerometers may not necessarily provide
the meaningful inter-study comparisons that are sought due to data collection, processing and
methodologies not being standardized.*% Several studies have undertaken to report impacts to the head in
SpOFtS such as American fOOtba||,28' 29, 49, 50, 52, 53, 110, 111, 115, 141, 261, 265, 449, 464, 528, 531, 538, 596, 626 ice hOCkey,451'452’
521 soccer?! and rugby union®® but these have all utilised different data impact thresholds and reported
different results. As such, studies utilising different impact thresholds have proposed varying conclusions

based on the methodological and reporting approaches undertaken.
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This study was undertaken as there are currently no standards identified for the reporting of head impact
data in sports to enable comparison between studies. As a result of this, the conclusions drawn from data

using different impact thresholds have resulted in substantially different conclusions.

To outline head impact thresholds, and their potential effects on impact data in sport, calculations were
undertaken on the number of impacts reported based on the percentage of impacts removed compared with
a 10g impact threshold using data from 38 senior rugby players in New Zealand. Of 43 studies identified, 16
(37.2%) reported impacts using >10g threshold. Application of the varied impact thresholds resulted in
20,687 impacts >10g; 11,459 (44.6% less), impacts >15¢; and 4,024 (80.5% less) impacts >30g. Studies

reported descriptive statistics as mean (£SD), median, 25t to 75! interquartile range, and 95t percentile.

Based on the differences observed in this study, at the 14.4¢g threshold there could have been as many as
42% of the impacts recorded not being reported. As a result, studies?: 29. 44, 47, 49, 50, 84, 116, 150, 531, 596, 626, 631
using impact thresholds above 10g may have removed 2,100 to 206,573 impacts. The discussion
surrounding subconcussive impacts has become popular.13.43. 132,257, 398, 566 |njtjally the term subconcussive
impact described an impact that did not result in severe, noticeable symptoms, especially loss of
consciousness.'32 However, recently subconcussive is a term utilised to describe an asymptomatic non-
concussive impact to the head.!3. 43.257. 3%, 566 The issue relating to the effects of subconcussive impacts is

controversial as researchers and clinicians are divided on the true effects.2!: 209, 257, 435, 455, 581

The Head Impact Criterion (HIC) and Gadd Severity Index (GSI) are the most commonly utilised head injury
assessment functions, particularly in safety standards,®2 however this was not reflected in the sport head
impact studies reviewed. Based on the Wayne State University tolerance curve,’ the HIC and GSl criteria
do not account for the complex motion of the brain, or the contribution of resultant rotational acceleration to
the head.#7".472.632 The inclusion of these parameters may be more historical and provide the ability for inter-
study comparisons with previous studies. However, as HIC and GSI are not commonly reported, the

inclusion of these parameters in future studies needs to be standardised.

The most commonly reported head impact biomechanics were the resultant linear and rotational
accelerations, although not all studies reviewed reported both. Some studies reported only resultant linear
accelerations®. 141, 174, 254, 257, 403, 449, 538, 626 or resultant rotational accelerations!®. 531 which may limit their
inter-study comparison usability. It has been suggested that both resultant linear and rotational accelerations
should be reported with head impact metrics.*8! More recently530. 5% resultant linear and rotational
acceleration results have been combined into a risk weighted exposure (RWE) metric. This metric can be
beneficial for fully capturing the linear (RWELnear), rotational (RWErsationa) @and combined probability (from
linear and rotational) (RWEcp) of the risk of a concussion as it accounts for the frequency and severity of

each players impacts.
More than ha|f (52%) Of the StUdieSZG* 28, 49, 52, 53, 141, 150, 168, 254, 265, 330, 398, 403, 449, 451-453, 464, 478, 498, 528, 596, 626, 631, 632

reported the impact biomechanics data as mean + standard deviation (£SD). Some studies?®. 150, 464, 5%, 631
(10%) also reported the head impacts as median, but not all*6+ 83 (4%) included the interquartile ranges

(IQR) for the data. Of the studies that reported the impact biomechanics by the median, only 7% reported
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the IQR. Most of the studies reporting the median also reported the 95t percentile of the impacts. Other
data reporting methodologies utilised within the data sets reviewed were the median of 95t percentile, '

the 98,150,241 99in 150,241 and 99.511%0 percentiles.

In addition to the impact biomechanics being presented by various methodologies, some studies*®. 52, 254, 265,
330, 478, 632 glso incorporated impact tolerances and impact severity levels. The use of this data may be
important if a risk assessment is undertaken for possible long term implications from repetitive head impacts
(RHI). Recently in a small sample? of collegiate players with no reported concussions after a season of
American football, there were white matter changes that correlated with multiple head impact measures.
Participants with more than 30-40 RHI's with peak rotational accelerations >4,500 radians per second per
second (rad/s?) per season (r=0.91; p<0.001), and more than 10-15 RHI's >6,000 rad/s? (r=0.81; p<0.001),

were significantly correlated with post-season white matter changes.%

The issues identified with the use of accelerometers for physical activity*®*® may be similar for head impact
biomechanics and include affordability of the accelerometers,*%5 and the administration burden*® to the
participants and researcher(s) given post data collection analysis. The choice of accelerator brand,*%
generation®? and firmware version,2%® wearing positions3 based on the sports code requirements (i.e. helmet
mounted vs. headband mounted vs. mouthguard embedded vs. patch), specifics of the research being
undertaken such as the epoch length?5'. 47 (match vs. training vs. combined), data imputation methods,364
dealing with spurious data'®" and the reintegration of smaller epochs into larger epochs®? are all

considerations for use of accelerometers.

The differing descriptive statistics utilised for reporting head impacts in sports limits the use and availability
of inter-study comparisons. A consensus on methods of data analysis, including the thresholds to be used
in sports impact assessment is needed. Based on the data available to date, the 10g threshold is the most
commonly reported impact threshold. Validation studies are required to determine the best threshold for
impact data collection in sport. Until in-field validation are completed, it is recommended that data should be

reported as mean + standard deviation, median and interquartile ranges using the 10g impact threshold.

Thesis limitations
The quality of the epidemiological studies contained in this thesis were dependant on the data quality utilised
for analysis.?'” In Chapter 3, the data provided for the analysis was from the ACC database and is dependent

on several data input factors:

1

(1) The correct data code being used on the data collection sheet.

(2) People going to a registered health professional for treatment of their injury.
(3)

(4)

3
4

Underreporting of costs due to patients undertaking private medical care.
People making a claim for the injury (there is no time limit on when a patient can make an acute

injury claim to ACC).217

The data retrieved from the ACC database were protected to ensure client confidentiality by limiting access

to low level results of under four injury claims. Consequently any data that was less than, or equal to, three
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injury claims were rounded to represent three claims only. The net result of these limitations may have seen
a downwards bias in the injury entitlement claim incidence and, some of the calculations were not equal

depending on the way the data were rounded.

Another limitation to Chapter 3 was that the data were limited to just the ACC database. Currently there is

no other recording system available for analysis of concussion injuries in areas such as:

1
2
3

Numbers participating in sporting activities.
Age of players participating.

Identification of the ethnicity of players.

N

Number of matches played and trainings completed enabling match and training exposure hours.
5
6
7
8

What participation level the injuries occurred in.

Whether the injuries occurred as a result of match or training activities.

(
(
(
(
(
(
(
(

)
)
)
)
) How the injuries occurred.
)
)
)

At what stage of the match or training activity the injuries occurred.

In conducting a survey of rugby league players (Chapter 4) there were some limitations identified with the

use of a survey questionnaire. In particular;

(1) Some players did not return the questionnaires and these were excluded from the data set;

(2) Some of the questionnaires were incomplete and required contacting these players (where the
contact details were available) for the information to be completed, and in the case where the player
was uncontactable, these were excluded; and

(3) Players who were reviewed in consecutive years had only their first questionnaire results enrolled

in the study as there had been player education undertaken when these were first screened.

The use of the King-Devick required that all players were assessed with a baseline and were available for

post-match assessment. In conducting the research for Chapters 5 and 6 the limitations identified were:

(1) Not all players made themselves available post-match for the evaluation via the King-Devick test.
Some players actively avoided being tested and this necessitated assessments at the first training
session following the match; and

(2) Some players declined the invitation to participate and not all members of the amateur senior rugby

team were enrolled.

In conducting the observational study recording the magnitude and frequency of head impacts (Chapter 7)

there were some limitations identified. In particular:

(1) The effects of saliva from the mouth of some players resulted in some of the activation contacts in
the mouthguard becoming inactive and the impact data were not able to be downloaded. As a result
the data reported were incomplete and the number of impacts would be more than have been
reported;

(2) The correlation of the All-In-Mouth mouthguard with laboratory head-forms is good (peak linear
acceleration (PLA) (r*=0.937), peak rotational velocity (PRV) (r?=0.966), and peak rotational
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acceleration (PRA) (=0.882) when compared with the head’s centre of gravity)®® but the impact

measurements should be assumed to have some form of error that is dependent on impact

conditions, the measure of interest and the variability tested;

(3) The percentage of impacts identified at the 10g inclusion limit that were able to be visualised by

video review and analysis was 65% to 85% of the total impacts recorded per match.

Model of concussion

In undertaking this research, it soon became apparent that there was not a model in which to base the

identification, assessment and management of concussion. The initial concept for this thesis was based

around the recursive, dynamic model of etiology of sports injury46 where it has been reported that if a player

is injured they either undergo recovery towards adaption or they do not recover and are removed from

participation. In the case of sport-related concussion these injuries may not be identified or reported and the

participants are re-exposed to the same extrinsic factors that lead to the first concussion. In attempting to

research sideline assessment tools for the identification of concussion and removal from play the complexity

of the management of concussion became obvious.

UOISSNOUOD 0}
slojoe4 ysry Buisodsipaid

| j0j0e4  ySIY  oIsulIXg

[
»

<
«

s Y €5 —[ Return to Activity? |re=NQ s—

Assessment
of Individual

&

o L

g Rehabilitation
= Process

o

Q

<

=)

3

2

=l

©

Individual
at Risk
Reassessment

l

ey E x1rinsic Risk | Factor Exposure

Removal from
participation

Predisposed
Individual

Figure 9: The cyclic model for concussion management.
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Based on the recursive, dynamic model of etiology of sports injury,*s and incorporating the
neurobiopsychosocial model for concussion,*’ the cyclic model for concussion management was developed

to standardise the identification, assessment and management of concussion (see Fig 9).

Similar to the recursive, dynamic model of etiology of sports injury,6 the cyclic model for concussion
management highlights how in the case of sports participants, athletes can repeatedly go through the cycle
depending upon the outcome for return to play. If the player is assessed as having a concussion then they
undertake a rehabilitation process and move towards a reassessment. If, during the reassessment, they are
identified as still having a concussive injury they can either recycle through the rehabilitation process and
undertake another reassessment or be removed from participation. If a player is assessed to have no active

signs of concussion, then they can return to the activity or are able to return to training activities.

Although the athlete may not be obviously injured with a concussive injury, the risk of injury occurring will
depend upon the amount of extrinsic exposure that has occurred from activity participation combined with
the aspects of the neurobiopsychosocial model and intrinsic risk factors that the athlete may already have.
The combined value of these factors will vary by individual athlete and the extent of this predisposition to a

concussive event is, to date, unknown.

Health History

Activity

Neurobiopsychosocial

Participation Aspects

Predisposed
Individual

Vulnerability to

Demographics Outcomes

Figure 10: Possible predisposing influences for a head injury of the individual.

This predisposition (see Fig 10) may include, but is not limited to, aspects such as the co-modifiers identified
by the Concussion in Sports Group, 392 423543 neurobiospychosocial aspects (e.g. history of attention deficit
disorder or learning disability; tress and resilience Levels, etc.),*” demographics (e.g. age,*’” gender,. 135
407, 509 racet07), health history (e.g. prior concussion history, co-morbid conditions, etc.),4” vulnerability to
outcomes (e.g. physiologically-compromised brain and heightened vulnerability to repeat injury)*” and

possibly other factors yet to be identified such as genetic predisposition to concussion. '67.474

When the predisposed individual becomes exposed to the extrinsic risk factors they become at risk of
incurring a concussive injury. The extrinsic risk factors are multifactorial and, in terms of sports participation,
may include all or some of the factors previously identified (see Table 1 in Chapter 1). These risk factors
may exert an influence on the predisposed individual increasing the risk of an injury occurring. In terms of

concussion, this may be in the form of repetative head trauma*” (e.g. subconcussive impacts). The impacts
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may be cumulative.2%. 464 585 with possible longitudinal effects6. 437. 572,573 hyt, to date, there have been no

direct causal effects identified.3!5

Head Impact
Exposure

Activity
Participation
Level &
Frequency

Injury Dynamics

i Undisclosed /
ndidual at Unidentified
Risk .

Head Injury

Extrinsic
Influences

Figure 11: Possible risk factor influences for head injury of individual.

In addition to the extrinic risk factors the individual is exposed to, there are other aspects that can influence
the risk (see Fig 11). These include, but are not limited to, activity participation type/nature, level and
frequency (e.g. one exposure vs multiple exposures per day, etc.),28. 84 407, 464 head impact exposure (e.g.
cumulative subconcussive impacts, previous head injuries etc.),2. 84 407. 484 injury dynamics (resultant linear
and rotational forces, impact location, etc.)%0. 241, 407, 411, 530, 616 gnd undisclosed or unidentified head injury

(e.g. risk of second impact syndrome).38. 73, 407, 436, 543

Reported Signs & Direct
Symptoms Observation

Evaluation
Modality

Monitoring with
technology

Individual

Assessment

Figure 12: Possible influencing factors on the assessment of the individual for a head injury.

As seen in Figure 12, factors that may impact on the decision as to when assessment should occur may
include direct observation (e.g. showing signs and symptoms, loss of consciousness efc.), reported signs
and symptoms (e.g. ‘bell rung’, ‘shaking out cobwebs’, ‘seeing stars’, etc.), 27 assessment of the athlete
as part of sideline or post-match routine screening (King-Devick saccadic reading test, 39 204, 205, 367, 462, 480
SCAT3,2%5.423 ImPACT®,588 etc.), identification of at-risk aspects through monitoring technology (e.g. HITS,52
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616 XGuard,*0 XPatch*67.62 etc.) or through the use of other possible clinical evaluation modality. 0. 30. 37. 239,
515 The assessment of the individual at risk may occur on the sideline in the sporting environment during the
sporting activity, after the activity has occurred, as part of a pre-organised screening program, as a result of
the individual presenting with symptoms or as an incidental finding following assessment of other injuries

that have occurred.

Once the individual assessment is completed, the next phase of the cyclic model is the return to activity.
Individuals with changes identified through the assessment process, proceed through to the rehabilitation
process which ideally should be individualised.™* The ultimate goal of rehabilitation is to undertake a
graduated stepwise process®s 78. 79, 117,130, 144,163, 262 gnd return to their activity symptom free.*? In the case
of the individual not passing reassessment criteria they can either be returned to the rehabilitation phase,™:
144 and in the case of sporting activities this may involve being removed from the activity altogether.72 74 414
415,423 The cyclical aspect of the reassessment and rehabilitation has no set time frame,'* incorporates
academic,22 131,39 employment86 and sporting®® 78. 79, 163, 262, 407, 465 restrictions and is dependent on several
factors. These include, but are not limited to, psychological function (post-injury comorbidities, premorbid
level of functioning, etc.),! 92 248,407 environmental factors (e.g. social support, life stressors, etc.),*” and
motivational factors (e.g. expectations of self and others, secondary gain, etc.).4” All these aspects may

have some impact on the stage in which the individual moves through or becomes stagnated within.

In terms of the individual who is cleared to return to their activity they can either recycle back into the activity
or return to a pre-activity stage. Although the individual assessment has identified no concussive injury, they
may be at an increased risk of a concussive injury if they are repeatedly exposed to subconcussive impacts,

or deny any concussive symptoms and have not reported them.

Further research is warranted on the cyclic model of concussion management in terms of interventional
modalities being identified for future management of concussive injuries, the prevention of concussive

injuries and the identification through newly developed tools for the identification of concussive injuries.
Future directions

This thesis reported several aspects of epidemiology, identification and assessment of concussions in
amateur rugby union and rugby league. In addition this thesis also explored the frequency, duration and
magnitude of impacts to the head in amateur senior rugby union league players. The published articles
resulting from this thesis, combined with the increased public, media and sports medicine awareness of
these injuries has resulted in the development of strategies for the protection of rugby union and rugby

league participants.
Future research should focus on:
The King-Devick (K-D) saccadic reading test

1. The majority of studies have reported on the use of the K-D in male orientated sporting activities.
No studies, to date, have reported on the assessment and identification of concussions in female

orientated sporting activities. It is recommended that future studies consider:
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a. The assessment, identification and management for sports-related concussion in female
sporting activities; and

b. The effects of fatigue on the results of the King-Devick test in female sports participants.

2. The K-D test is designed to be age appropriate with participants aged 5 to 7 years reading only

test card |, ages of 8 and 9 reading test cards | and Il and over the age of 9 reading all three test
cards. To date there have been no published studies reporting on the use of the K-D test with
participants in the youth age groups for rugby union. Recently a study3% has been published
reporting on the use of the K-D in junior (U11) rugby league participants. It is recommended that
future studies consider:
a. The use of the K-D test in the assessment and management of concussions recorded in
youth sporting activities;
b. The effects of fatigue on youth sports participants and changes in the K-D test; and
c. Differences in the results of the K-D in male and female youth sports participants.
The K-D test has reported to have significant correlations (p<0.0001) with the visual motor speed
(VMS), reaction time (RT), verbal memory (VEM) and visual memory (VIS) of the Immediate Post-
concussion Assessment Cognitive Test (ImPACT®)%8 computerised concussion evaluation
system. No other neurocognitive computerised concussion evaluation system has undergone the
same correlation comparisons. It is recommended that future studies consider:
a. The comparison and utility of the K-D and Cognitive Status Sport (Cog Sport),®
composite scores in concussed patients; and
b. The comparison and utility of the K-D and CNS Vital Signs (CNSVS) composite scores
in concussed patients; and
c. The comparison and utility of the K-D and Axon Sports Cognitive assessment composite

scores in concussed patients.

4. The K-D test has been reported3'* 317.329 to have been used in the return-to-play assessment of

concussed players. Although this has been identified, no study, to date, has specifically reported

on the use of the K-D in return-to-pay assessment. It is recommended that future studies consider:

a. Use of the K-D in the management of return-to-play activities of concussed sports
participants;

b. Use of the K-D in the management of return-to-work activities of concussed patients; and

c. Use of the K-D in the management of return-to-school/academia activities in concussed

student.

Impact biomechanics

1.

Only one study33? has been published on using instrumentation on un-helmeted players to record
and report impacts to the head in amateur senior rugby union. Although this study highlighted the
number of impacts that can occur during match participation, as measured by an instrumented

mouthguard, further studies are warranted. It is recommended that future studies consider:
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a. Impacts to the head that occur from match and training participation in women’s rugby
union;
b. Impacts to the head that occur from match and training participation in junior rugby union;
and
c. Impacts to the head that occur from match and training participation in professional rugby
union.
As reported in Chapter 3, the sporting activities in New Zealand that have the highest number of
Accident Compensation Corporation moderate-to-severe concussion claims are rugby union, rugby
league, soccer, touch rugby, hockey, softball and netball. Although there are studies reporting the
impact biomechanics in senior amateur rugby union (Chapter 7) and women’s soccer (heading
drill), 8" no other studies have reported on the other sporting codes identified. It is recommended
that future studies consider:
a. Impacts to the head that occur from match and training participation in amateur rugby
league;
b. Impacts to the head that occur from match and training participation in amateur soccer;
c. Impacts to the head that occur from match and training participation in touch rugby;
d. Impacts to the head that occur from match and training participation in softball; and
e. Impacts to the head that occur from match and training participation in netball;

i. These studies should consider youth / age grade, male and female participants.

Other concussion related research

As aresult of the studies undertaken in this thesis, other aspects of concussion are warranted in the following

areas:
1. Use of a biomarker in the assessment and management of sports-related concussion in the
Emergency Department;
2. The identification of the most appropriate graduated stepwise process for return to school,
academics and work activities;
3. The identification of the appropriate protocol for rest and graded exertion at different age and
competition levels for concussed patients;
4. Review of the concussion discharge advice from Emergency Departments and General
Practitioners: Evidence based concussion guidelines; and
5. Use of the cyclic model for concussion management in the care and identification of concussion in
sports participants in relationship to assessment and management, return-to-play protocols and
the identification of risk factors related to concussion.
Conclusions

This thesis has provided novel contributions with:
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Identification of the costs of sport-related concussions in New Zealand for seven sports codes.
Previous studies had reported an estimated cost in total but had not established the costs per sport,
per person and by gender;

Identification of the number of players who did not report their concussions, the lack of knowledge
of the risks and potential consequences of concussion in players in New Zealand for the first time;
Identification of the 1:3 ratio of witnessed to un-witnessed concussions that occurred in match play
for amateur senior rugby union (First published study on sideline assessment of concussion in
amateur rugby union);

Identification that the K-D test can be used as part of a continuum for the assessment and
monitoring of players with a concussion, and can assist healthcare providers to evaluate adequate
cognitive rest and inform clinical decisions regarding return-to-play and return-to-academic
activities (First longitudinal study on the use of the K-D);

Amateur senior rugby union players recorded more impacts than for American football collegiate
and high school players (First publication of impacts to the head in an amateur senior rugby union
team. Identification of the frequency and magnitude of head impacts); and

Identification of the need for consensus on the reporting of impact biomechanics and suggested
reporting standards for studies of head impacts in sports;

A cyclical model for concussion management.

-164 -



0815134

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ackery A, Prowidenza C, Tator C. Concussion in hockey: compliance with return
to play advice and follow-up status. Can J Neurol Sci. 2009;36(2):207-212.
Alexander D, Kennedy M, Kennedy J. Injuries in rugby league football. Med J
Aust 1979; 2:341-342.

Alexander D, Kennedy M, Kennedy J. Rugby league football injuries over two
competitive seasons. Med J Aust 1980; 2:334-345.

Alla S, Sullivan SJ, Hale L, McCrory P. Self-report scales/checklists for the
measurement of concussion symptoms: a systematic review. Br J Sports Med
2009;43(Suppl 1):13-112.

Allen B, Gfeller J. The Immediate Post-Concussion Assessment and Cognitive
Testing battery and traditional neuropsychological measures: A construct and
concurrent validity study. Brain Inj. 2011;25(2):179-191.

Allen M, Weir-Jones I, Eng P, et al. Acceleration perturbations of daily living: A
comparison to 'whiplash'. Spine. 1994;19(11):1285-1290.

Altman D, Bland J. Statistics Notes: Diagnostic tests 1: sensitivity and specificity.
BMJ. 1994;308(6943):1552.

American Academy Neurology. Practice parameter: the management of
concussion in sports. Neurology 1997;48(3):581-585.

American Congress of Rehabilitation Medicine. Definition of a mild traumatic
brain injury. J Head Trauma Rehabil. 1993;8(3):86-87.

Astrand R, Romner B, Lanke J, Undén J. Reference values for venous and
capillary S100B in children. Clinica Chimica Acta. 2011;412(23-24):2190-2193.
Aubry M, Cantu R, Dvorak J, et al. Summary and agreement statement of the First
International Conference on Concussion in Sport, Vienna 2001. Br J Sports Med
2002;36(1):3-7.

Austin D, Gabbett T, Jenkins D. The physical demands of Super 14 rugby union.
J Sci Med Sport. 2011;14(3):259-263.

Bailes J, Petraglia A, Omalu B, Nauman E, Talavage T. Role of subconcussion in
repetitive mild traumatic brain injury. J Neurosurg. 2013;119(5):1235-1245.
Bailey C, Samples H, Broshek D, Freeman J, Barth J. The relationship between
psychological distress and baseline sports-related concussion testing. Clin J
Sports Med. 2010; 20(4):272-277.

Barkhoudarian G, Hovda D, Giza C. The molecular pathophysiology of
concussive brain injury. Clin Sports Med. 2011;30(1):33-48.

Barnes B, Cooper L, Kirkendall D, McDermott T, Jordan B, Garrett W.
Concussion history in elite male and female soccer players. Am J Sports Med.
1998;26(3):433-438.

Barnes B, Cooper L, Kirkendall D, McDermott T, Jordan B, Gerrett W.
Concussion history in elite male and female soccer players. Am J Sports Med
1998; 26:433-438.

Barnes G. Cognitive processes involved in smooth pursuit eye movements. Brain
Cogn. 2008;68(3):309-326.

Bartsch A, Benzel E, Miele V, Prakash V. Impact test comparisons of 20th and
21st century American football helmets. J Neurosurg. 2012;116(1):222-233.
Bauer J, Thomas T, Cauraugh J, Kaminski T, Hass C. Impacts forces and neck
muscle activity in heading by collegiate female soccer players. J Sports Sci.
2001;19(3):171-179.

Baugh C, Stamm J, Riley D, et al. Chronic traumatic encephalopathy:
neurodegeneration following repetitive concussive and subconcussive brain
trauma. Brain Imaging Behav. 2012;6(2):244-254.

- 165 -



22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

0815134

Baumgartner D, Willinger R, Shewchenko N, Beusenberg M. Tolerance limits for
mild traumatic brain injury derived from numerical head impact relication. Paper
presented at: Proceedings of the IRCOBI Conference on the Biomechanics of
Impact, 2001 Oct 10-12; Isle of Man (UK).

Bazarian J, McClung J, Cheng Y, Flesher W, Schneider S. Emergency department
management of mild traumatic brain injury in the USA. Emerg Med J.
2005;22(7):473-477.

Bazarian J, Veenema T, Brayer A, Lee E. Knowledge of concussion guidelines
among practitioners caring for children. Clin Pediatr. 2001;40(4):207-212.
Bazarian J, Zhu T, Blyth B, Borrino A, Zhong J. Subject-specific changes in brain
white matter on diffusion tensor imaging after sports-related concussion. Magn
Reson Imaging. 2012;30(2):171-180.

Bazarian J, Zhu T, Zhong J, et al. Persistent, long-term cerebral white matter
changes after sports-related repetitive head impacts. PLoS ONE. 2014;9(4):1-12.
Beckwith J, Greenwald R, Chu J. Measuring head kinematics in football:
Correlation between the head impact telemetry system and hybrid III headform.
Ann Biomed Eng. 2012;40(1):237-248.

Beckwith J, Greenwald R, Chu J, et al. Head impact exposure sustained by
football players on days of diagnosed concussion. Med Sci Sport Exerc.
2013;45(4):737-746.

Beckwith J, Greenwald R, Chu J, et al. Timing of concussion diagnosis is related
to head impact exposure prior to injury. Med Sci Sport Exerc. 2013;45(4):7477-
754.

Beharier O, Kahn J, Shusterman E, Sheiner E. S100B - a potential biomarker for
early detection of neonatal brain damage following asphyxia. J Matern Fetal
Neonatal Med. 2012;25(9):1523-1528.

Bernstein D. Information processing difficulty long after self-reported
concussion. J Int Neuropsychol Soc. 2002;8(5):673-682.

Berrigan L, Marshall S, McCullagh S, Velikonja D, Bayley M. Quality of clinical
practice guidelines for persons who have sustained mild traumatic brain injury.
Brain Inj. 2011;25(7-8):742-751.

Blettner M, Sauerbrei W, Schlehofer B, Scheuchenpflug T, Friedenreich C.
Traditional reviews, meta-analyses and pooled analyses in epidemiology. Int J
Epidemiol. 1999;28(1):1-9.

Bloom G, Loughead T, Shapcott E, Johnston K, Delaney J. The prevalence and
recovery of concussed male and female collegiate athletes. Eur J Sport Sci
2008;8(5):295-303.

Bodin D, Yeates K, Klammer K. Definition and classification of concussion. In:
Apps J, Walter K, eds. Pediatric and adolescent concussion: diagnosis,
management and outcomes. New York: Springer; 2012:9-19.

Borg G. Borg's Perceived Exertion and Pain Scales. Champaign Il.: Human
Kinetics; 1998.

Bouvier D, Fournier M, Dauphin J-B, et al. Serum s100b determination in the
management of pediatric mild traumatic brain injury Clin Chem.
2012;58(7):1116-1122.

Bowen A. Second impact syndrome: A rare, catastrophic, preventable
complication of concussion in young athletes. J Emerg Nurs. 2003; 29(3):287-
289.

Bramley H, Patrick K, Lehman E, Silvis M. High school soccer players with
concussion education are more likely to notify their coach of a suspected
concussion. Clin Pediatr. 2012;51(4):332-336.

- 166 -



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52,

53.

54.

5S.

56.

57.

58.

0815134

Breedlove E, Robinson M, Talavage T, et al. Biomechanical correlates of
symptomatic and asymptomatic neurophysiological impairment in high school
football. J Biomech. 2012;45(7):1265-1272.

Brewer J, Davis J. Applied physiology of rugby league. Sports Med 1995;
20(3):129-135.

Broglio S, Eckner J, Kutcher J. Field-based measures of head impacts in high
school athletes. Curr Opin Pediatr. 2012;24(6):702-708.

Broglio S, Eckner J, Paulson H, Kutcher J. Cognitive decline and aging: the role
of concussive and subconcussive impacts. Exerc Sport Sci Rev. 2012;40(3):138-
144.

Broglio S, Eckner J, Surma T, Kutcher J. Post-concussion cognitive declines and
symptomatology are not related to concussion biomechanics in high school
football players. J Neurotrauma. 2011;28(10):2061-2068.

Broglio S, Ferrara M, Macciocchi S, Baumgartner T, Elliott R. Test-retest
reliability of computerized concussion assessment programs. J Athl Train.
2007;42(4):509-514.

Broglio S, Guskiewicz K. Concussion in sports: the sideline assessment. Sports
Health. 2009;1(5):361-369.

Broglio S, Martini D, Kasper L, Eckner J, Kutcher J. Estimation of head impact
exposure in high school football: Implications for regulating contact practices. Am
J Sports Med. 2013;41(12):2877-2884.

Broglio S, Puetz T. The effect of sport concussion on neurocognitive function,
self-report symptoms and postural control: A meta-analysis. Sports Med.
2008;38(1):53-67.

Broglio S, Schnebel B, Sosnoff J, et al. Biomechanical properties of concussions
in high school football. Med Sci Sports Exerc. 2010;42(11):2064-2071.

Broglio S, Sosnoff J, Shin S, He X, Alcaraz C, Zimmerman J. Head impacts
during high school football: A biomechanical assessment. J Athl Train.
2009;44(4):342-349.

Broglio S, Surma T, Ashton-Miller J. High school and collegiate football athlete
concussions: A biomechanical review. Ann Biomed Eng. 2012;40(1):37-46.
Broglio SP, Eckner J, Martini D, Sosnoff J, Kutcher J, Randolph C. Cumulative
head impact burden in high school football. J Neurotrauma. 2011;28(10):2069-
2078.

Brolinson P, Manoogian S, McNeely D, Goforth M, Greenwald R, Duma S.
Analysis of linear head accelerations from collegiate football impacts. Curr Sports
Med Rep. 2006;5(1):23-28.

Brooks J, Fuller C, Kemp S, Reddin D. Epidemiology of injuries in English
professional rugby union: part 1 match injuries. Br J Sports Med 2005;39(10):757-
766.

Brooks J, Fuller C, Kemp S, Reddin D. Epidemiology of injuries in English
professional rugby union: part 2 training injuries. Br J Sports Med
2005;39(10):767-775.

Brooks J, Kemp S. Recent trends in rugby union injuries. Clin J Sports Med
2008;27(1):51-73.

Broshek D, Kaushik T, Freeman J, Erlanger D, Webbe F, Barth J. Sex differences
in outcome following sports-related concussion. J Neurosurg. 2005;102(5):856-
863.

Brouwers M, Kho M, Browman G, et al. AGREE II: advancing guideline
development, reporting and evaluation in health care. Can Med Assoc J.
2010;182(18):E839-E842.

- 167 -



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

0815134

Buchanan K, Slattery DE, Klauer K. Emergency physician knowledge and
practice habits when evaluating youth sports-related concussion in the emergency
department. Ann Emerg Med. 2011;58(4):S185.

Bugeja L, McClure R, Ozanne-Smith J, Ibrahim J. The public policy approach to
injury prevention. Inj Prev. 2011;17(1):63-65.

Buzzini S, Guskiewicz K. Sport-related concussion in the young athlete. Curr
Opin Pediatr. 2006;18(4):376-382.

Cain K, Conway T, Adams M, Husak L, Sallis J. Comparison of older and newer
generations of ActiGraph accelerometers with the normal filter and the low
frequency extension. Int J Behav Nutr Phys Act. 2013;10:51.

Camarillo D, Shull P, Mattson J, Schultz R, Garza D. An instrumented
mouthguard for measuring linear and angular head impact kinematics in American
football. Ann Biomed Eng. 2013;41(9):1939-1949.

Canadian Paediatric Society. Identification and management of children with
sport-related concussion. Paediatric Child Health. 2006;11(7):420-428.
Cancelliere C, Hincapié C, Keightley M, et al. Systematic review of prognosis
and return to play after sport concussion: results of the international collaboration
on mild traumatic brain injury prognosis. Arch Phys Med Rehab. 2014;95(3,
Supplement):S210-S229.

Cancelliere C, Kristman V, Cassidy JD, et al. Systematic review of return to work
after mild traumatic brain injury: results of the international collaboration on mild
traumatic brain injury prognosis. Arch Phys Med Rehab. 2014;95(3):S201-S209.
Cantu R. Guidelines for return to contact sports after a cerebral contusion. Phys
Sports Med 1986;14(10):75-76, 79, 83.

Cantu R. Head injuries in sport. Br J Sports Med. 1996;30(4):289-296.

Cantu R. Reflections on head injuries in sport and the concussion controversy
[Editorial]. Clin J Sports Med. 1997;7(1):83-84.

Cantu R. Second impact syndrome. Clin Sports Med. 1998;17(1):37-44.

Cantu R. Posttraumatic retrograde and antegrade amnesia: pathophysiology and
implications in grading and safe return to play. J Athl Train 2001;36(3):244-248.
Cantu R. Recurrent athletic head injury: risks and when to retire. Clin Sports Med.
2003;22(3):593-603.

Cantu R, Gean A. Second-impact syndrome and a small subdural hematoma: An
uncommon catastrophic result of repetitive head injury with a characteristic
imaging appearance. J Neurotrauma. 2010;27(9):1557-1564.

Cantu R, Register-Mihalik J. Considerations for return-to-play and retirement
decisions after concussion. PM & R. 2011;3(10, S2):S440-S444.

Casais L, Martinez M. Intervention strategies in the prevention of sports injuries
from physical activity. In: Zaslav K, ed. An international perspective on topics in
sports medicine and sports injury. Rijeka, Croatia: InTech; 2012:355-378.
Checkoway H. Data pooling in occupational studies. J Occup Med. 1991;
33(12):1257-1260.

Chen J-K, Johnston K, Collie A, McCrory P, Ptito A. A validation of the post
concussion symptom scale in the assessment of complex concussion using
cognitive testing and functional MRI. J Neurol Neurosurg Psychiatry.
2007;78(11):1231-1238.

Choe M, Giza C. Diagnosis and management of acute concussion. Semin Neurol.
2015;35(1):29-41.

Choe M, Giza C. Diagnosis and management of concussion. Semin Neurol.
2015;35(1):29-41.

Chrisman S, Schiff M, Rivara F. Physician concussion knowledge and the effects
of mailing the CDC's "Heads Up" toolkit. Clin Ped. 2011;50(11):1031-1039.

- 168 -



81.

82.

83.

84.

85S.

86.

87.

88.

89.

90.

91.

92.

93.

9.

9s.

96.

97.

98.

99.

0815134

Ciuffreda K, Kapoor N, Rutner D, Suchoff I, Han M, Craig S. Occurrence of
oculomotor dysfunctions in acquired brain injury: a retrospective analysis.
Optometry. 2007;78(4):155-161.

Clark L. A Comparison of the speed characteristics of elite rugby league players
by grade and position. Strength Cond Coach 2002; 10:2-12.

Clark T, King D. Incidence of training injuries in a New Zealand amateur rugby
league team over three consecutive years. Unpublished data. 2012.

Cobb B, Urban J, Davenport E, et al. Head impact exposure in youth football:
Elementary school ages 9—12 years and the effect of practice structure. Ann
Biomed Eng. 2013;21(12):2463-2473.

Cohen J. A coefficient of agreement for nominal scales. Educ Psychol Meas.
1960; 20(1):37-46.

Coldren R, Kelly M, Parrish R, Dretsch M, Russell M. Evaluation of the Military
Acute Concussion Evaluation for use in combat operations more than 12 hours
after injury. Mil Med. 2010;175(7):477-481.

Colley R, Garriguet D, Janssen I, Craig C, Clarke J, Tremblay M. Physical activity
of Canadian adults: accelerometer results from the 2007 to 2009 Canadian Health
Measures Survey. Health Rep. 2011;22(1):7-14.

Collie A, Maruff P, Makdissi M, McCrory P, McStephen M, Darby D. CogSport:
reliability and correlation with conventional cognitive tests used in post
concussion medical evaluations. Clin J Sports Med. 2003;13(1):28-32.

Collie A, Maruff P, Makdissi M, McStephen M, Darby D, McCrory P. Statistical
procedures for determining the extent of cognitive change following concussion.
Br J Sports Med. 2004;38(3):273-278.

Collins M, Grindel S, Lovell M, et al. Relationship between concussion and
neuropsychological performance in college football players. J Am Med Soc.
1999;282(10):964-970.

Colorado Medical Society. Report of the Sports Medicine Committee: Guidelines
for the Management of Concussions in Sport (Revised). Denver: Colorado
Medical Society; 1991.

Colvin A, Mullen J, Lovell M, West R, Collins M, Groh M. The role of concussion
history and gender in recovery from soccer-related concussion. Am J Sports Med.
2009;37(9):1699-1704.

Committee on Head Injury Nomenclature of Congress of Neurological Surgeons.
Glossary of head injury, including some definitions of injury to the cervical spine.
Clin Neurosurg. 1966;12:386-394.

Conidi F. Sports-related concussion: the role of the headache specialist.
Headache. 2012;52(s1):15-21.

Corcoran PDE. An Introduction to KFC Kiwi Kids League: Mini League - Mod
League. 4th ed: Australian Rugby League; 1999.

Cournoyer J, Tripp B. Concussion knowledge in high school football players. J
Athl Train. 2014;49(5):654-658.

Coutts A, Reaburn P, Abt G. Heart rate, blood lactate concentration and estimated
energy expenditure in a semi-professional rugby league team during a match: a
case study. J Sports Sci 2003; 21:97-103.

Covassin T, Elbin III R. The cognitive effects and decrements following
concussion. Open J Sports Med. 2010;1(1):55-61.

Covassin T, Elbin III R. The female athlete: the role of gender in the assessment
and management of sport-related concussion. Clin Sports Med. 2011;30(1):125-
131.

- 169 -



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

0815134

Covassin T, Elbin III R, Sarmiento K. Educating coaches about concussion in
sports: evaluation of the CDC's "Heads Up Concussion in Youth Sports" initiative.
J School Health. 2012;82(5):233-238.

Covassin T, Elbin III R, Stiller-Ostrowski J. Current sport-related concussion
teaching and clinical practices of sports medicine professionals. J Athl Train.
2009;44(4):400-404.

Covassin T, Elbin R, Crutcher B, Burkhart S. The management of sport-related
concussion: considerations for male and female athletes. Transl Stroke Res.
2012;4(4):420-424.

Covassin T, Elbin R, Harris W, Parker T, Kontos A. The role of age and sex in
symptoms, neurocognitive performance, and postural stability in athletes after
concussion. Am J Sports Med. 2012;40(6):1303-1312.

Covassin T, Elbin R, Larson E, Kontos A. Sex and age differences in depression
and baseline sport-related concussion neurocognitive performance and symptoms.
Clin J Sport Med. 2012;22(2):98-104.

Covassin T, Stearne D, Elbin III R. Concussion history and postconcussive
neurocognitive performance and symptoms in collegiate athletes. J Athl Train.
2008;43(2):119-124.

Covassin T, Swanik C, Sachs M. Sex differences and the incidence of concussions
among collegiate athletes. J Athl Train. 2003;38(3):238-244.

Covassin T, Swanik C, Sachs M, et al. Sex differences in baseline
neuropsychological function and concussion symptoms of collegiate athletes. Br
J Sports Med. 2006;40(11):923-927.

CriscoJ, ChuJ, Greenwald R. An algorithm for estimating acceleration magnitude
and impact location using multiple nonorthogonal single-axis accelerometers. J
Biomech Eng. 2004;126(6):849-854.

Crisco J, Fiore R, Beckwith J, et al. Frequency and location of head impact
exposures in individual collegiate football players. J Athl Train. 2010;45(6):459-
559.

Crisco J, Wilcox B, Beckwith J, et al. Head impact exposure in collegiate football
players. J Biomech. 2011; 44(15):2673-2678.

Crisco J, Wilcox B, Machan J, et al. Magnitude of head impact exposures in
individual collegiate football players. J Appl Biomech. 2012;28(2):174-183.
Cushman J, Agarwal N, Fabian T, et al. Practice management guidelines for the
management of mild traumatic brain injury: The EAST practice management
guidelines work group. J Trauma. 2001;51(5):1016-1026.

Daneshvar D, Baugh C, Nowinski C, McKee A, Stern R, Cantu R. Helmets and
mouthguards: the role of personal equipment in preventing sport-related
concussions. Clin Sports Med. 2011;30(1):145-163.

Daneshvar D, Nowinski C, McKee A, Cantu R. The epidemiology of sport-related
concussion. Clin Sports Med. 2011;30(1):1-17.

Daniel R, Rowson S, Duma S. Head impact exposure in youth football. Ann
Biomed Eng. 2012;40(4):976-981.

Daniel R, Rowson S, Duma S. Head impact exposure in youth football: Middle
school ages 12-14 years. J Biomech Eng. 2014;136(9):094501-094506.

Darling S, Leddy J, Baker J, et al. Evaluation of the Zurich guidelines and exercise
testing for return to play in adolescents following concussion. Clin J Sport Med.
2014;24(2):128-133.

Dashnaw M, Petraglia A, Bailes J. An overview of the basic science of concussion
and subconcussion: Where we are and where we are going. Neurosurg Focus.
2012;33(6):ES.

-170 -



119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

0815134

Davidson R. Schoolboy rugby injuries, 1969-1986. Med J Aust. 1987;147(3):119-
120.

Davies E, Henderson S, Balcer L, Galetta S. Residency training: The King-Devick
test and sleep deprivation: Study in pre- and post-call neurology residents.
Neurology. 2012;78(17):e103-e106.

Davis G, Makdissi M. Concussion tests: clarifying potential confusion regarding
sideline assessment and cognitive testing. Br J Sports Med. 2012;46(14):959-960.
Davis G, Purcell L. The evaluation and management of acute concussion differs
in young children. Br J Sports Med. 2013;doi: 10.1136/bjsports-2012-092132.
De Beaumont L, Brisson B, Lassonde M, Jolicoeur P. Long-term
electrophysiological changes in athletes with a history of multiple concussions.
Brain Inj. 2007;21(6):631-644.

De Beaumont L, Henry L, Gosselin N. Long-term functional alterations in sports
concussion. Neurosurg Focus. 2012;33(6):E8.

Deeks J, Higgins J. Statistical algorithms in Review Manager 5 In: Deeks J,
Higgins J, eds. Cochrane Handbook for Systematic Reviews of Interventions The
Cochrane Collaboration; 2010.

DeKosky S, Ikonomovic M, Gandy S. Traumatic brain injury - football, warfare,
and long-term effects. N Engl J Med. 2010;363(14):1293-1296.

Delaney J, Lacroix V, Leclerc S, Johnston K. Concussions during the 1997
Canadian football league season. Clin J Sport Med. 2000;10(1):9-14.

Delaney J, Lacroix V, Leclerc S, Johnston K. Concussions among university
football and soccer players. Clin J Sport Med. 2002;12(6):331-338.

Delaney J, Puni V, Rouah F. Mechanisms of Injury for Concussions in University
Football, Ice Hockey, and Soccer: A Pilot Study. Clin J Sports Med. 2006;
16(2):162-165.

DeMatteo C, McCauley D, Stazyk K, et al. Post-concussion return to play and
return to school guidelines for children and youth: a scoping methodology. Disabil
Rehabil. 2014:1-6.

DeMatteo C, Stazyk K, Giglia L, et al. A balanced protocol for return to school
for children and youth following concussive injury. Clin Pediatr. 2015.
Denny-Brown D, Russell W. Experimental cerebral concussion. Brain.
1940;64(2-3):93-164.

DeSouza J, Menon R, Everling S. Preparatory set associated with pro-saccades
and anti-saccades in humans investigated with event-related fMRI. J
Neurophsyiol. 2003;89(2):1016-1023.

Dhawan P, Starling A, Tapsell L, et al. King-Devick test identifies symptomatic
concussion in real-time and asymptomatic concussion over time. (S11.003).
Neurology. 2014;82(10 Supplement):S11.003.

Dick R. Is there a gender difference in concussion incidence and outcomes? Br J
Sports Med 2009;43(Suppl 1):146-150.

Doane D, Seward L. Measuring skewness: A forgotten statistic? J Stat Ed. Vol
19; 2011:1-18.

Dompier T, Powell J, Barron M, Moore M. Time-loss and non-time-loss injuries
in youth football players. J Athl Train. 2007; 42(3):395-402.

Doolan A, Day D, Maerlender A, Goforth M, Brolinson P. A review of return to
play issues and sports-related concussion. Ann Biomed Eng. 2012;40(1):106-113.
Duenas M, Whyte G, Jandial R. Sideline concussion testing in high school football
on Guam. Vol 5; 2014.

Duhaime A-C, Beckwith J, Maerlender A, et al. Spectrum of acute clinical
characteristics of diagnosed concussions in college athletes wearing instrumented
helmets. J Neurosurg. 2012;117(6):1092-1099.

-171 -



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

15S.

156.

157.

158.

159.

160.

161.

162.

0815134

Duma S, Manoogian S, Bussone W, et al. Analysis of real-time head accelerations
in collegiate football players. Clin J Sport Med. 2005;15(1):3-8.

Dziemianowicz M, Kirschen M, Pukenas B, Laudano E, Balcer L, Galetta S.
Sports-related concussion testing. Curr Neurol Neurosci Rep. 2012;12(5):547-
559.

Echemendia R. Cerebral concussion in sport: an overview. J Clin Sports Psych.
2012;6(3):207-230.

Echemendia R, Giza C, Kutcher J. Developing guidelines for return to play:
Consensus and evidence-based approaches. Brain Inj. 2015;29(2):185-194.
Echemendia R, Herring S, Bailes J. Who should conduct and interpret the
neuropsychological assessment in sports-related concussion? Br J Sports Med.
2009;43(Suppl 1):132-i35.

Echemendia R, Iverson G, McCrea M, et al. Advances in neuropsychological
assessment of sport-related concussion. Br J Sports Med. 2013;47(5):294-298.
Echemendia R, Julian L. Mild traumatic brain injury in sports: neuropsychology’s
contribution to a developing field. Neuropsychol Rev. 2001;11(2):69-88.

Echlin P. Editorial: a prospective study of physician-observed concussion during
a varsity university ice hockey season. Part 1 of 4. Neurosurg Focus.
2012;33(6):E1.

Eckner J, Kutcher J. Concussion symptoms scales and sideline assessment tools:
a critical literature update. Curr Sports Med Rep. 2010;9(1):8-15.

Eckner J, Sabin M, Kutcher J, Broglio SP. No evidence for a cumulative impact
effect on concussion injury threshold. J Neurotrauma. 2011;28(10):2079-2090.
Edwardson C, Gorely T. Epoch length and its effect on physical activity intensity.
Med Sci Sport Exerc. 2010;42(5):928-934.

Elbin R, Covassin T, Henry L, Whalen D, Wedge J, Kontos A. Sport-related
concussion: "how many is too many?". Transl Stroke Res. 2012;4(4):425-431.
Ellemberg D, Henry L, Macciocchi S, Guskiewicz K, Broglio S. Advances in
sport concussion assessment: from behavioral to brain imaging measures. J
Neurotrauma. 2009;26(12):2365-2382.

Elwood M. Critical apprasial of epidemiological studies and clinical trials. 3rd
ed. New York: Oxford University Press Inc.; 2007.

Emery C, Kang J, Shrier I, et al. Risk of injury associated with bodychecking
experience among youth hockey players. Can Med Assoc J. 2011;183(11):1249-
1256.

Erlander D, Kutner K, Barth J, Barnes R. Neuropsychology of sports-related head
injury: dementia pugilistica to post concussion syndrome. Clin Neurophysiol.
1999;13(2):193-2009.

Erlanger D. Exposure to sub-concussive head injury in boxing and other sports.
Brain Inj. 2015;29(2):171-174.

Erlanger D, Saliba E, Barth J, Almquist J, Webright W, Freeman J. Monitoring
resolution of postconcussion symptoms in athletes: preliminary results of a web-
based neuropsychological test protocol. J Athl Train. 2001;36(3):280-287.
Esposito G, Van Horn J, Weinberger D, Berman K. Gender differences in cerebral
blood flow as a function of cognitive state with PET. J Nucl Med. 1996;37(4):559-
564.

Estell J, Shenstone B, Barnsley L. Frequency of Injuries in different age-groups
in an elite rugby league club. Aust J Sci Med Sport 1995; 27(4):95-97.

Evenson K, Terry J. Assessment of differing definitions of accelerometer nonwear
time. Res Q Exerc Sport. 2012;80(2):355-362.

Falcous M. Rugby league in the national imaginary of New Zealand Aotearoa.
Sport Hist 2007; 27(3):423-446.

-172 -



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

0815134

Feddermann-Demont N, Straumann D, Dvofdk J. Return to play management
after concussion in football: recommendations for team physicians. J Sports Sci.
2014:1-12.

Fenner H, Thomas D, Gennarelli T, et al. Final report of workshop on criterion
for head injury in helmet standards. Milwaukee Wisconsin: Medical College of
Wisconsin / Snell Memorial Foundation; 2005.

Field M, Collins M, Lovell M, Maroon J. Does age play a role in recovery from
sports related concussion? A comparison of high school and collegiate athletes. J
Pediatr. 2003;142(5):546-553.

Finch C. A new framework for research leading to sports injury prevention. J Sci
Med Sport 2006; 9(1):3-9.

Finnoff J, Jelsing E, Smith J. Biomarkers, genetics, and risk factors for
concussion. PM& R. 2011; 3(10, S2):S452-S459.

Fréchede B, McIntosh A. Numerical reconstruction of real-life concussive
football impacts Med Sci Sport Exerc. 2009; 41(2):390-398.

Friedenreich C. Methods for pooled analyses of epidemiologic studies.
Epidemiology. 1993; 4(4):295-302.

Frommer L, Gurka K, Cross K, Ingersoll C, Comstock R, Saliba S. Sex differences
in concussion symptoms of high school athletes. J Athl Train. 2011;46(1):76-84.
Fuller C, Ashton T, Brooks J, Cancea R, Hall J, Kemp S. Injury risks associated
with tackling in rugby union. Br J Sports Med. 2010; 44(3):159-167.

Fuller C, Ekstrand J, Junge A, et al. Consensus statement on injury definitions and
data collection procedures in studies of football (soccer) injuries. Br J Sports Med
2006;40(3):193-201.

Fuller C, Molloy M, Bagate C, et al. Consensus statement on injury definitions
and data collection procedures for studies of injuries in rugby union. Clin J Sports
Med 2007;17(3):177-181.

Funk J, Rowson S, Daniel R, Duma S. Validation of concussion risk curves for
collegiate football players derived from HITS data. Ann Biomed Eng.
2011;40(1):79-89.

Gabbett T. Incidence, site, and nature of injuries in amateur rugby league over
three consecutive seasons. Br J Sports Med 2000; 34(2):98-103.

Gabbett T. Incidence of injury in amateur rugby league sevens. Br J Sports Med
2002; 36(1):23-27.

Gabbett T. Influence of physiological characteristics on selection in a semi-
professional first grade rugby league team: A case study. J Sports Sci 2002;
20(5):399-406.

Gabbett T. Training injuries in rugby league: An evaluation of skill-based
conditioning games. J Strength Cond Res 2002; 16(2):236-241.

Gabbett T. Incidence of injury in semi professional rugby league players. Br J
Sports Med 2003; 37(1):36-44.

Gabbett T. Incidence of injury in junior and senior rugby league players. Sports
Med 2004; 34(12):849-859.

Gabbett T. Influence of injuries on team playing performance in rugby league. J
Sci Med Sport 2004; 7(3):340-346.

Gabbett T. Influence of training and match intensity on injuries in rugby league.
J Sports Sci 2004; 22(5):409-417.

Gabbett T. Reductions in pre-season training loads reduce training injury rates in
rugby league players. Br J Sports Med 2004; 38(6):743-749.

Gabbett T. Influence of playing position on the site, nature and cause of rugby
league injuries. J Strength Cond Res 2005; 19(4):749-755.

-173 -



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

0815134

Gabbett T. Science of rugby league football: A review. J Sports Sci 2005;
23(9):961-976.

Gabbett T. Physiological and anthropometric characteristics of elite women rugby
league players. J Strength Cond Res 2007; 21(3):875-881.

Gabbett T. Incidence of injury in junior rugby league players over four
competitive seasons. J Sci Med Sport 2008; 11(3):323-328.

Gabbett T. Physiological and anthropometric correlates of tackling ability in
rugby league players. J Strength Cond Res. 2009; 23(2):540-548.

Gabbett T, Domrow N. Risk factors for injury in subelite rugby league players.
Am J Sports Med 2005; 33(3):428-434.

Gabbett T, Domrow N. Relationships between training load, injury, and fitness in
sub-elite collision sport athletes. J Sports Sci 2007; 25(13):1507-1519.

Gabbett T, Godbolt R. Training injuries in professional rugby league. J Strength
Cond Res. 2010; 24(7):1948-1953.

Gabbett T, Jenkins D. Relationship between training load and injury in
professional rugby league players. J Sci Med Sport. 2011; 14(3):204-209.
Gabbett T, Jenkins D, Abernethy B. Physical collisions and injury during
professional rugby league skills training. J Sci Med Sport. 2010; 13(6):578-583.
Gabbett T, Jenkins D, Abernethy B. Physical collisions and injury in professional
rugby league match-play. J Sci Med Sport. 2011; 14(3):210-215.

Gabbett T, Kelly J, Pezet T. A comparison of fitness and skill among playing
positions in sub-elite rugby league players. J Sci Med Sport 2008;11(6):585-592.
Gabbett T, King T, Jenkins D. Applied physiology of rugby league. Sports Med
2008; 38(2):119-138.

Gabbett T, Minbashian A, Finch C. Influence of environmental and ground
conditions on injury risk in rugby league. J Sci Med Sport 2007; 10(4):211-218.
Gabbett T, Ullah S, Finch C. Identifying risk factors for contact injury in
professional rugby league players — Application of a frailty model for recurrent
injury. J Sci Med Sport. 2012;in print.

Gabbett TJ. The development and application of an injury prediction model for
noncontact, soft-tissue injuries in elite collision sport athletes. J Strength Cond
Res. 2010; 24(10):2593-2603

Gabbett TJ, Ullah S, Jenkins D, Abernethy B. Skill qualities as risk factors for
contact injury in professional rugby league players. J Sport Sci. 2012;
30(13):1421-1427.

Gadd C. Use of a weighted impulse criterion for establishing injury hazard. Paper
presented at: Proceedings of the 10th STAPP Car rash conference, Society of
Automotive Engineers, 1966; New York.

Galetta K, Barrett J, Allen M, et al. The King-Devick test as a determinant of head
trauma and concussion in boxers and MMA fighters. Neurology.
2011;76(17):1456-1462.

Galetta K, Brandes L, Maki K, et al. The King-Devick test and sports-related
concussion: Study of a rapid visual screening tool in a collegiate cohort. J Neurol
Sci. 2011;309(1-2):34-39.

Galetta K, Liu M, Leong D, Ventura R, Galetta S, Balcer L. The King-Devick test
of rapid number naming for concussion detection: meta-analysis and systematic
review of the literature. Concussion. 2015;doi: 10.2217/cnc.15.8.

Galetta K, Morganroth J, Moehringer N, et al. Adding vision to concussion
Testing: A prospective study of sideline testing in youth and collegiate athletes. J
Neuroophthalmol. 2015;doi: 10.1097/wno.0000000000000226.

-174 -



206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222,

223.

224,

0815134

Galetta M, Galetta K, McCrossin J, et al. Saccades and memory: baseline
associations of the King—Devick and SCAT2 SAC tests in professional ice hockey
players. J Neurol Sci. 2013;328(1-2):28-31.

Gardner A, Iverson G, Levi C, et al. A systematic review of concussion in rugby
league. Br J Sports Med. 2014.

Gasquoine P. Historical perspectives on postconcussion symptoms. Clin
Neurophysiol. 1998;12(3):315-324.

Gavett B, Stern R, McKee A. Chronic traumatic encephalopathy: A potential late
effect of sport-related concussive and subconcussive head trauma. Clin Sports
Med. 2011;30(1):179-188.

Genuardi F, King W. Inappropriate discharge instructions for youth athletes
hospitalized for concussion. Pediatrics. 1995;95(2):216-218.

Gerrard D, Waller A, Bird Y. The New Zealand rugby injury and performance
project: II. Previous injury experience of a rugby-playing cohort. Br J Sports Med
1994; 28(4):229-233.

Gessel L, Fields S, Collins C, Dick R, Comstock R. Concussions among United
States high school and collegiate athletes. J Athl Train. 2007;42(4):495-503.
Ghasemi A, Zahediasl S. Normality tests for statistical Analysis: A guide for non-
statisticians Int J Endocrinol Metab. 2012;10(2):486-489.

Giacco D, McCabe R, Kallert T, Hansson L, Fiorillo A, Priebe S. Friends and
symptom dimensions in patients with psychosis: A pooled analysis. PLoS ONE.
2012; 7(11):e50119.

Gianotti S, Hume P. Concussion sideline management intervention for rugby
union leads to reduced concussion entitlement claims. Neuro Rehab.
2007;22(3):181-189.

Gianotti S, Hume P. A cost-outcome approach to pre and post-implementation of
national sports injury prevention programmes. J Sci Med Sport 2007;10(6):436-
446.

Gianotti S, Marshall S, Hume P, Bunt L. Incidence of anterior cruciate ligament
injury and other knee ligament injuries: A national population-based study. J Sci
Sport Med 2009;12(6):622-627.

Gibbs N. Injuries in professional rugby league. A three-year prospective study of
the South Sydney professional rugby league football club. Am J Sports Med 1993;
21(5):696-700.

Gibbs N. Common rugby league injuries: Recommendations for treatment and
preventative measures. Sports Med 1994; 18(6):438-450.

Giebel S, Kothari R, Koestner A, Mohney G, Baker R. Factors influencing
emergency medicine physicians’ management of sports-related concussions: A
community-wide study. J Emerg Med. 2011;41(6):649-654.

Gilchrist A, Mills NJ. Protection of the side of the head. Accid Anal Prev.
1996;28(4):525-535.

Gioia G, Vaughan C, Sady M. Developmental considerations in pediatric
concussion evaluation and management. In: Apps J, Walter K, eds. Pediatric and
adolescent concussion: diagnosis, management and outcomes. New York:
Springer Science+Business Media; 2012:151-176.

Gissane C, Hodgson L, Jennings D. Time-loss injuries versus non—time-loss
injuries in the first team rugby league football: A pooled data analysis. Clin J
Sport Med. 2012; 22(5):414-417.

Gissane C, Jennings D, Jennings S, White J, Kerr K. Physical collisions and injury
rates in professional super league rugby, the demands of different player positions.
Clev Med J 2001; 4:147-155.

-175 -



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

23s.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

0815134

Gissane C, Jennings D, Kerr K, White J. A pooled data analysis of injury
incidence in rugby league football. Sports Med 2002; 32(3):211-216.

Gissane C, Jennings D, Kerr K, White J. Injury rates in rugby league football:
Impact of change in playing season. Am J Sports Med 2003; 31(6):954-958.
Gissane C, Jennings D, Standing P. Incidence of injury in rugby league football.
Physio 1993; 79:305-310.

Gissane C, Jennings D, White J, Cumine A. Injury in summer rugby league
football: the experiences of one club. Br J Sports Med 1998; 32(2):149-152.
Gissane C, White J, Kerr K, Jennings D. An operational model to investigate
contact sports injuries. Med Sci Sports Exerc 2001; 33(12):1999-2003.

Gissane C, White J, Kerr K, Jennings D. Physical collisions in professional rugby
league: The demands on different player positions. Clev Med J. 2001; 4:137-146.
Giza C, DiFiori J. Pathophysiology of sport-related concussion: an update on
basic science and translational research. Sports Health: Multidiscip Approach.
2011;3(1):46-51.

Giza C, Hovda D. The neurometabolic cascade of concussion. J Athl Train.
2001;36(3):228-235.

Giza C, Hovda D. The new neurometabolic cascade of concussion. Neurosurg.
2014;75(54):S24-S33.

Giza C, Kutcher J, Ashwal S, et al. Summary of evidence-based guideline update:
evaluation and management of concussion in sports: report of the Guideline
Development Subcommittee of the American Academy of Neurology. Neurology.
2013;80(24):2250-2257.

Goodman D, Gaetz M, Meichenbaum D. Concussions in hockey: There is cause
for concern. Med Sci Sports Exerc. 2001; 33(12):2004-2009.

Goodrich G, Flyg H, Kirby J, Chang C, Martinsen G. Mechanisms of TBI and
visual consequences in military and veteran populations. Optom Vis Sci.
2013;90(2):105-112.

Gordon KE, Dooley JM, Wood EP. Is migraine a risk factor for the development
of concussion? Br J Sports Med. 2006;40(2):184-185.

Grady M, Master C, Gioia G. Concussion pathophysiology: rationale for physical
and cognitive rest. Pediatr Annals. 2012;41(9):377-378.

Graham C, Rainer T. Utility of S100B in head injury care Annals Emerg Med.
2013;61(1):120-121.

Greenwald R, Chu J, Beckwith J, Crisco J. A proposed method to reduce
underreporting of brain injury in sports. Clin J Sport Med. 2012;22(2):83-85.
Greenwald R, Gwin J, Chu J, Crisco J. Head impact severity measures for
evaluating mild traumatic brain injury risk exposure. Neurosurgery.
2008;62(4):789-798.

Greenwood B. 1908: The year rugby league came to New Zealand. Sport Hist
2007; 27(3):343-363.

Grindel S, Lovell M, Collins M. The assessment of sport-related concussion: The
evidence behind neuropsychological testing and management. Clin J Sports Med.
2001;11(3):134-143.

Gronwall D, Wrightson P. Cumulative effect of concussion. Lancet.
1975;2(7943):995-997.

Gualtieri C, Johnson L. Reliability and validity of a computerized neurocognitive
test battery, CNS vital signs. Arch Clin Neuropsychol. 2006;21(7):623-643.
Guilmette T, Malia L, McQuiggan D. Concussion understanding and management
among New England high school football coaches. Brain Inj. 2007;21(10):1039-
1047.

-176 -



247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

0815134

Guskiewicz K, Broglio S. Sport-related concussion: On-field and sideline
assessment. Phys Med Rehab Clinics North Am. 2011;22(4):603-617.
Guskiewicz K, Cantu R. The concussion puzzle: Evaluation of sport-related
concussion. Am J Med Sports. 2004;6(1):13-21.

Guskiewicz K, Marshall S, Bailes J, et al. Association between recurrent
concussion and late-life cognitive impairment in retired professional football
players. Neurosurgery. 2005;57(4):719-726.

Guskiewicz K, Marshall S, Bailes J, et al. Recurrent concussion and risk of
depression in retired professional football players. Med Sci Sports Exerc.
2007;39(6):903-9009.

Guskiewicz K, McCrea M, Marshall S, et al. Cumulative effects associated with
recurrent concussion in collegiate football players: The NCAA concussion study.
J Am Med Assoc. 2003;290(19):2549-2555.

Guskiewicz K, Mihalik J. The biomechanics and pathomechanics of sport-related
concussion: foundations of sport-related brain injuries. In: Slobounov S,
Sebastianelli W, eds. Foundations of sport-related brain injuries. New York:
Springer 2006:65-83.

Guskiewicz K, Mihalik J. Biomechanics of sport concussion: Quest for the elusive
injury threshold. Exerc Sport Sci Rev. 2011;39(1):4-11.

Guskiewicz K, Mihalik J, Shankar V, et al. Measurement of head impacts in
collegiate football players: relationship between head impact biomechanics and
acute clinical outcome after concussion. Neurosurgery. 2007;61(6):1244-1253.
Guskiewicz K, Register-Mihalik J, McCrory P, et al. Evidence-based approach to
revising the SCAT2: introducing the SCAT3. Br J Sports Med. 2013;47(5):289-
293.

Guskiewicz K, Weaver N, Padua D, Garrett W. Epidemiology of concussion in
collegiate and high school football players. Am J Sports Med 2000;28(5):643-650.
Gysland S, Mihalik J, Register-Mihalik J, Trulock S, Shields E, Guskiewicz K.
The relationship between subconcussive impacts and concussion history on
clinical measures of neurologic function in collegiate football players. Ann
Biomed Eng. 2012;40(1):14-22.

Halstead M. Historical perspectives on concussion. In: Apps J, Walter K, eds.
Pediatric and adolescent concussion: Diagnosis, management and outcomes.
New York, NY: Springer; 2012:3-7.

Halstead M, Walter K. Clinical report - sport-related concussion in children and
adolescents. Pediatrics. 2010; 126(3):597-611.

Halstead M, Walter K, The Council on Sports Medicine Fitness. Clinical report-
sport-related  concussion in children and adolescents. Pediatrics.
2010;126(3):597-615.

Hanlon E, Bir C. Real-time head acceleration measurements in girls youth soccer.
Med Sci Sports Exerc. 2012;44(6):1102-1108.

Haran H, Bressan S, Oakley E, Davis G, Anderson V, Babl F. On-field
management and return-to-play in sports-related concussion in children: Are
children = managed appropriately? J Sci Med Sport.  2015;doi:
10.1016/j.jsams.2015.02.009.

Harmon K, Drezner J, Gammons M, et al. American Medical Society for sports
medicine position statement: Concussion in sport. Br J Sports Med.
2013;47(1):15-26.

Harpham J, Mihalik J, Littleton A, Frank B, Guskiewicz K. The effect of visual
and sensory performance on head impact biomechanics in college football
players. Ann Biomed Eng. 2013;DOI: 10.1007/s10439-013-0881-8.

-177 -



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

271.

278.

279.

280.

281.

282.

283.

284.

0815134

Harpham J, Mihalik J, Littleton A, Frank B, Guskiewicz K. The effect of visual
and sensory performance on head impact biomechanics in college football
players. Ann Biomed Eng. 2014;42(1):1-10.

Harris A, Voaklander D, Jones C, Rowe B. Time-to-subsequent head injury from
sports and recreation activities. Clin J Sport Med. 2012;22(2):91-97.

Harvey D, Freeman J, Broshek D, Barth J. Sports injuries. In: Silver J, McAllister
T, Yudofsky S, eds. Textbook of traumatic brain injury. 2nd ed. London:
American Psychiatric Publishing, Inc.; 2011:427-438.

Hasselman C, Best T, Seaber A, Garrett W. A threshold and continuum of injury
during active stretch of rabbit skeletal muscle. Am J Sports Med. 1995;23(1):65-
73.

Heitger M, Anderson T, Jones R. Saccade sequences as markers for cerebral
dysfunction following mild closed head injury. In: J. Hyona DPMWH, Radach R,
eds. Progress in Brain Research. Vol 140: Elsevier; 2002:433-448.

Heitger M, Jones R, Anderson T. A new approach to predicting postconcussion
syndrome after mild traumatic brain injury based upon eye movement function.
Paper presented at: Conference Proceedings of the IEEE Engineering in Medicine
and Biology Society, 2008; Vancouver, BC.

Heitger M, Jones R, MacLeod A, Snell D, Frampton C, Anderson T. Impaired eye
movements in post-concussion syndrome indicate suboptimal brain function
beyond the influence of depression, malingering or intellectual ability. Brain.
2009;132(10):2850-2870.

Hernandez F, Wu L, Yip M, et al. Six degree-of-freedom measurements of human
mild traumatic brain injury. Ann Biomed Eng. 2015;doi: 10.1007/s10439-014-
1212-4.

Hinton-Bayre A, Geffen G, Friis P. Presentation and mechanisms of concussion
in professional rugby league football. J Sci Med Sport 2004; 7(3):400-404.
Hodgson L. Working in sport and exercise medicine - be prepared! Part 2. SportEx
Med. 2011;48(April):24-34.

Hodgson L, Standen P, Batt M. An analysis of injury rates after seasonal change
in rugby league. Clin J Sports Med 2006; 16(4):305-310.

Hodgson Phillips L, Standen P, Batt M. Effects of seasonal change in rugby league
on the incidence of injury. Br J Sports Med 1998; 32(2):144-148.

Holburn A. Mechanics of head injuries. Br Med Bull. 1945;3(6):147-149.

Hollis S, Stevenson M, Mclntosh A, et al. Mild traumatic brain injury among a
cohort of rugby union players: predictors of time to injury. Br J Sports Med.
2011;doi. 10.1136/bjsm.2010.079707.

Hollis S, Stevenson M, MclIntosh A, Shores E, Collins M, Taylor C. Incidence,
risk, and protective factors of mild traumatic brain injury in a cohort of Australian
nonprofessional male rugby players. Am J Sports Med. 2009;29(12):2328-2333.
Hollis S, Stevenson M, Mclntosh A, Shores E, Finch C. Compliance with return-
to-play regulations following concussion in Australian schoolboy and community
rugby union players. Br J Sports Med. 2011;do1:10.1136/bjsm.2011.085332
Hootman J, Dick R, Agel J. Epidemiology of collegiate injuries for 15 sports:
summary and recommendations for injury prevention initiatives. J Athl Train.
2007;42(2):311-319.

Hopkins W, Marshall S, Batterham A, Hanin J. Progressive statistics for studies
in sports medicine and exercise science. Med Sci Sports Exerc 2009;41(1):3-12.
Hopkins W, Marshall S, Quarrie K, Hume P. Risk factors and risk statistics for
sports injuries. Clin J Sports Med 2007;17(3):208-210.

Hoskins W, Pollard H, Hough K, Tully C. Injury in rugby league. J Sci Med Sport
2006; 9(1-2):46-56.

-178 -



285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

0815134

Hunt T, Asplund C. Concussion assessment and management. Clin Sports Med.
2010;29(1):5-17.

Hunt T, Ferrara M, Bornstein R, Baumgartner T. The reliability of the modified
balance error scoring system. Clin J Sport Med. 2009;19(6):471-475

Iverson G. Predicting slow recovery from sport-related concussion: the new
simple-complex distinction. Clin J Sport Med. 2007;17(1):31-37.

Iverson G. Sport-related concussion. In: Schoenberg M, Scott J, eds. The little
black book of neuropsychology: A syndrome-based approach. 1st ed. New York:
Springer 2011:721-744.

Iverson G, Brooks B, Collins M, Lovell M. Tracking neuropsychological recovery
following concussion in sport. Brain Inj. 2006;20(3):245-252.

Iverson G, Brooks B, Lovell M, Collins M. No cumulative effects for one or two
previous concussions. Br J Sports Med 2006;40(1):72-75.

Iverson G, Gaetz M, Lovell M, Collins M. Cumulative effects of concussion in
amateur athletes. Brain Inj. 2004;18(5):433-443.

Iverson G, Lange R. Mild traumatic brain injury. In: Schoenberg M, Scott J, eds.
The little black book of neuropsychology: A syndrome-based approach. 1st ed.
New York: Springer; 2011:697-719.

John D, Sasaki J, Hickey A, Mavilia M, Freedson P. ActiGraph™ activity
monitors: “The firmware effect”. Med Sci Sport Exerc. 2014;46(4):834-839.
Johnson E, Kegel N, Collins M. Neuropsychological assessment of sport-related
concussion. Clin Sports Med. 2011;30(1):73-88.

Johnson M, Ferreira M, Hush J. Lumbar vertebral stress injuries in fast bowlers:
A review of prevalence and risk factors. Phys Ther Sport. 2012;13(1):45-52.
Johnston K, McCrory P, Mohtadi G, Meeuwisse W. Evidence-based review of
sport-related concussion: clinical science. Clin J Sports Med 2001;11(3):150-159.
Katayama Y, Becker D, Tamura T, Hovda D. Massive increases in extracellular
potassium and the indiscriminate release of glutamate following concussive brain
injury. J Neurosurg. 1990;73(6):889-900.

Kaut K, DePompei R, Kerr J, Congeni J. Reports of head injury and symptom
knowledge among college athletes: implications for assessment and educational
intervention. Clin J Sport Med. 2003;13(4):213-221.

Kavanagh J, Barrett R, Morrison S. Upper body accelerations during walking in
healthy young and elderly men. Gait Posture. 2004;20(3):291-298.

Kegel N, Lovell M. Methods of formal neurocognitive assessment of concussion.
In: Apps J, Walter K, eds. Pediatric and adolescent concussion: diagnosis,
management and outcomes. New York: Springer; 2012:117-131.

Kelly J, Nichols J, Filley C, Lillehei K, Rubinstein D, Kleinschmidt-DeMasters
B. Concussion in sports: guidelines for the prevention of catastrophic outcome. J
Am Med Assoc. 1991;266(20):2867-2869.

Kemble G, Ellis J. Getting Started in Coaching: Rugby League for the
Millennium. Christchurch: Moore Business Systems; 1999.

Kemp S, Hudson Z, Brooks J, Fuller C. The epidemiology of head injuries in
English professional rugby union. Clin J Sports Med 2008;18(3):227-234.

Kerr Z, Marshall S, Guskiewicz K. Reliability of concussion history in former
professional football players. Med Sci Sports Exerc. 2012;44(3):377-382.
Khurana V, Kaye A. An overview of concussion in sport. J Clin Neurosci.
2012;19(1):1-11.

Killen N, Gabbett T, Jenkins D. Training loads and incidence of injury during the
preseason in professional rugby league players. J Strength Cond Res. 2010;
24(8):2079-2084.

-179 -



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

0815134

Kim Y, Beets M, Pate R, Blair S. The effect of reintegrating Actigraph
accelerometer counts in preschool children: Comparison using different epoch
lengths. J Sci Med Sport. 2013;16(2):129-134.

Kinart C, Cuppett M, Berg K. Prevalence of migraines in NCAA division 1 male
and female basketball players. Headache. 2002;42(7):620-629.

Kinchington M, Ball K, Naughton G. Effects of footwear on comfort and injury
in professional rugby league. J Sport Sci. 2011; 29(13):1407-1415.

King A, Yang K, Zhang L, Hardy W. Is head injury caused by linear or angular
acceleration? IRCOBI Conference. Lisbon, Portugal 2003:1-12.

King A, Yang K, Zhang L, Hardy W. Is Rotational Acceleration More Injurious
to the Brain Than Linear Acceleration? In: Hwang NC, Woo S-Y, eds. Frontiers
in Biomedical Engineering: Springer US; 2004:135-147.

King D. Incidence of injuries in the 2005 New Zealand national junior rugby
league competition. NZ J Sports Med 2006; 34(1):21-27.

King D. Injuries in the New Zealand Bartercard cup competition. Dunedin:
Department of Medicine and Surgery, University of Otago; 2007.

King D, Brughelli M, Hume P, Gissane C. Concussions in amateur rugby union
identified with the use of a rapid visual screening tool. J Neurol Sci. 2013;326(1-
2):59-63.

King D, Brughelli M, Hume P, Gissane C. Assessment, management and
knowledge of sport-related concussion: Systematic review. Sports Med.
2014;44(4):449-471.

King D, Clark T. Injuries in amateur representative rugby league over three years.
NZ J Sports Med. 2012; 39(2):48-51.

King D, Clark T, Gissane C. Use of a rapid visual screening tool for the
assessment of concussion in amateur rugby league: A pilot study. J Neurol Sci
2012;320(1-2):16-21.

King D, Gabbett T. Injuries in a national women’s rugby league tournament: An
initial investigation. NZ J Sports Med 2007; 34(2):18-22.

King D, Gabbett T. Training injuries in New Zealand amateur rugby league
players. J Sci Med Sport 2008; 11(6):562-565.

King D, Gabbett T. Amateur rugby league match injuries in New Zealand. NZ J
Sports Med 2009; 36(1):16-21.

King D, Gabbett T. Injuries in the New Zealand semi-professional rugby league
competition. NZ J Sports Med 2009; 36(1):6-15.

King D, Gabbett T, Dreyer C, Gerrard D. Incidence of injuries in the New Zealand
national rugby league sevens tournament. J Sci Med Sport 2006; 9(1-2):110-118.
King D, Gabbett T, Gissane C, Hodgson L. Epidemiological studies of injuries in
rugby league: Suggestions for definitions, data collection and reporting methods.
J Sci Med Sport 2009;12(1):12-19.

King D, Gissane C. Injuries in amateur rugby league matches in New Zealand: A
comparison between a division one and a division two premier grade teams. Clin
J Sports Med. 2009; 19(4):277-281.

King D, Gissane C, Brughelli M, Hume P, Harawira J. Sport-related concussions
in New Zealand: a review of 10 years of Accident Compensation Corporation
moderate to severe claims and costs. J Sci Med Sport. 2013;doi:
10.1016/j.jsams.2013.05.007.

King D, Gissane C, Brughelli M, Hume P, Harawira J. Sport-related concussions
in New Zealand: A review of 10 years of Accident Compensation Corporation
moderate to severe claims and costs. J Sci Med Sport. 2014;17(3):250-255.

-180 -



327.

328.

329.

330.

331.

332.

333.

334.

33s.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

0815134

King D, Gissane C, Clark T. Concussion in amateur rugby league players in New
Zealand: A review of player concussion history. NZ J Sports Med. 2014;40(2):8-
13.

King D, Gissane C, Clark T, Marshall S. The incidence of match and training
injuries in rugby league: a pooled analysis of published studies. int J Sport Sci
Coach. 2014;9(2):417-431.

King D, Gissane C, Hume P, Flaws M. The King—Devick test was useful in
management of concussion in amateur rugby union and rugby league in New
Zealand. J Neurol Sci. 2015;351(1-2):58-64.

King D, Hume P, Brughelli M, Gissane C. Instrumented mouthguard acceleration
analyses for head impacts in amateur rugby union players over a season of
matches. Am J Sports Med. 2015;43(3):614-624.

King D, Hume P, Clark T. First-aid and concussion knowledge of rugby league
team management, administrators and officials in New Zealand. NZ J Sports Med.
2010;37(2):52-68.

King D, Hume P, Clark T. Video analysis of tackles in professional rugby league
matches by player position, tackle height and tackle location. Int J Perform Anal
Sport. 2010; 10(3):214-254.

King D, Hume P, Clark T. The effect of player positional groups on the nature of
tackles that result in tackle-related injuries in professional rugby league matches.
J Sports Med Phys Fit. 2011; 51(3):435-443.

King D, Hume P, Clark T. Nature of tackles that result in injury in professional
rugby league. Res Sports Med. 2012; 20(2):87-105.

King D, Hume P, Gissane C, Clark T. Use of the King—Devick test for sideline
concussion screening in junior rugby league. J Neurol Sci. 2015.

King D, Hume P, Milburn P, Gianotti S. Rugby league injuries in New Zealand:
A review of 8 years of Accident Compensation Corporation injury entitlement
claims and costs. Br J Sports Med. 2009;43(8):595-602.

King D, Hume P, Milburn P, Gianotti S. Rugby league injuries in New Zealand:
Variations in injury claims and costs by ethnicity, gender, age, district, body site,
injury type and occupation. NZ J Sports Med 2009;36(2):48-55.

King D, Hume P, Milburn P, Guttenbeil D. Match and training injuries in rugby
league: A review of published studies. Sports Med. 2010; 40(2):163-178.

King D, Hume PA, Clark T. Nature of tackles that result in injury in professional
rugby league. Res Sports Med. 2011; in print.

Kirkwood M, Yeates K, Taylor H, Randolph C, McCrea M, Anderson V.
Management of pediatric mild traumatic brain injury: A neuropsychological
review from injury through recovery. Clin Neuropsychol. 2008;22(5):769-800.
Kirkwood M, Yeates K, Wilson P. Pediatric sport-related concussion: A review
of the clinical management of an oft-neglected population. Pediatrics.
2006;117(4):1359-1371.

Kleinberger M, Sun E, Eppinger R, S K, DSaul R. Development of improved
injury criteria for the assessment of advanced automotive restraint systems:
NHTSA; 1998.

Kleiven S. Influence of impact duration on the human head in prediction of
subdural hemotoma. J Neurotrauma. 2003; 20(4):365-379.

Kleiven S. Evaluation of head injury criteria using a finite element model
validated against experiments on localized brain motion, intracerebral
acceleration, and intracranial pressure. Int J Crashworthines. 2006;11(1):65-79.
Kleiven S. Predictors for traumatic brain injuries evaluated through accident
reconstructions. Stapp Car Crash J. 2007;51:81-117.

-181-



346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

0815134

Kleiven S. Why most traumatic brain injuries are not caused by linear acceleration
but skull fractures are. Front Bioeng Biotechnol. 2013;1:15.

Koh J, Cassidy J, Watkinson E. Incidence of concussion in contact sports: a
systematic review of the evidence. Brain Inj. 2003; 17(10):901-917.

Kontos A, Collins M, Russo S. An introduction to sports concussion for the sports
psychology consultant. J App Sport Psychol. 2004;16(3):220-235.

Kontos A, Covassin T, Elbin R, Parker T. Depression and neurocognitive
performance after concussion among male and female high school and collegiate
athletes. Arch Phys Med Rehab. 2012;93(10):1751-1756.

Kristman V, Tator C, Kreiger N, et al. Does the apolipoprotein ¢4 allele predispose
varsity athletes to concussion? A prospective cohort study. Clin J Sport Med.
2008;18(4):322-328.

Kroshus E, Garnett B, Hawrilenko M, Baugh C, Calzo J. Concussion under-
reporting and pressure from coaches, teammates, fans, and parents. Soc Sci Med.
2015;134(June):66-75.

Krumholtz I. Results from a pediatric vision screening and it ability to predict
academic performance. Optometry. 2000;71(7):426-430.

Kurowski B, Pomerantz W, Schaiper C, Gittelman M. Factors that influence
concussion knowledge and self-reported attitudes in high school athletes. J
Trauma Acute Care Surg. 2014;77(3):S12-S17.

Kutcher J, Eckner J. At-risk populations in sports related concussion. Curr Sports
Med Rep. 2010;9(1):16-20.

Kutcher J, McCrory P, Davis G, Ptito A, Meeuwisse W, Broglio S. What evidence
exists for new strategies or technologies in the diagnosis of sports concussion and
assessment of recovery? Br J Sports Med. 2013;47(5):299-303.

Laker S. Epidemiology of concussion and mild traumatic brain injury. PM & R.
2011;3(10, S2):S354-S358.

Landis J, Koch G. The measurement of observer agreement for categorical data.
Biometrics. 1977,33(1):159-174.

Langlois J, Rutland-Brown W, Wald M. The epidemiology and impact of
traumatic brain injury: a brief overview. J Head Trauma Rehabil. 2006;21(5):375-
378.

Lau B, Collins M, Lovell M. Sensitivity and specificity of subacute computerized
neurocognitive testing and symptom evaluation in predicting outcomes after
sports-related concussion. Am J Sports Med. 2011;39(6):1209-1216.

Laubscher J, Dijkstra H, Strydom G, Peters E. Academic consequences of very
mild and mild traumatic brain injuries in secondary school rugby players. Afr J
Phys Health Educ Recreat Dance. 2010;16(2):221-230.

Laurer H, Lenzlinger P, Mclntosh T. Models of traumatic brain injury. Eur J
Trauma. 2000;26(3):95-100.

Lebrun C, Mrazik M, Prasad A, et al. Sport concussion knowledge base, clinical
practises and needs for continuing medical education: a survey of family
physicians and cross-border comparison. Br J Sports Med. 2013;47(1):54-59.
Leclerc S, Lassonde M, Delaney J, Lacroix V, Johnston K. Recommendations for
grading of concussion in athletes. Sports Med. 2001;31(8):629-636.

Lee P. Data imputation for accelerometer-measured physical activity: the
combined approach. Am J Clin Nutr. 2013;97(5):965-971.

Len T, Neary J. Cerebrovascular pathophysiology following mild traumatic brain
injury. Clin Physiol Funct Imaging. 2011;31(2):85-93.

Len T, Neary J, Asmundson G, Goodman D, Bjornson B, Bhambhani Y.
Cerebrovascular reactivity impairment after sport-induced concussion. Med Sci
Sports Exerc. 2011;43(12):2241-2248.

-182 -



367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

3717.

378.

379.

380.

381.

382.

383.

384.

385.

0815134

Leong D, Balcer L, Galetta S, Liu Z, Master C. The King-Devick test as a
concussion screening tool administered by sports parents. J Sports Med Phys Fit.
2014;54(1):70-717.

Lewis E. Head injury and protection. In: Rainford D, Gradwell D, eds. Ernsting's
aviation medicine. Boca Ratoa, FL: CRC Press, Taylor & Francis Groupo;
2006:179-188.

Liberati A, Altman D, Tetzlaff J, et al. The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that evaluate healthcare
interventions: explanation and elaboration. Br Med J. 2009; 339:b2700.

Lin T, Adler C, Hentz J, Balcer L, Galetta S, Devick S. Slowing of number naming
speed by King—Devick test in Parkinson's disease. Parkinsonism Relat Disord.
2014;20(2):226-229.

Lincoln A, Caswell S, Almquist J, Dunn R, Norris J, Hinton R. Trends in
Concussion Incidence in High School Sports. Am J Sports Med. 2011; 39(5):958-
963.

Lincoln A, Caswell S, Almquist J, Dunn R, Norris J, Hinton R. Trends in
concussion incidence in high school sports: a prospective 11 year study. Am J
Sports Med. 2011;39(5):958-963.

Lindqvist K, Timpka T, Schelp L. Ten years of experiences from a participatory
community-based injury prevention program in Motala, Sweden. Public Health.
1996;110(6):339-346.

Lisberger S, Morris E, Tychsen L. Visual motion processing and sensory-motor
integration for smooth pursuit eye movements. Annu Rev Neurosci.
1987;10(1):97-129.

Lockett F. Biomechanics justification for emperical head impact tolerance
criteria. J Biomech. 1985;18(3):217-224.

Longhi L, Saatman K, Fujimoto S, et al. Temporal window of vulnerability to
repetitive experimental concussive brain injury. Neurosurgery. 2005;56(2):364-
374.

Loosemore M, Knowles C, Whyte G. Amateur boxing and risk of chronic
traumatic brain injury: systematic review of observational studies. BMJ.
2007;335(7624):809-812.

Lovell M. The management of sports-related concussion: current status and future
trends. Clin Sports Med. 2009;28(1):95-111.

Lovell M, Collins M, Bradley J. Return to play following sports-related
concussion. Clin Sports Med. 2004;23(3):421-441.

Lovell M, Collins M, Iverson G, et al. Recovery from mild concussion in high
school athletes. J Neurosurg. 2003;98(2):296-301.

Lovell M, Iverson G, Collins M, et al. Measurement of symptoms following
sports-related concussion: reliability and normative data for the post-concussion
scale. App Neuropsychol. 2006;13(3):166-174.

Lowenhielm P. Mathematical simulation of gliding contusions. J Biomech.
1975:8(6):351-356.

Lundy B, O'Connor H, Pelly F, Caterson I. Anthropometric characteristics and
competition dietary intakes of professional rugby league players. Int J Sport Nut
Ex Metab 2006; 16:199-213.

Lysens R, de Weerdt W, Nieuwboer A. Factors associated with injury proneness.
Sports Med. 1991;12(5):281-289.

Lythe M, Norton R. Rugby league injuries in New Zealand. NZ J Sports Med
1992; 20:6-7.

-183 -



386.

387.

388.

389.

390.

391.

392.

393.

39%4.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

0815134

Ma R, Miller C, Hogan M, Diduch B, Carson E, Miller M. Sports-related
concussion: assessment and management. J Bone Jt Surg Am. 2012;94(17):1618-
1627.

Macciocchi S, Barth J, Alves W, Rimel R, Jane J. Neuropsychological functioning
and recovery after mild head injury in collegiate athletes. Neurosurgery.
1996;39(3):510-514.

Macciocchi S, Barth J, Littlefield L, Cantu R. Multiple concussions and
neuropsychological functioning in collegiate football players. J Athl Train. 2001;
36(3):303-306.

Maddocks D, Dicker G, Saling M. The assessment of orientation following
concussion in athletes. Clin J Sports Med. 1995;5(1):32-35.

Makdissi M, Cantu R, Johnston K, McCrory P, Meeuwisse W. The difficult
concussion patient: what is the best approach to investigation and management of
persistent (>10 days) postconcussive symptoms? Br J Sports Med.
2013;47(5):308-313.

Makdissi M, Darby D, Maruff P, Ugoni A, Brukner P, McCrory P. Natural history
of concussion in sport: markers of severity and implications in sport. Am J Sports
Med. 2010;38(3):464-471.

Makdissi M, Davis G, Jordan B, Patricios J, Purcell L, Putukian M. Revisiting the
modifiers: how should the evaluation and management of acute concussions differ
in specific groups? Br J Sports Med. 2013;47(5):314-320.

Malcolm D. Medical uncertainty and clinician-athlete relations: the management
of concussion injuries in rugby union. Soc Sport J. 2009;26(2):191-210.

Marar M, Mcllvain N, Fields S, Comstock R. Epidemiology of concussions
among United States high school athletes in 20 sports. Am J Sports Med.
2012;40(4):747-755.

Marinides Z, Galetta K, Andrews C, et al. Vision testing is additive to the sideline
assessment of sports-related concussion. Neurol Clin Pract. 2014;5(1):25-34.
Marshall C. Sports-related concussion: a narrative review of the literature. J Can
Chiropr Assoc. 2012;56(4):299-310.

Marshall S, Spencer R. Concussion in rugby: The hidden epidemic. J Athl Train
2001;36(3):334-338.

Martini D, Eckner J, Kutcher J, Broglio S. Sub-concussive head impact
biomechanics: comparing differing offensive schemes. Med Sci Sport Exerc.
2013;45(4):755-761.

Master C, Gioia G, Leddy J, Grady M. Importance of 'return-to-learn’ in pediatric
and adolescent concussion. Pediatr Annals. 2012; 41(9):1-6.

Matser E, Kessels A, Lezak M, Jordan B, Troost J. Neuropsychological
impairment in amateur soccer players. J Am Med Assoc. 1999;282(10):971-973.
Mattson J, Schultz R, Goodman J, Anderson S, Garza D. Validation of a novel
mouth guard for measurement of linear and rotational accelerations during head
impacts. Clin J Sport Med. 2012;22(3):294.

Mc Allister-Detrick J, Covassin T, Gould D. Sport-related concussion knowledge
among youth football players. Athl Train Sports Health Care. 2014;6(6):280-284.
McCaffrey M, Mihalik J, Crowell D, Shields E, Guskiewicz K. Measurement of
head impacts in collegiate football players: clinical measures of concussion after
high- and low-magnitude impacts. Neurosurgery. 2007;61(6):1236-1243.
McCluskey A, Lalkhen A. Statistics II: Central tendency and spread of data.
Contin Educ Anaesth Crit Care Pain. 2007;7(4):127-130.

McCrea M. Standardized mental status assessment of sports concussion. Clin J
Sports Med. 2001;11(3):176-181.

-184 -



406.

407.

408.

409.

410.

411.

412.

413.
414.

415.
416.

417.

418.

419.

420.

421.

422,

423.

424,

425.

426.

427.

0815134

McCrea M, Barr W, Guskiewicz K, et al. Standard regression-based methods for
measuring recovery after sport-related concussion. J Int Neuropsychol Soc.
2005;11(1):58-69.

McCrea M, Broshek D, Barth J. Sports concussion assessment and management:
Future research directions. Brain Inj. 2015;29(2):276-282.

McCrea M, Guskiewicz K, Marshall S, et al. Acute effects and recovery time
following concussion in collegiate football players: the NCAA Concussion Study.
J Am Med Assoc. 2003;290(19):2556-2563.

McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. Unreported concussion
in high school football players: implications for prevention. Clin J Sports Med.
2004;14(1):13-17.

McCrea M, Kelly J, Kluge J, Ackley B, Randolph C. Standardized assessment of
concussion in football players. Neurology. 1997;48(3):586-588.

McCrea M, Powell M. Biomechanics and pathophysiology of concussion. In:
Apps J, Walter K, eds. Pediatric and adolescent concussion: Diagnosis,
management and outcomes. United States of America: Springer; 2012:29-53.
McCrory P. You can run but you can't hide: the role of concussion severity scales
in sport. Br J Sports Med. 1999;33(5):297-298.

McCrory P. Does second impact exist? Clin J Sports Med 2001;11(3):144-149.
McCrory P. When to retire after concussion? Br J Sports Med. 2001;35(6):380-
382.

McCrory P. When to retire after concussion? J Sci Med Sport. 2002;5(3):169-182.
McCrory P. Sports concussion and the risk of chronic neurological impairment.
Clin J Sports Med. 2011;21(1):6-12.

McCrory P, Berkovic S. Second impact syndrome. Neurology. 1998;50(3):677-
683.

McCrory P, Berkovic S. Concussion: the history of clinical and
pathophysiological concepts and misconceptions. Neurology. 2001;57(12):2283-
2289.

McCrory P, Berkovic SF. Concussion. Neurology. 2001; 57(12):2283-2289.
McCrory P, Collie A, Anderson V, Davis G. Can we manage sport related
concussion in children the same as adults? Br J Sports Med 2004;38(5):516-519.
McCrory P, Davis G, Makdissi M. Second impact syndrome or cerebral swelling
after sporting head injury. Curr Sports Med Rep. 2012;11(1):21-23.

McCrory P, Johnston K, Meeuwisse W, et al. Summary and agreement statement
of the 2nd International Conference on Concussion in Sport, Prague 2004. Br J
Sports Med 2005;39(4):196-204.

McCrory P, Meeuwisse W, Aubry M, et al. Consensus statement on concussion
in sport: the 4th International Conference on Concussion in Sport held in Zurich,
November 2012. Br J Sports Med. 2013;47(5):250-258.

McCrory P, Meeuwisse W, Echemendia R, Iverson G, Dvotdk J, Kutcher J. What
is the lowest threshold to make a diagnosis of concussion? Br J Sports Med.
2013;47(5):268-271.

McCrory P, Meeuwisse W, Johnston K, et al. Consensus statement on concussion
in sport-the 3rd International Conference on Concussion in Sport held in Zurich,
November 2008. J Sci Med Sport 2009;12(3):340-351.

McCrory P, Meeuwisse W, Johnston K, et al. Sports medicine update: sport
concussion assessment tool 2. Scand J Med Sci Sports. 2009;19(3):452.
McCrory P, Meeuwisse W, Kutcher J, Jordan B, Gardner A. What is the evidence
for chronic concussion-related changes in retired athletes: behavioural,
pathological and clinical outcomes? Br J Sports Med. 2013;47(5):327-330.

-185-



428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444.

445.

446.

447.

448.

449.

0815134

McElvenny D, Armstrong B, Jiarup L, Higgins J. Meta-analysis in occupational
epidemiology: a review of practice. Occup Med (Lond). 2004; 54(5):336-344.
McGrath N. Supporting the student-athlete's return to the classroom after a sport-
related concussion. J Athl Train. 2010;45(5):492-498.

MclIntosh A, McCrory P. Effectiveness of headgear in a pilot study of under 15
rugby union football. Br J Sports Med. 2001;35(3):167-169.

MclIntosh A, McCrory P, Comerford J. The dynamics of concussive head impacts
in rugby and Australian rules football. Med Sci Sports Exerc. 2000;32(12):1980-
1984.

MclIntosh A, McCrory P, Finch C, Wolfe R. Head, face and neck injury in youth
rugby: incidence and risk factors. Br J Sports Med. 2010;44(3):188-193.
McIntosh A, Patton D, Fréchede B, Pierré P-A, Ferry E, Barthels T. The
biomechanics of concussion in unhelmeted football players in Australia: A case—
control study. BMJ Open. 2014;4(5):e005078.

McKeag D, Kutcher J. Concussion Consensus: Raising the Bar and Filling in the
Gaps. Clin J Sports Med. 2009; 19(5):343-346.

McKee A, Cantu R, Nowinski C, et al. Chronic traumatic encephalopathy in
athletes: progressive tauopathy after repetitive head injury. J Neuropathol Exp
Neurol. 2009;68(7):709-735.

McKee A, Daneshvar D, Alvarez V, Stein T. The neuropathology of sport. Acta
Neuropathol. 2014;127(1):29-51.

McKee A, Stein T, Nowinski C, et al. The spectrum of disease in chronic
traumatic encephalopathy. Brain. 2012;136(1):43-64.

McKinlay A, Bishop A, McLellan T. Public knowledge of ‘concussion’ and the
different terminology used to communicate about mild traumatic brain injury
(MTBI). Brain Inj. 2011;25(7-8):761-766.

McLean A, Anderson W. Biomechanics of closed head injury. In: Reilly P,
Bullock R, eds. Head injury. London: Chapman & Hall; 1997:25-37.

McLellan T, McKinlay A. Does the way concussion is portrayed affect public
awareness of appropriate concussion management: the case of rugby league. Br J
Sports Med. 2011.

Meaney D, Smith D. Biomechanics of concussion. Clin Sports Med.
2011;30(1):19-31.

Mecham M, Greenwald R, Macintyre J, Johnson S. Incidence and severity of head
impact during freestyle aerial ski jumping. J App Biomechan. 1999;15(1):27-35.
Meehan III W, Bachur R. Sport-related concussion. Pediatrics. 2009;123(1):114-
123.

Meehan IIT W, d'Hemecourt P, Comstock R. High school concussions in the 2008-
2009 academic year. Am J Sports Med. 2010;38(12):2405-2409.

Meeuwisse W. Assessing causation in sports injury: a multifactorial model. Clin
J Sports Med. 1994; 4(3):166-170.

Meeuwisse W, Tyreman H, Hagel B, Emery C. A dynamic model of etiology in
sport injury: the recursive nature and risk of causation. Clin J Sports Med 2007,
17(3):215-219.

Meir R, Arthur D, Forrest M. Time and motion analysis of professional rugby
league: A case study. Strength Cond Coach 1993; 1(3):24-29.

Meir R, Newton R, Curtis E, Fardell M, Butler B. Physical fitness qualities of
professional rugby league football players: determination of positional
differences. J Strength Cond Res 2001; 15(4):450-458.

Mihalik J, Bell D, Marshall S, Guskiewicz K. Measurements of head impacts in
collegiate football players: An investigation of positional and event type
differences. Neurosurgery. 2007;61(6):1229-1235.

- 186 -



450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

468.

0815134

Mihalik J, Blackburn J, Greenwald B, Cantu R, Marshall S, Guskiewicz K.
Collision type and player anticipation affect head impact severity among youth
ice hockey players. Pediatrics. 2010;125(6):¢1394-e1401.

Mihalik J, Greenwald R, Blackburn J, Cantu R, Marshall S, Guskiewicz K. Effect
of Infraction Type on Head Impact Severity in Youth Ice Hockey. Med Sci Sport
Exerc. 2010;42(8):1431-1438

Mihalik J, Guskiewicz K, Marshall S, Blackburn J, Cantu R, Greenwald R. Head
impact biomechanics in youth hockey: Comparisons across playing position,
event types, and impact locations. J Biomed Eng. 2012;40(1):141-149.

Mihalik J, Guskiewicz K, Marshall S, Greenwald R, Blackburn J, Cantu R. Does
cervical muscle strength in youth ice hockey players affect head impact
biomechanics? Clin J Sport Med. 2011;21(5):416-421

Mihalik J, Stump J, Collins M, Lovell M, Field M, Maroon J. Posttraumatic
migraine characteristics in athletes following sports-related concussion. J
Neurosurg. 2005;102(5):850-855.

Miller J, Adamson G, Pink M, Sweet J. Comparison of preseason, midseason, and
postseason neurocognitive scores in uninjured collegiate football players. Am J
Sports Med. 2007; 35(8):1284-1288.

Miller J, Wendt J, Potter N. Implications for concussion assessments and return-
to-play standards in intercollegiate football: How are the risks managed? J App
Sport Mang. 2011;3(1):91-103.

Moon D, Beedle C, Kovacic C. Peak head accelerations of athletes during
competition. Med Sci Sports. 1971;3(1):44-50.

Moriarity J, Pietrzak R, Kutcher J, Clausen M, McAward K, Darby D.
Unrecognised ringside concussive injury in amateur boxers. Br J Sports Med.
2012; in print.

Moser R, Glatts C, Schatz P. Efficacy of immediate and delayed cognitive and
physical rest for treatment of sports-related concussion. J Pediatr.
2012;161(5):922-926.

Moser R, Schatz P, Jordan B. Prolonged effects of concussion in high school
athletes. Neurosurgery. 2005;57(2):300-306.

Moser RS, Schatz P. A case for mental and physical rest in youth sports
concussion: It’s never too late. Front Neurol. 2012;3:171.

Moster S, Wilson J, Galetta S, Balcer L. The King—Devick (K-D) test of rapid
eye movements: A bedside correlate of disability and quality of life in MS. J
Neurol Sci. 2014;343(1):105-109.

Mujika I, Spencer M, Santisteban J, Goiriena J, Bishop D. Age-related differences
in repeated-sprint ability in highly trained youth football players. J Sports Sci.
2009;27(14):1581-1590.

Munce T, Dorman J, Thompson P, Valentine V, Bergeron M. Head impact
exposure and neurologic function of youth football players. Med Sci Sport Exerc.
2015;doi: 10.1249/MSS.0000000000000591.

Naftel K, Yust E, Nichols M, King W, Davis D. Knowledge and management of
sports concussions among coaches and certified athletic trainers in Alabama.
Southern Medical Journal. 2014;107(7):418-423.

Naunheim R, Standeven J, Richter C, Lewis L. Comparison of impact data in
hockey, football, and soccer. J Trauma. 2000;48(5):938-941.

Nevins D, Smith L, Kensrud J. Laboratory evaluation of wireless head impact
sensor. Procedia Engin. 2015;112(2015):175-179.

New Zealand Guidelines Group. Traumatic brain injury: diagnosis, acute
management and rehabilitation. Wellington: New Zealand: New Zealand
Guidelines Group (NZGG); 2006.

- 187 -



469.

470.

471.

472.

473.

474.

475.

476.

4717.

478.

479.

480.

481.

482.

483.

484.
485.

486.

487.

488.

0815134

New Zealand Rugby League. Players and players equipment. The New Zealand
Rugby League laws of the game. V6 ed. Auckland: New Zealand Rugby League;
2010.

Newman J. A generalized acceleration model for brain injury threshold
(GAMBIT). International IRCOBI Conference on the Biomechanics of Impacts.
1986. Zurich (Switzerland); 1986:121-131.

Newman J, Barr C, Beusenberg M, et al. A new biomechanical assessment of mild
traumatic brain injury. Part 2 - results and conclusions. Paper presented at:
International IRCOBI Conference on the Biomechanics of Impacts. 2000., 2000;
Montpellier (France).

Newman J, Shewchenko N, Welbourne E. A proposed new biomechanical head
injury assessment function — The maximum power index. Stapp Car Crash J.
2000;44:215-247.

Ng T, Bussone W, Duma S. The effect of gender and body size on linear
accelerations of the head observed during daily activities. Biomed Sci Instrum.
2006;42:25-30.

Noble J, Hesdorffer D. Sport-related concussions: a review of epidemiology,
challenges in diagnosis, and potential risk factors. Neuropsychol Rev.
2013;23(4):273-284.

Norton R, Wilson M. Rugby league injuries and patterns. NZ J Sports Med
1995;22:37-38.

Notebaert A, Guskiewicz K. Current trends in athletic training practice for
concussion assessment and management. J Athl Train. 2005;40(4):320-325.
O'Donoghue E, Onate J, Van Lunen B, Peterson C. Assessment of high school
coaches' knowledge of sport-related concussion. Athl Train Sports Health Care.
2009;1(3):120-132.

Ocwieja K, Mihalik J, Marshall S, Schmidt J, Trulock S, Guskeiwicz K. The effect
of play type and collision closing distance on head impact biomechanics. Ann
Biomed Eng. 2012;40(1):90-96.

Ojiambo R, Cuthill R, Budd H, et al. Impact of methodological decisions on
accelerometer outcome variables in young children. Int J Obes. 2011;35(S1):S98-
S103.

Okonkwo D, Tempel Z, Maroon J. Sideline assessment tools for the evaluation of
concussion in athletes: A review. Neurosurgery. 2014;75(4):S82-S95

Ommaya A. Biomechanics of head injuries: Experiemental aspects. In: Nuham A,
Melvin J, eds. Biomechanics of trauma. Norwalk, CT: Appleton-Century-Crofts;
1985:245-269.

Ommaya A, Gennarelli T. Cerebral concussion and traumatic unconsciousness.
Correlation of experimental and clinical observations of blunt head injuries.
Brain. 1974;97(4):663-654.

Orchard J, Hoskins W. Rugby league injuries at state of origin level. Sport Health.
2007; 27(2):19-24.

Orchard J, Hoskins W. Rugby League Injuries at State of Origin Level.; 2007:12.
Oride M, Matrutani J, Rouse M, DelLand P. Reliability study of the Pierce and
King-Devick saccade tests. Am J Optom Physiol Optics. 1986; 63(6):419-424.
Oride M, Matrutani J, Rouse M, Deland P. Reliability study of the Pierce and
King-Devick saccade tests. Am J Optom Physiol Optics. 1986;63(6):419-424.
Packard R. Chronic post-traumatic headache: Associations with mild traumatic
brain injury, concussion, and post-concussive disorder. Curr Pain and Headache
Rep. 2008;12(1):67-73.

Pardini D, Stump J, Lovell M, Collins M, Moritz K, Fu F. The post-concussion
symptom scale (PCSS): a factor analysis. Br J Sports Med. 2004;38(5):661.

-188 -



489.
490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

0815134

Parkinson D. Concussion. Mayo Clin Proc. 1977;52(8):492-499.

Patel D, Reedy V. Sport-related concussion in adolescents. Pediatr Clin N Am.
2010;57(3):649-670.

Patel D, Shivdasani V, Baker R. Management of sport-related concussion in
young athletes. Sports Med 2005;35(8):671-684.

Patton D, McIntosh A, Kleiven S, Fréchede B. Injury data from unhelmeted
football head impacts evaluated against critical strain tolerance curves. Proc Inst
Mech Eng O J Sports Eng Technol. 2012;226(3-4):177-184.

Paul D, Kramer M, Moshfegh A, Baer D, Rumpler W. Comparison of two
different physical activity monitors. BMC Med Res Methodol. 2007;7:26.

Pearce J. Observations on concussion. Euro Neurol. 2008;59(3-4):113-119.
Pedi§i¢ Z, Bauman A. Accelerometer-based measures in physical activity
surveillance: current practices and issues. Br J Sports Med. 2014;doi:
10.1136/bjsports-2013-093407.

Pellman E, Viano D, Casson I, Arfken C, Powell J. Concussion in professional
football: injuries involving 7 or more days out-part 5. Neurosurgery.
2004;55(5):1100-1119.

Pellman E, Viano D, Tucker A, Casson I. Concussion in professional football:
location and direction of helmet impacts-Part 2. Neurosurgery. 2003;53(6):1328-
1341.

Pellman E, Viano D, Tucker A, Casson I, Waeckerle J. Concussion in professional
football: reconstruction of game impacts and injuries. Neurosurgery.
2003;53(4):799-814.

Pellman EJ, Viano DC, Withnall C, Shewchenko N, Bir CA, Halstead PD.
Concussion in professional football: helmet testing to assess impact
performance—Part 11. Neurosurg. 2006;58(1):78-96.

Peloso P, Carroll L, Cassidy J, et al. Critical evaluation of the existing guidelines
on mild traumatic brain injury. J Rehabil Med. 2004;43(Suppl):106-112.
Pettersen J. Does rugby headgear prevent concussion? Attitudes of Canadian
players and coaches. Br J Sports Med. 2002;36(1):19-22.

Piatt J. Traumatic brain injury. In: Legido A, Piatt J, eds. Clinical pedicatic
neurosciences for primary care. Elk Grove Village: American Academy of
Pedicatrics; 2009:145-170.

Pleacher M, Dexter W, Heinz W. Concussion management by primary care
providers. Br J Sports Med 2006;40(1):e2.

Poole V, Abbas K, Shenk T, et al. MR spectroscopic evidence of brain injury in
the non-diagnosed collision sport athlete. Dev Neuropsychol. 2014;39(6):459-
473.

Post A, Oeur A, Hoshizaki T, Gilchrist M. The influence of centric and non-
centric impacts to American football helmets on the correlation between
commonly used metrics in brain injury research. International Research Council
on Biomechanics of Injury Conference (IRCOBI). Vol IRC-12-52. Dublin,
Ireland; 2012.

Powell J, Barber-Foss K. Traumatic brain injury in high school athletes. J Am Med
Assoc. 1999;282(10):958-963.

Powell J, Dompier T. Analysis of injury rates and treatment patterns for time-loss
and non-time-loss injuries among collegiate student athletes. J Athl Train 2004;
39(1):56-70.

Prasad S, Galetta S. Eye movement abnormalities in multiple sclerosis. Neurol
Clin. 2010;28(3):641-655.

-189 -



509.

510.

S11.

S12.

513.

514.

S1s.

516.

517.

518.

519.

520.

521.

522.

523.
524.
525.
526.
527.
528.

529.

0815134

Preiss-Farzanegan S, Chapman B, Wong T, Wu J, Bazarian J. The relationship
between gender and postconcussion symptoms after sport-related mild traumatic
brain injury. PM & R 2009; 1(3):245-253.

Prins M, Giza C. Repeat traumatic brain injury in the developing brain. Int J Dev
Neurosci. 2011;30(3):185-190.

Prins M, Hales A, Reger M, Giza C, Hovda D. Repeat traumatic brain injury in
the juvenile rat is associated with increased axonal injury and cognitive
impairments. Dev Neuropsychol. 2011;32(5-6):510-518.

Putukian M. The acute symptoms of sport-related concussion: diagnosis and on-
field management. Clin Sports Med. 2011;30(1):49-61.

Putukian M, Aubry M, McCrory P. Return to play after sports concussion in elite
and non-elite athletes? Br J Sports Med 2009;43(Suppl_1):128-31.

Putukian M, Raftery M, Guskiewicz K, et al. Onfield assessment of concussion in
the adult athlete. Br J Sports Med. 2013;47(5):285-288.

Puvenna V, Brennan C, Shaw G, et al. Significance of ubiquitin carboxy-terminal
hydrolase 11 elevations in athletes after sub-concussive head hits. PLoS ONE.
2014;9(5):1-9.

Quarrie K, Hopkins W. Tackle injuries in professional rugby union. Am J Sports
Med. 2008; 36(9):1705-1716.

Raftery M, Parker R, Stacey E, Peat J, Wang H. Incidence of injury in junior rugby
league in the Penrith and district junior rugby league area: A report submitted to
the NSW sporting injuries committee and Australian rugby league: Children's
Hospital Institute of Sports Medicine, Research and Development office, The
New Children's Hospital, Westmead; 1999.

Raftery M, Parker R, Stacey E, Peat J, Wang H. Incidence of injury in junior rugby
league in the Penrith and district rugby league area. Children's Hospital Institute
of Sports Medicine; Research and Development Office, The New Children's
Hospital, Westmead. 1999.

Randolph C. Baseline neuropsychological testing in managing sport-related
concussion: does it modify risk? Curr Sports Med Rep. 2011;10(1):21-26.
Randolph C, McCrea M, Barr W. Is neurological testing useful in the management
of sport-related concussion? J Athl Train. 2005;40(3):139-154.

Reed N, Taha T, Keightley M, et al. Measurement of head impacts in youth ice
hockey players. Int J Sports Med. 2010;31(11):826-833.

Register-Mihalik J, Guskeiwicz K, Valoch McLeod T, Linnan L, Mueller F,
Marshall S. Knowledge, attitude, and concussion-reporting behaviors among high
school athletes: A preliminary study. J Athl Train. 2013;48(5):645-653.

Reid S, Epstein H, Louis M, Reid S. Physiologic response to impact. J Trauma.
1975;15(2):150-152.

Reid S, Tarkington J, Epstein H, O'Dea T. Brain tolerance to impact in football.
Surg Gynecol Obstet. 1971;133(6):929-936.

Resch J, Driscoll A, McCaffery N, et al. ImPact test-retest reliability: reliably
unreliable? J Athl Train. 2013;48(4):506-511.

Riemann B, Guskiewicz K, Shields E. Relationship between clinical and
forceplate measures of postural stability. J Sport Rehabil. 1999;8(2):71-82.
Ropper A, Gorson K. Concussion. N Engl J Med. 2007;356(2):116-172.

Rowson S, Brolinson G, Goforth M, Dietter D, Suma S. Linear and angular head
acceleration measurements in collegiate football. J Biomed Eng.
2009;131(061016):1-7.

Rowson S, Duma S. Development of the STAR evaluation system for football
helmets: Integrating player head impact exposure and risk of concussion. Ann
Biomed Eng. 2011;39(8):2130-2140.

-190 -



530.

531.

532.

533.

534.

53s.

536.

537.

538.

539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

0815134

Rowson S, Duma S. Brain injury prediction: Assessing the combined probability
of concussion using linear and rotational head acceleration. Ann Biomed Eng.
2013;41(5):873-882.

Rowson S, Duma S, Beckwith J, et al. Rotational head kinematics in football
impacts: An injury risk function for concussion. Ann Biomed Eng. 2012; 40(1):1-
13.

Rusnak M, Mauritz W, Lecky F, Kaniansky M, Brazinova A. Evaluation of
traumatic brain injury guidelines using AGREE instrument. Bratisl Lek Listy.
2008;109(8):374-380.

Rutherford A, Stephens R, Potter D. The neuropsychology of heading and head
trauma in association football (soccer): A review. Neuropsychol Re. 2003;
13(3):153-179.

Sanders D. Simply the Best: Celebrating 90 years of New Zealand League.
Auckland: Celebrity Books; 1997.

Saunders R, Harbaugh R. The second impact in catastrophic contact-sports head
trauma. J Am Med Assoc. 1984;252(4):538-539.

Schaal K, Tafflet M, Nassif H, et al. Psychological balance in high level athletes:
gender-based  differences and  sport-specific  patterns. PLoS  One.
2011;6(5):e19007.

Schmitt K-U, Niederer P, Cronin D, Muser M, Walz F. Head injuries. In: Schmitt
K-U, Niederer P, Cronin D, Muser M, Walz F, eds. Trauma Biomechanics: An
introduction to injury biomechanics. 4th ed. Heidelberg: Springer-Verlag;
2014:55-80.

Schnebel B, Gwin J, Anderson S, Gatlin R. In vivo study of head impacts in
football: A comparison of National Collegiate Athletic Association division I
versus high school impacts. Neurosurgery. 2007;60(3):490-496

Schneider K, Emery C, Kang J, Schneider G, Meeuwisse W. Examining Sport
Concussion Assessment Tool ratings for male and female youth hockey players
with and without a history of concussion. Br J Sports Med. 2010; 44(15):1112-
1117.

Schneider K, Iverson G, Emery C, McCrory P, Herring S, Meeuwisse W. The
effects of rest and treatment following sport-related concussion: a systematic
review of the literature. Br J Sports Med. 2013;47(5):304-307.

Schneider K, Zernicke R. Computer simulation of head impact: estimation of
head-injury risk during soccer heading. Int J Sport Biomech. 1988;4(4):358-371.
Schulz M, Marshall S, Mueller F, et al. Incidence and risk factors for concussion
in high school athletes, North Carolina, 1996-1999. Am J Epidemiol.
2004;160(10):937-944.

Scopaz K, Hatzenbuehler J. Risk Modifiers for Concussion and Prolonged
Recovery. Sports Health. 2013; 5(6):537-541.

Sedney C, Orphanos J, Bailes J. When to consider retiring an athlete after sports-
related concussion. Clin Sports Med. 2011; 30(1):189-200.

Seward H, Orchard J, Hazard H, Collinson D. Football injuries in Australia at the
elite level. Med J Aust 1993; 159(5):298-301.

Shapiro S. Meta-analysis/Shmeta-analysis. Am J Epidemiol. 1994; 140(9):771-
778.

Sharma P, Maffulli N. Biology of tendon injury: healing, modeling and
remodeling. J Musculoskelet Neuronal Interact. 2006;6(2):181-190.

Shaw N. The neurophysiology of concussion. Prog Neurobiol. 2002;67(4):281-
344.

-191-



549.

550.

551.

552.

553.

554.

55S.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

0815134

Shewchenko N, Withnall C, Keown M, Gittens R, Dvorak J. Heading in football.
Part 2: Biomechanics of ball heading and head response. Br J Sports Med.
2005;39(Suppl 1):126-132.

Shreiber D, Bain A, Meaney D. In vivo thresholds for mechanical injury to the
blood-brain barrier. Procedings of the 41st Stapp Car Crash Conference. Vol 41.
Lake Buena Vista, Florida (USA); 1997:227-291.

Shrey D, Griesbach G, Giza C. The pathophysiology of concussions in youth.
Phys Med Rehabil Clin N Am. 2011;22(4):577-602.

Shultz S, Bao F, Omana V, Chiu C, Brown A, Cain D. Repeated mild lateral fluid
percussion brain injury in the rat causes cumulative long-term behavioral
impairments, neuroinflammation, and cortical loss in an animal model of repeated
concussion. J Neurotrauma. 2012;20(2):281-294.

Shultz S, MacFabe D, Foley K, Taylor R, Cain D. Sub-concussive brain injury in
the Long-Evans rat induces acute neuroinflammation in the absence of behavioral
impairments. Behav Brain Res. 2012;229(1):145-152.

Shuttleworth-Edwards A. Debating the utility of computerised neurocognitive
testing in the sports concussion arena. Sth Afr J Sport Med. 2011;23(4):134-135.
Shuttleworth-Edwards A, Radloff S. Compromised visuomotor processing speed
in players of rugby union from school through to the national adult level. Arch
Clin Neuropsych. 2008;23(5):511-520.

Siegmund G, Guskeiwicz K, Marshall S, DeMarco A, Bonin S. Laboratory
validation of two wearable sensor systems for measuring head impact severity in
football players. Ann Biomed Eng. 2015;DOI: 10.1007/s10439-015-1420-6.

Sim A, Terryberry-Spohr L, Wilson K. Prolonged recovery of memory
functioning after mild traumatic brain injury in adolescent athletes. J Neurosurg.
2008;108(3):511-516.

Simma B, Jonas D, Liitschg J. Mile head injury in young athletes. Paediatrica.
2013;24(1):14-17.

Simma B, Liitschg J, Callahan J. Mild head injury in pediatrics: algorithms for
management in the ED and in young athletes. Am J Emerg Med. 2013;31(7):1133-
1138.

Sleet DA, Hopkins KN, Olson SJ. From discovery to delivery: Injury prevention
at CDC. Health Promot Pract. 2003;4(2):98-102.

Slobounov S, Slobounov E, Sebastianelli W, Cao C, Newell K. Different rate of
recovery in athletes after first and second concussion episodes. Neurosurgery.
2007;61(2):338-344.

Snoek J, Minderhoud J, Wilmink J. Delayed deterioration following mild head
injury in children. Brain. 1984;107(1):15-36.

Solomon G, Haase R. Biopsychosocial characteristics and neurocognitive test
performance in National Football League players: an initial assessment. Arch Clin
Neuropsych. 2008;23(5):563-577.

Sosin D, Sniezek J, Thurman D. Incidence of mild and moderate brain injury in
the United States, 1991. Brain Inj. 1996;10(1):47-54.

Spencer M, Fitzsimons M, Dawson B, Bishop D, Goodman C. Reliability of a
repeated-sprint test for field hockey. J Sci Med Sport. 2006;9(1-2):181-184.
Spiotta A, Shin J, Bartsch A, Benzel E. Subconcussive impact in sports: a new era
of awareness. World Neurosurg. 2011;75(2):175-178.

Spradley B, Wiriyanpinit S, Magner A. Baseline concussion testing in different
environments: A pilot study. The Sport J. Vol March 2014.

State of Colorado. Rule 17 Exhibit 10: Traumatic Brain Injury Medical Treatment
Guidelines. In: Department of Labor and Employment, ed. Division of Workers'
Compensation: State of Colorado; 2006.

-192 -



569.

570.

571.

572.

573.

574.
575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

58S.

586.

587.

0815134

Statistics New Zealand. Available at:
http://www.stats.govt.nz/census/default.htm. Accessed 11th November 2011.
Stepanek J, Pradhan G, Cocco D, et al. Acute hypoxic hypoxia and isocapnic
hypoxia effects on oculometric features. Aviat Space Environ Med.
2014;85(7):700-707.

Stephenson S, Gissane C, Jennings D. Injury in rugby league: a four year
prospective survey. Br J Sports Med 1996; 30(4):331-334.

Stern R, Daneshvar D, Baugh C, et al. Clinical presentation of chronic traumatic
encephalopathy. Neurology. 2013;81(13):1122-1129.

Stern R, Riley D, Daneshvar D, Nowinski C, Cantu R, McKee A. Long-term
consequences of repetitive brain trauma: Chronic traumatic encephalopathy.
PM& R. 2011;3(10, Supplement 2):S460-S467.

Stone K. NerveCenter: August 2011. Ann Neurol. 2011;70(2):A11-A14.

Stroup D, Berlin J, Morton S, et al. Meta-analysis of observational studies in
epidemiology: A proposal for reporting. J Am Med Assoc. 2000;283(15):2008-
2012.

Sullivan S, Bourne L, Choie S, et al. Understanding of sport concussion by the
parents of young rugby players: a pilot study. Clin J Sports Med 2009;19(3):228-
230.

Sye G, Sullivan S, McCrory P. High school rugby players’ understanding of
concussion and return to play guidelines. Br J Sports Med. 2006;40(12):1003-
1005.

Sye G, Sullivan SJ, McCrory P. High school rugby players’ understanding of
concussion and return to play guidelines. Br J Sports Med. 2006; 40(12):1003-
1005.

Talan J. New report links sports concussion to chronic traumatic encephalopathy.
Neurol Today. 2008;8(19):12-13.

Talavage T, Nauman E, Breedlove E, et al. Functionally detected cognitive
impairment in high school football players without -clinically-diagnosed
concussion. J Neurotrauma 2013(Epub ahead of print).

Talavage T, Nauman E, Breedlove E, et al. Functionally-detected cognitive
impairment in high school football players without -clinically-diagnosed
concussion. J Neurotrauma. 2014;31(4):327-338.

Tavazzi B, Vagnozzi R, Signoretti S, et al. Temporal window of metabolic brain
vulnerability to concussions: oxidative and nitrosative stresses—Part II.
Neurosurgery. 2007;61(2):390-396

Tavender E, Bosch M, Green S, et al. Quality and consistency of guidelines for
the management of mild traumatic brain injury in the emergency department.
Acad Emerg Med. 2011;18(8):880-889.

Terrell T, Bostick R, Abramson R, et al. APOE, APOE promoter, and tau
genotypes and risk for concussion in college athletes. Clin J Sport Med.
2008;18(1):10-17

Thornton A, Cox D, Whitfield K, Fouladi R. Cumulative concussion exposure in
rugby players: Neurocognitive and symptomatic outcomes. J Clin Exp Neuropsyc.
2008;30(4):398-409.

Tierney R, Mansell J, Higgins M, et al. Apolipoprotein E genotype and concussion
in college athletes. Clin J Sport Med. 2010;20(6):464-468

Tierney R, Sitler M, Swanik C, Swaink K, Higgins M, Torg J. Gender differences
in head-neck segment dynamic stabilization during head acceleration. Med Sci
Sports Exerc. 2005;37(2):272-279.

-193 -



588.

589.

590.

591.

592.

593.

594.

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

0815134

Tjarks B, Dorman J, Valentine V, et al. Comparison and utility of King-Devick
and ImPACT composite scores in adolescent concussion patients. J Neurol Sci.
2013;334(1-2):148-153.

Tommasone B, Valovich McLeod T. Contact sport concussion incidence. J Athl
Train. 2006;41(4):470-472.

Tripoli M, Torg J. Pathophysiology and concussion: A review of the literature.
Temple Uni J Ortho Surg Sports Med. 2011:8-15.

Twellaar M, Verstappen F, Huson A. Is prevention of sports injuries a realistic
goal? A four-year prospective investigation of sports injuries among physical
education students. Am J Sports Med 1996; 24(4):528-534.

Tysvaer A, Lachen E. Soccer injuries to the brain: A neuropsychologic study of
former soccer players. Am J Sports Med. 1991;19(1):56-60.

Unterharnscheidt F. About boxing: Review of historical and medical aspects. Tex
Rep Biol Med. 1970;28(4):421-495.

Unterharnscheidt F. Translational versus rotational acceleration: Animal
experiments with measured inputs. Scand J Rehabil Med. 1972;4(1):24-26.
Upshaw J, Gosserand J, Williams N, Edwards J. Sports-related concussions.
Pediatr Emer Care. 2012;28(9):926-935.

Urban J, Davenport E, Golman A, et al. Head impact exposure in youth football:
High school ages 14 to 18 years and cumulative impact analysis. Ann Biomed Eng.
2013;41(12):2474-2487.

Vagnozzi R, Signoretti S, Cristofori L, et al. Assessment of metabolic brain
damage and recovery following mild traumatic brain injury: a multicentre, proton
magnetic resonance spectroscopic study in concussed patients. Brain.
2010;133(11):3232-3242.

Vagnozzi R, Signoretti S, Tavazzi B, et al. Temporal window of metabolic brain
vulnerability to concussion: a pilot 1H-magnetic resonance spectroscopic study in
concussed athletes - part III. Neurosurgery. 2008;62(6):1286-1295.

Valovich McLeod T, Bay R, Lam K, Chhabra A. Representative baseline values
on the Sport Concussion Assessment Tool 2 (SCAT2) in adolescent athletes vary
by gender, grade, and concussion history. Am J Sports Med. 2012;40(4):927-933.
Valovich McLeod T, Perrin D, Guskiewicz K, Shultz S, Diamond R, Gansneder
B. Serial administration of clinical concussion assessments and learning effects in
healthy young athletes. Clin J Sport Med. 2004;14(5):287-295.

Valovich McLeod T, Schwartz C, Bay R. Sport-related concussion
misunderstandings among youth coaches. Clin J Sports Med. 2007;17(2):140-
142.

van Mechelen W, Hlobil H, Kemper H. Incidence, severity, aetiology and
prevention of sports injuries: A review of concepts. Sports Med. 1992; 14(2):82-
99.

Vartiainen M, Holm A, Peltonen K, Luoto T, Iverson G, Hokkanen L. King—
Devick test normative reference values for professional male ice hockey players.
Scan J Med Sci Sports. 2014:doi: 10.1111/sms.12307.

Versace J. A review of the severity index. 15" Stapp Car Crash Conference,
Society of Automotive Engineers. 1971:771-796.

Viano D, Pellman E. Concussion in professional football: biomechanics of the
striking player - part 8. Neurosurgery. 2005;56(2):266-280.

Viano DC, Casson IR, Pellman EJ. Concussion in professional football:
biomechanics of the struck player - part 14. Neurosurgery. 2007;61(2):313-327;
discussion 327-328.

Viera A, Garrett J. Understanding interobserver agreement: The kappa statistic.
Fam Med. 2005; 37(5):360-363.

-194 -



608.

609.

610.

611.

612.

613.

614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

0815134

Voller B, Benke T, Benedetto K, Schnider P, Auff E, Aichner F.
Neuropsychological, MRI and EEG findings after very mild traumatic brain
injury. Brain Inj. 1999;13(10):821-827.

von Elm E, Altman D, Egger M, Pocock S, Ggtzsche P, Vandenbroucke J. The
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement. Guidelines for reporting observational studies.
Epidemiology. 2007;18(6):800-804.

Vos P, Battistin L, Birbamer G, et al. EFNS guideline on mild traumatic brain
injury: report of an EFNS task force. Eur J Neurol. 2002;9(3):207-219.

Walker R. Sports injuries: Rugby league may be less dangerous than Union. Pract
1985; 229(March):205 - 206.

Watson A. Sports injuries: Incidence, causes and prevention. Phys Ther Rev.
1997;2(3):135-151.

Webbe F, Barth J. Short-term and long-term outcome of athletic closed head
injuries. Clin Sports Med. 2003;22(3):577-592.

Wetjen N, Pichelmann M, Atkinson J. Second impact syndrome: concussion and
second injury brain consequences. J Am Coll Surg. 2010;211(4):553-557.

White P, Newton J, Makdissi M, et al. Knowledge about sports-related
concussion: is the message getting through to coaches and trainers? Br J Sports
Med. 2014;28(1):107-111.

Wilcox B, Beckwith J, Greenwald R, et al. Head impact exposure in male and
female collegiate ice hockey players. J Biomech. 2013;47(1):109-114.

Wilcox B, Beckwith J, Greenwald R, et al. Biomechanics of head impacts
associated with diagnosed concussion in female collegiate ice hockey players. J
Biomech. 2015;48(10):2201-2204.

Wilcox B, Machan J, Beckwith J, Greenwald B, Burmeister E, Crisco J. Head-
impact mechanisms in men's and women's collegiate ice hockey. J Ath Train.
2014;49(4):514-520.

Wilkins J, Valovich McLeod T, Perrin D, Gansneder B. Performance on the
balance error scoring system decreases after fatigue. J Athl Train. 2004;39(2):156-
161.

Williamson I, Goodman D, Delaney J. Converging evidence for the under-
reporting of concussions in youth ice hockey. Br J Sports Med 2006;40(2):128-
132.

Winters Sr J. Commentary: Role of properly fitted mouthguards in prevention of
sport-related concussion. J Athl Train. 2001; 36(3):339-341.

Withnall C, Shewchenko N, Gittens R, Dvorak J. Biomechanical investigation of
head impacts in football. Br J Sports Med. 2005;39(suppl 1):149-157.

Witol A, Webbe F. Soccer heading frequency predicts neuropsychological
deficits. Arch Clin Neuropsychol. 2003;18(4):397-417.

Wojtys E, Hovda D, Landry G, et al. Concussion in sports. Am J Sports Med
1999;27(5):676-687.

Wong O, Raabe G. Application of meta-analysis in reviewing occupational cohort
studies. Occup Environ Med. 1996; 53(12):793-800.

Wong R, Wong A, Bailes J. Frequency, magnitude, and distribution of head
impacts in Pop Warner football: The cumulative burden. Clin Neurol Neurosur.
2014;118:1-4.

Wood D. Catholicism, Dissent and a way of (sporting) life: Aspects of culture,
class and the growth of rugby league in New Zealand. Sport Hist 2007; 27(3):399-
422.

-195 -



628.

629.

630.

631.

632.

633.

634.

0815134

World Health Organisation. Review of physical activity surveillance data sources
in European Union Member States. Report No. 6. Copenhagen, Denmark: WHO
Regional Office for Europe; 2010.

Wu L, Nangia V, Bui K, et al. In vivo evaluation of wearable head impact sensors.
Ann Biomed Eng. 2015;doi: 10.1007/s10439-015-1423-3.

Yngve A, Nilsson A, Sjostrom M, Ekelund U. Effect of monitor placement and of
activity setting on the MTI accelerometer output. Med Sci Sport Exerc.
2003;35(2):320-326.

Young T, Daniel R, Rowson S, Duma S. Head impact exposure in youth football:
elementary school ages 7-8 years and the effect of returning players. Clin J Sport
Med. 2014;24(5):416-421.

Zhang L, Yang J, King A. A proposed injury threshold for mild traumatic brain
injury. J Biomed Eng. 2004;126(2):226-236.

Zuckerman S, Odom M, Lee Y, Forbes J, Sills A, Solomon G. 145 Sport-related
concussion and age: Number of days to neurocognitive baseline. Neurosurgery.
2012;71(2):E558

Zuckerman S, Solomon G, Forbes J, Haase R, Sills A, Lovell M. Response to
acute concussive injury in soccer players: is gender a modifying factor? J
Neurosurg. 2012;10(6):504-510.

-196 -



0815134

Appendices

-197 -



0815134

Appendix I: Technical Report to NZRL

Concussions in amateur rugby league: Player self-

reported history and the incidence of match related

concussions 2008 — 2012

A technical report to the New Zealand Rughy

League

15st October 2014
Prepared by Dr Doug King

Sports Performance Research Institute New Zealand (SPRINZ), Faculty of Health and Environmental
Science’ Auckland University of Technology, Auckland, New Zealand

Reviewed by
Dean Watkins, New Zealand Rugby League

.4

A

NEW ZEALAND
RUGBY LEAGUE’

-198 -



0815134

Introduction

This technical report is supplied to the New Zealand Rugby League as a summary of data obtained
through the writers role as a team medic in the Wellington Rugby League catchment region. The
information contained in this report is a result of a summarising of personal medical histories provided

by players and from matches where the writer was present as the sideline medic.

Mild traumatic brain injury (mTBI), more commonly known as a concussion, has become an increasingly
serious concern for all sporting activities worldwide.'® 416 In the United States of America it has been
reported that 1.6 to 3.8 million sports related concussions occur annually.3% The cumulative (direct and
indirect) annual costs of these sport related concussions is nearly $US 17 billion (1999 values). Amongst
15- to 24-yr-olds, sport related concussion is the second to road trauma as most common causes of
traumatic brain injury.%* The awareness, identification, management and prevention of concussion in
sport is becoming an ever increasing concern in sporting activities and with growing media awareness

there is a focus on how sporting activities management of these injuries is being undertaken.

In establishing the NZRL Concussion Policy it was seen as a step towards assisting the sport of Rugby
league in New Zealand towards advancement in the process of the management of these injuries.
Additionally there has been the introduction of the rugby league fundamentals where there is a specific
focus on concussion injuries aimed at all levels of participation and management. Unfortunately this
seems to not have been enough as shown by the results of this technical report. The results of three
years of observations and recording of concussive injuries in one district reflects a poor compliance with
the policy, minimal knowledge of what a concussion is and limited awareness of the management of

players with concussions.

Recent development in sideline tools for the identification of concussions may assist the sport of rugby
league in better identification of these injuries but a general cultural shift is required for an appropriate
level of management to occur. This shift is seen as required by team management, club and match
officials at all levels of involvement and the general rugby league environment. As well the “win at all
costs” attitudes and rewarding team management for keeping players on the field needs to be address
at all levels of participation before steps to manage rugby league related concussions can be

successfully undertaken and the safety of players becomes a priority at all levels of participation.
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Self-reported concussion history of amateur rugby league players: One

districts experience

Background

The topic of sport-related concussion is receiving a growth in published research relating to concussion
identification, assessment and management in all sporting environments.'23 391 As well it has become
one of the most troublesome injuries facing the sports medicine professional,3*7 especially in regards to
the early identification of concussive signs and symptoms and appropriate concussive management

facilitation.273. 409

Amateur sports such as rugby league in New Zealand do not have the resources available for qualified
medical personnel to be at every match every weekend.33! As such it is often the coach or team manager
(if the team has one) to make the decisions in regards to player welfare and this includes concussion
identification and management. The awareness of team management in regards to concussion has been
previously reported on.477.601 and highlight the need for concussion education to occur for all people

involved in the management level of sports participation.

Players with a concussive injury returning to their sport have been reported to be at a greater risk of
complications.". 388 These complications are related to subsequent concussive events and may result
in prolonged concussive symptoms and cumulative cognitive deterioration.3®' Often the identification of
a sport-related concussion is left to the coach of the team as there are often no medical personnel
available at the games and training sessions.®” As a result concussive signs may be missed as the
coach may be unable to take the required time to fully assess the player and sometimes concussions
may be inadvertently missed. The aim of this study was therefore to review self-reported concussive
history of amateur rugby league players to identify concussions within a two year period, concussive

events outside of this time frame and medical review and clearances for return-to-play.
Methods

A retrospective analysis was undertaken on all medical pre-competition questionnaires completed during
the 2010 to 2012 competition periods by amateur rugby league players. The pre-competition
questionnaires were requested as part of the assessment process for the provision of medical coverage
to the players by one of the authors (DK). The questionnaires were reviewed for the concussion history
of players for the previous two years, prior history of concussion and the Post-Concussion Symptom
Scale that was used for the establishment of baseline data for players competing in various rugby league

competitions.

Subjects
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Over the study period a total of 213 male participants from domestic and representative amateur rugby
league teams agreed to take part in recording their concussion history as part of studies!” being
conducted. All participants were provided with an information sheet and gave either personal informed
consent to participate or had parental informed consent before completing the history questionnaire as

part of studies that were conducted.
Concussion History Questionnaire

All players were asked about their concussion history. This included history of concussions in the current
and previous playing seasons, number of concussions, residual symptoms from any concussions
reported and medical clearance to return-to-play. Participants were also asked to list the total number
of years they had played rugby league. Participants were also asked to identify whether they considered

a mild Traumatic Brain Injury or a Concussion to be more serious, or whether they were the same.
Post-Concussion Symptom Scale (PCSS)

The PCSS is a 22-item neuropsychological assessment scale that is a part of the larger Sport
Concussion Assessment Tool (SCAT). Developed in the late 1980’s,%8! the PCSS was designed to
measure the severity of symptoms in the acute phase of recovery from a concussion. Using a 7-point
Likert-type scale anchored at 0 (complete absence) to 6 (most severe) players rank each symptom
according to the severity that they have experienced. The symptoms are not specific to concussion and
even non-injured participants have recorded symptoms on the PCSS38'. A threshold symptom score of
7 was set for the duration of the study®. Any player reporting more than 7 symptoms on any assessment
were referred for further medical evaluation. This threshold was adopted as an indicator of a head injury
having occurred based on prior studies*. The internal consistency reliability (Cronbach’s a) for the
PCSS has been reported to range from 0.88 to 0.94381

Statistical Analysis

All the data collected were entered into a Microsoft Excel spreadsheet and analysed with Statistical
Package for Social Sciences (SPSS v.19.0; IBM SPSS Inc., Chicago, IL, USA for windows). Data are
reported as means and standard deviations (SD) where appropriate. Correlations between concussion
history and symptoms reported were analysed using a Spearman’s Correlation Coefficient (). To
ascertain reliability of the questionnaire and player recall of their concussion history, players who were
selected in more than one group (n=20) had their concussion history computed with a weighted Cohen
k coefficient.85.607 A one-way analysis of variance (ANOVA) was used to investigate differences between
the reported concussions, previous history of concussions and the symptoms identified. Statistical

significance was set at p<0.05. All data are reported as mean + SD.

-201 -



0815134

Results

Over the duration of the study a total of 213 (mean + SD: age, 19.2 £ 4.4 yr) amateur rugby league
players competed in the studies being undertaken. Participants reported an average of 4.3 + 2.7 yr
playing experience in rugby league. There was an average of 4.0 £ 2.6 concussive injuries per
participant in the previous two years (see Table 1). There was an average of 5.0 + 4.6 concussive
injuries per participant the period preceding. A few participants (6.1%) reported that they had no previous
history of having incurred a concussion, loss of consciousness or “bell-ringer” / “ding” throughout their
life.

Table 1: Demographics of amateur rugby league participants for age, playing experience, concussive
history and associated symptoms for previous two years, concussive history for prior years,
return to play requirements and current post-concussion symptoms scores and severity by
means, standard deviations and ranges reported.

Total u15 u17 Premier
Demographics
Age, average SD [range] 19.2 +4.4 [13-34] 145 £0.6 [13-15]  16.5+0.5[16-17]  21.9 £3.9[18-34]
Forwards 119 24 26 69
Backs 94 18 21 55
Experience, average SD [range] 4327 [1-12) 4.7 ¥2.8[1-9] 3.4 +£2.5[1-10] 4.4 2.7 [1-12)
Concussive history in previous two years
Concussion, average SD [range] 1.9 +1.2 [0-5] 1.8 £1.2[0-5] 2.0£1.3[0-5] 1.9 1.3 [0-5]
Loss of Consciousness, average SD [range] 1.2 0.2 [0-2] 1.3 £0.5[0-2] 1.1 £0.3 [0-2] 1.2 +0.4 [0-2]
“Bell Ringer” / “Ding”, average SD [range] 2.242.0[0-10] 2.3 £2.410-10] 2.3£1.9[0-10] 2.2+£1.9[0-10]
Total, average SD [range] 4.0 £2.6 [0-11] 4.1 £2.8[0-11] 3.8 +2.5[0-11] 4.0 £2.5 [0-11]
Symptoms previous two years
Headaches, average SD [range] 1.9 £1.4 [0-6] 2.4 +1.8[0-6] 1.6 £0.6 [0-3] 1.9 £1.4 [0-6]
Dizziness, average SD [range] 2.0 £1.5]0-6] 1.5 £0.7 [0-3] 2.2+1.6[1-6] 2.0 £1.5[0-6]
Memory Difficulties, average SD [range] 1.0 £0.0 [0-1] 1.0 £0.0[0-1] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1]
Visual Disturbances, average SD [range] 1.3 £0.4[0-2] 1.0 £0.0[0-1] 1.3 £0.5 [0-3] 1.3+0.4[0-2]
Hearing Problems, average SD [range] 1.4 £0.8[0-3] 1.7 £1.0[0-3] 1.0 £0.0 [0-1] 1.4 £0.8 [0-3]
Other Symptoms, average SD [range] 1.8 £1.2[0-4] 1.8 +1.2[0-4] 1.8 £1.5[0-4] 1.8 £1.2 [0-4]
Concussive history in previous years
Concussion, average SD [range] 2.8 2.6 [0-10] 3.0 £2.8 [0-10] 2.5+2.6[0-10] 2.9+2.6 [0-10]
Loss of Consciousness 1.8 £1.5[0-6] 1.8 £1.4[0-6] 1.8 1.7 [0-6] 1.7 1.5 [0-6]
“Bell Ringer”/ “Ding’, average SD [range] 24 £2.31[0-10] 1.9 +1.1[0-4] 2.2+2.1[0-10] 2.5+2.4[0-10]
Total, average SD [range] 5.0 +4.6[0-19] 4.5 +4.3]0-19] 4.5 +4.7[0-19] 5.2 +#4.6 [0-19]
Return to play
Seen by Dr, n (% of total) 16 (7.5) 0- 3(14) 12 (5.6)
Stand down (3 weeks) completed, n (% of total) 11(5.2) 0- 2(0.9) 8 (3.8)
Medical clearance to return to play, n (% of total) 6 (2.8) 0- 2(0.9) 4(1.9)
Post-Concussion Symptoms Scale
Score, average SD [range] 7.7 £6.1[0-22] 6.5 +4.8 [0-22] 8.4 6.9 [0-22] 7.7 £6.1 [0-22]
Severity, average SD [range] 10.9 +£17.1[0-61] 8.6 £12.1[0-57]  12.0+19.5[0-58]  10.9 +17.1[0-61]

A total of 7.5% of all participants reported seeing a medical doctor for their reported concussion while
only 5.2% completed the required three week return-to-play process. Even fewer players (2.8%)
reported seeing a medical doctor for a clearance for return-to-play. No Under 15 yr old player reported
seeing a medical doctor or having a stand down period for return-to-play. It was identified that 7.0%
(n=27) of the participants had high PCSS scores and were assessed to have an active concussion at
the time the assessment was being conducted.
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Despite 39.0% of players reporting that they had not had a concussion in the previous two years they
did report that they had loss of consciousness and “bell ringer” / “dings” from match participation (see
Table 2). Players reporting three or more concussions (n=31) also reported the highest mean number
of headaches (2.0 = 1.0), dizziness (2.9 £ 1.9) and previous concussions (6.5 £ 4.1) than players

reporting fewer concussions in the previous two years.

Table 2: Demographics of amateur rugby league participants reporting none, one, two, 3 or more
concussions in the previous two years by age, playing experience, concussive history and
associated symptoms, concussive history for prior years, return to play requirements and
current post-concussion symptoms scores and severity by means, standard deviations and

ranges reported.

Previous 2 yr history
No Concussions 1 concussion 2 concussions 3+ concussions
(n=83) (n=66) (n=33) (n=31)

Demographics
Age, average SD [range]

18.7 +4.5[13-34]

19.7 +4.6 [14-32]

19.2 +4.5[14-32]

19.5 +3.8 [14-28]

Experience, average SD [range] 4.6 £2.8 [1-10] 4.2+2.8[1-12] 4.0 +2.9 [1-10] 3.742.2[1-§]
History in previous two years
Concussion, average SD [range] 0.0- 1.0- 2.0- 3.8 £1.5[3-5]
Loss of Consciousness, average SD [range] 1.0 £0.0 [0-1] 1.1£0.4 [0-2] 1.0 £0.0 [0-1] 1.5 +0.5[0-2]
“Bell Ringer” / “Ding”, average SD [range] 3.6 £2.9[0-10] 1.2+0.4 [0-2] 1.5£0.5[0-2] 2.6 £1.4[0-5]
Total, average SD [range] 3.7 £3.2[0-11] 2.8 +0.9[1-4] 3.3+0.9[24] 7.1 £2.5[5-10]
Symptoms previous two years
Headaches, average SD [range] 0.0- 2.1 1.7 [0-6] 1.3 £0.5 [0-3] 2.0 £1.0[0-3]
Dizziness, average SD [range] 3.3+2.1[0-6] 1.3+0.4[0-2] 1.5£0.5[0-2] 2.9 £1.7[0-5]
Memory Difficulties, average SD [range] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1] 1.0 £0.0 [0-1]
Visual Disturbances, average SD [range] 1.5+0.5[0-2] 1.0 £0.0 [0-1] 2.0 £0.0[0-2] 1.0 £0.0 [0-1]
Hearing Problems, average SD [range] 0.0- 1.4 £0.8 [0-3] 1.0 £0.0 [0-1] 0.0-
Other Symptoms, average SD [range] 0.0- 1.6 £0.4 [0-2] 4.0 £0.0 [0-4] 0.0-
Previous history of concussive events
Concussion, average SD [range] 1.4 0.5 [0-2] 2.1 £1.2[0-5] 2.5+1.4[0-4] 6.5 +4.1[0-10]
Loss of Consciousness 1.0 0.0 [0-1] 1.4 +£1.0 [0-4] 2.0£0.0 [0-2] 4.0 +2.1[0-6]
Bell Ringer / Ding, average SD [range] 4.0 £3.8 [0-10] 1.3+0.4 [0-2] 2.6 £1.9 [0-6] 2.5 +0.5[0-3]
Total, average SD [range] 3.2+3.8[0-13] 4.0 £2.0[0-9] 5.5+2.9[2-10] 10.1 £7.6[2-19]
Return to play
Seen by Dr, n (% of total) 5(2.3) 7(3.3) 1(0.5) 3(14)
Stand down (3 weeks) completed, n (% of total) 3(1.4) 5(2.3) 1(0.5) (2.9)
Medical clearance to return to play, n (% of total) 3(14) 2(0.9) 0- 1(0.5)
Post-Concussion Symptoms Scale
Score, average SD [range] 6.5 £5.5 [0-20] 6.1+3.0 [0-12] 7.7 £7.1[2-20] 18.5 £3.6[0-22]
Severity, average SD [range] 14.4 £16.7 [0-57] 7.4 5.4 [0-18] 14.2422.6[0-61]  21.4 +24.7[0-57]

There was a correlation observed between concussions reported in the last two years and previous
concussions (r:=0.597; p<0.001); loss of consciousness and previous loss of consciousness (rs=0.681;
p<0.001) and “bell-ringer” / “ding” and dizziness (rs=0.622; p<0.001) and these were significant (see
Table 4). This was similar for previous loss of consciousness and headaches (r=0.671; p<0.001);
previous concussions and headaches (r=0.627; p<0.001) and PCSS score and PCSS severity
(rs=0.916; p<0.001).
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Table 3: Spearman’s correlations between reported history of concussion, loss of consciousness and bell ringers; symptoms experienced post event in the past two seasons;

previous history of concussion, loss of consciousness and bell ringers; post-concussion score and severity of amateur rugby league players in New Zealand.

Concussion  LOC Rli'r?gtlelr“ Headaches Dizziness Memory Visual Hearing Other Csr:i\tljlgsljiZn Prf(\ggus “lerle I\?/\’licr’1l:;r“ zgosrg SF;Sesriy
Concussion -
LOC 0.302 -
"Bell Ringer" 0.18 0.17° -
Headaches 0.452 0.512 0.06
Dizziness 0.302 0.322 0.622 0.422 -
Memory 0.28 0.342 0.202 0.262 0.18 -
Visual 0.07 0.16> 0.202 0.35 0.222 0.362 -
Hearing 0.13 0.202 0.11 0.29 0.352 0.12 0.302 -
Other 0.140 0.322 -0.11 0.48 0.16> 0.140 0.10 0.472 -
Previous Concussion 0.60° 0.45 -0.05 0.632 0.20° 0.232 0.40° 0.29 0.332 -
Previous LOC 0.23 0.68 0.18 0.672 0.402 0.48 0.422 0.12 0.512 0.502 -
Previous "Bell Ringer" 0.312 0.25 0.04 0.312 0.312 0.13 0.412 0242 0.15° 0.492 0.222
PCS 0.140 0.342 -0.02 0.212 0.242 0.302 0.14b 0.08 -0.07 0.16° 0.212 0.302 -
PCS Severity 0.07 0.222 -0.03 0.06 0.12 0.312 0.15° -0.12 -0.26 0.01 0.07 0.292 0.922

LOC: Loss of Consciousness; PCS: Post-Concussion Symptoms Scale; Correlation is significant at (a) p< 0.01; (b) p<0.05
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The reliability of the self-reported concussion questionnaire yielded a weighted k coefficient with substantial
reliability for concussions (k=0.797; p<0.001), loss of consciousness (k=0.816; p<0.001) and bell ringer /
ding (k=0.777; p<0.001) in the previous two years. When compared with the players history of previous

concussions (k=0.864; p<0.001) and loss of consciousness (k=0.914; p<0.001) the results were similar.

Discussion

The purpose of this study was to report on the concussion history of amateur rugby league players. The
results of this study is concerning with an average of four concussive events per player for all age groups
reported. Even more concerning is the finding that despite players reporting having had no concussions in

the previous two year period they reported an average of nearly four concussive events.

Although the history of concussions reported in this study was undertaken by the use of a self-reporting
questionnaire there is some support that the identified history may be reliable.3 The questionnaire utilised
in this study was identical for all groups who were assessed as part of their medical assessment in the pre-
competition period. In a study reporting on the reliability of concussion history it was identified that the self-

reported history of concussion measure was of moderate reliability.3%

Players across all age groups were administered the same questionnaire in different settings where they
were gathered for the respective age group competition meetings over a 12 month period. Players who were
involved in more than one assessment process (n=20) were removed from subsequent analysis to ensure
there were no duplication of the results. These players did provide the source for the reliability analysis of
the self-reported concussion history indicating the weighted « statistics were in the “substantial” agreement

range according to the guidelines of Landis and Loch.3%7

An unexpected finding was that 7% of all players had active concussive symptoms and was a cause for
concern. None of the players identified with active concussive symptoms had seen any medical professional
for their symptoms nor reported these symptoms to anyone as they felt this was all part of “playing the
game”. All of these players were advised to seek further medical assistance and required to provide a full
medical clearance before they would be allowed to return to match activities. One player was subsequently
medically cleared two days later by his own medical practitioner as he “had no signs of a concussion”. This
player was identified as having recorded a concussive incident in the following match3'” and was advised
not to return to match activities for the rest of the competition, to seek medical review and to refrain from

training until medically cleared to do so.

A previous study“® identified that players will not report concussive symptoms because they do not think it
is sufficiently serious enough to necessitate reporting. A lack of knowledge of the risks and potential
consequences of concussion was reported to be the most common reason for the non-reporting of a possible
concussion.“% |t was also identified that more than a third of players failed to report a concussive injury as
they did not recognize that they had sustained a concussive injury based on their symptoms.4%® This may

have been the case in the current study with 7% of players showing signs of a concussive event. Further
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research is warranted to explore whether players in amateur contact sports such as rugby league have

concussion awareness.

With only 7.5% of players reporting their concussive history identified they sought medical assistance after
having a concussive event is a concern. Similarly the finding that only 5.2% of players with concussive
events completed a 3 week stand down and even less (2.8%) sought a medical clearance is also concerning.
Although the New Zealand Rugby League has a concussion policy, based on an international consensus
agreement,*? in place for the management of concussive events and provides an annual update for the
identification and management of concussion it appears this information is not reaching all members of this
sporting environment. Additionally there are no readily available tools for the assessment of concussion on

the sideline for the non-medical support person with amateur rugby league teams.

A possible concussion assessment tool that may assist the team medic / trainer is the King-Devick test.
Designed as a saccadic reading test,* the King-Devick has been utilised with amateur rugby league3'” and
has been shown to readily identify concussive events.202.203.317 The King-Devick has also been utilised with
the monitoring of mixed martial arts fighters, boxing, basketball and American collegiate football players.202
203 Additionally the King-Devick does not require the operator to be a medical professional, requires less
than a minute to administer2%2 unlike the Sports Concussion Assessment Tool which can take approximately

20 minutes to complete. 4

Non-compliance with return-to-play protocols is not unique to amateur rugby league players and has been
reported in studies on rugby union,28. 578 ice hockey' and US high school athletes.®** In a study?® reporting
on compliance with return-to-play regulations in schoolboy and community rugby union it was reported that
schoolboy rugby had 100% non-compliance with player return-to-play after a concussive event. The current
study is similar to suburban rugby non-compliance (95% vs. 97%) but greater than other studies reporting
on high school rugby®8 (77.1%) ice hockey (33%) and US high school sports (16.7%) non-compliance and
indicates that there are differences in how return-to-play regulations are completed in sporting environments
despite international agreement with management of sport-related concussions. Further research is

warranted to explore the return to play practices of amateur sports such as rugby union and rugby league.

Players reporting three or more concussions in the previous two years also reported more prior concussions
than those players reporting none, one or two concussions. This finding was not unexpected as a prior
history of concussion places the brain at risk to repeat injury and symptom exacerbation.*3* As well sports
participants with two or more concussions have also been reported to have more neurobehavioral symptoms

and impairment on selected neuropsychological tests than players with a history of a single concussion.®
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Concussion identification in amateur rugby league in New Zealand by use of

the Sport Concussion Assessment Tool (SCAT)

Background

Played internationally, rugby league is a physical collision sport participated at junior, amateur, semi-
professional and professional levels of competition.'® Similar to rugby union in regards to skills and
movement patterns, rugby league does not have line-outs, mauls, consists of 13 players per team
(compared to 15 players as seen in rugby union) and requires an immediate play-the-ball after each tackle
is completed.® Rugby league is an intermittent sport comprising of intense bouts of activity (e.g. tackling
and sprinting), interspersed with short bouts of lower intensity activities (e.g. walking and jogging).'® Divided
into two groups, forwards and backs, these players can expect to undergo on average of 29 to 55 physical
collisions (tackles and ball-carries) per game.22* Due to the nature of the game there is a risk of an injury

occurring, such as concussion (also known as mild traumatic brain injury), to the players involved.

International initiatives for sports-related concussions have resulted in the formation of the ‘Concussion in
Sport Group’ (CISG). Following several international meetings involving leading sports organisations the
CISG have produced consensus statements on the definition, assessment and management strategies for
sports-related concussions.*? In addition the Sport Concussion Assessment Tool (SCAT and SCAT2)#%
was produced as a comprehensive evaluation tool for assessing sports-related concussion. As a result of
the consensus statement and assessment tool, sporting bodies such as New Zealand Rugby League
amended their concussion policy to reflect these changes and produced educational packages for team

management nationwide (http://www.nzrl.co.nz/media/22461/concussion policy sept 2010.pdf). Although

there is an increased awareness of the effects of concussion, many concussions are neither recognized by
athletes nor observed by coaches or trainers."'* Consequently a large proportion of concussions remain

unreported.'*

The reported incidence of concussion from rugby league participation has varied from 2.5%28 to 34.8182 per
1,000 match hours. In an analysis of publicly available broadcast games for the National Rugby League’s
Telstra Premiership 2010 season in Australasia*? the incidence rate for probable concussion was 11.1 per
1,000 player hours and was likely to be underestimated. In studies reporting amateur rugby league injuries
in New Zealand the incidence of concussions varied from 6.5%22 to 27.2324 per 1,000 match hours. The
identification and recording of concussion at this level of participation has been based on player reports or
trainer assessment and no formalized assessment process was undertaken in these studies. To date there
have been no published prospective studies reporting the use of the SCAT or SCAT2 in identification of
concussions at the amateur level of rugby league participation. This study undertook to describe SCAT and
SCAT2 results, concussion incidence, injury mechanisms, and player positions injured during prospective

data collection over three seasons for domestic and representative rugby league players.
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Methods

A total of 176 (124 domestic, 52 representative) premier level rugby league players participated in the study
during the 2008, 2009 and 2010 competitive seasons. All concussions were assessed with the SCAT*22 in
2008 and SCAT24% in the 2009 and 2010 seasons. The mean +SD age, stature and mass of the players
enrolled in the study were 25.3 £5.5 yr, 1.78 £0.06 m and 91.9 £15.2 kg. Injury data were collected from a
total of 83 (61 club, 22 representative) amateur rugby league matches played from March to October each
year, including all trial, fixtures and finals matches. Matches were played under the rules and regulations of
the New Zealand Rugby League (NZRL) that includes the mandatory wearing of mouthguards during match
play. All participants were invited to participate in the study and received a clear explanation of the study,

including the risks and benefits of participation. Ethics approval was provided (AUTEC 08/44).
Match exposure and concussion definition

Injury incidence rates expressed as the number of injuries sustained per 1,000 playing hours were
determined using previously described methods.323 Over the duration of the competition, all match injuries
were recorded by the team sports medic on a standardized injury reporting form regardless of severity.323
The definition of a concussion utilised for this study was “any disturbance in brain function caused by a direct
or indirect force to the head. It results in a variety of non-specific symptoms and often does not involve loss

of consciousness”.4%
Sport Concussion Assessment Tool (SCAT)

The SCAT is a paper neurocognitive tool developed from existing concussion assessment tools.*2?
Established as having face validity, the SCAT reliability and change scores have not been reported to date.*
The SCAT consists of subjective and evaluative components. Subjective components consist of 25
symptoms based on a 7-point Likert scale anchored at 0 (no symptoms) to 6 (severe symptoms). The
evaluative component consists of signs, modified Maddock’s questions, symptom scores, cognitive
assessment and neurological screening. The cognitive assessment utilises immediate word recall of five
words upon hearing the words and delayed word recall following concentration tasks, with additional stating
months of the year in reverse order and repeating single digits in reverse order. The SCAT24%5 is a revised
assessment tool that has expanded on the subjective components of the SCAT. Changes to the SCAT242
are the deletion of some symptoms, combining dizziness and balance problems symptoms, modified

balance error scoring systems (BESS), three trials for immediate word recall and scoring up to 100.
Balance Error Scoring System (BESS)

The balance error scoring system was developed as a method of evaluating postural stability without the
use of complex or expensive equipment.528 There have been significant correlations between the BESS and

force-platform sway measures (r=0.42 to 0.79) with inter-rater reliability coefficients of 0.78 to 0.96.5% Three
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different stances (double stance, single stance, and tandem stance) were tested on a firm surface with each
test lasting 20 seconds.528 Players were directed to assume the required stance by placing their hands on
their iliac crests and the test would begin when they closed their eyes. During the single-leg stances, players
were asked to maintain the contralateral limb in 20° of hip flexion with 30° of knee flexion. Players were
asked to stand quietly and as motionless as possible in the stance position, keeping their hands on their
iliac crests and their eyes closed. Players who lost their balance were to make any necessary adjustments
to return to the testing position as quickly as possible. Performance was scored by adding 1 error point for
each error committed to a total of 10 points. Trials were considered incomplete if they could not sustain the

stance position for longer than 5 seconds.52
Procedure

All rugby league match activities were attended by the team sports medic. Any player observed to have
received a direct blow to the head, was slow to rise from a collision or appeared unsteady on their feet
following a collision were assessed on-field for any injury. Players were removed from the match activity and
rested on the sideline if they showed any signs of delayed answering or incorrect answers to questions. A
reassessment of the player was undertaken approximately 20 minutes laters'® utilising the SCAT and BESS
(2008) or the SCAT2 (2009-10). Players with a total score of less than 93 were ruled out of further
participation in any match or training activities and required further medical evaluation. Any player with loss
of consciousness was treated for cervical spine injury, immobilized and transferred to a hospital for further
management. All suspected concussions were referred to a medical practitioner for further management.
All players assessed to have a suspected concussion undertook a graduated return-to-play program*2 and

required a full medical clearance before they could return to full training and match activities.
Statistical analysis

All data collected were entered into a Microsoft Excel spreadsheet and analysed with MedCalc for Windows
version 11.3.8.0 (MedCalc Software, Mariakerke, Belgium http://www.medcalc.be). Given the slight
differences between the SCAT and SCAT2, the results from the SCAT collected in the first year of the study
were adapted to be consistent with the SCAT2 scores by amending the data from the SCAT to reflect the
changes made to the SCAT2. The results were then added up to reflect a score out of 100. The summary
results of the SCAT2 were reported as mean £SD and range of scores and differences were assessed with
independent t-tests. A one-sample chi-squared (x2) test was used to determine whether the observed injury
frequency was significantly different from the expected injury frequency. To compare between concussion

injury incidence rates risk ratios (RR’s) were deemed to be significant at p<0.05.
Results

The overall injury exposure for the three competitive seasons was 1,435 match hours at risk (see Table 4).
The match injury exposure for the 2008, 2009 and 2010 seasons was 432.3 (domestic 328.5; representative

103.7); 484.1 (domestic 380.4; representative 103.7) and 518.7 (domestic 345.8; representative 172.9).
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Eighteen players recorded a total of 19 concussions over the study period resulting in a total incidence of
13 (95% CI: 8 to 21) concussions per 1,000 match hours. One player recorded a second concussion the

same playing season.
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appearances and match minutes per concussion by participation level and total per 1,000 match

hours with 95% confidence intervals.

Table 4: Number of rugby league concussions, hours per concussion, mean time per injury, player

Domestic Representative
Competition Competition (n=52) Total (n=176)

(n=124)
Concussions Observed 12 7 19
Concussions Expected 14.0 5.0 19
Injury rates per 1,000 playing hours (95% Cl) 11.4; 6.5 0 20.0 18.4; 8.8t0 38.6 13.2; 8410 20.8
Number of matches played 61 22 83
Exposure hours 1,055 380 1,435
Hours per concussion (95% Cl) 87.9;49.9t0 154.8 54.3; 25.9t0 114.0 75.5;48.21t0 118.4
Mean time (hrs) for first concussion (95%Cl) 6.8; 3.91t0 12.0 42;,2.0t08.8 5.8;37109.1

0.20; 0.11t0 0.35
66.1; 37.5t0 116.4

Total No. concussions per match (95% Cl)
Player appearances per concussion (95%Cl)

0.32;0.15t0 0.67
40.9; 19.5to 85.7

0.23;0.15t0 0.36
56.8; 36.210 89.0

equipment worn when concussions were recorded for three consecutive seasons for amateur

rugby league in New Zealand.

Domestic

Representative Competition

Table 5: Player position, player group, injury cause, match period, concussion severity and protective

Total (n=176)

Competition (n=124) (n=52)
No. Rate; 95% CI % No. Rate; 95% CI % No Rate; 95% CI %
Player position
No. 1 Fullback 1 0.9;,0.1t06.7 8.3 3 7.9,25t024.5 429 4 36.2; 13.6 0 96.5 211
No. 2 Wing 1 0.9;0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t064.3 53
No. 3 Centre 2 19;0.5t07.6 16.7 1 2.6;041t018.7 14.3 3 27.2;8.81084.3 15.8
No. 4 Centre 0 0.0; - 0.0 1 2.6;0.4t0 18.7 14.3 1 9.1;1.3t0 64.3 53
No. 5 Wing 0 0.0; - 0.0 0 0.0; - 0.0 0 0.0; - 0.0
No. 6 Stand off 0 0.0; - 0.0 1 2.6;041t018.7 14.3 1 9.1;1.3t064.3 53
No. 7 Half back 1 0.9;,0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t064.3 53
No. 8 Prop 1 0.9;0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t064.3 53
No. 9 Hooker 2 19;05t07.6 16.7 0 0.0; - 0.0 2 18.1;4.5t072.4 10.5
No. 10 Prop 1 0.9;0.1t06.7 8.3 1 2.6;041t018.7 14.3 2 18.1;4.5t072.4 10.5
No. 11 Second row 1 09;0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t0 64.3 53
No. 12 Second row 1 09;0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t0 64.3 53
No. 13 Loose forward 1 09;0.1t06.7 8.3 0 0.0; - 0.0 1 9.1;1.3t0 64.3 53
Backs 5 47:2.0t0 114 4.7 6 15.8; 7.1 to 35.1 85.7 11 14.2; 7.91t0 25.7 57.9
Forwards 7 6.6;3.2t013.9 58.3 1 2.6;041t018.7 14.3 8 12.1; 6.0 to 24.2 421
Injury cause
Tackler 3 2.8;0.9108.38 25.0 1 2.6;041t018.7 14.3 4 28;1.0to74 211
Ball carrier 9 8.5;4.4t016.4 75.0 6 15.8; 7.1 to 35.1 85.7 152 10.5; 6.3t0 17.3 78.9
Match period
1st quarter 10 09;0.1t06.7 8.3 0 0.0; - 0.0 1c 2.8;0.4t019.8 53
2nd quarter 2 1.9;05t07.6 16.7 2 5.3;1.3t021.0 28.6 4 11.1;4.21t0 29.7 211
3rd quarter 2 1.9;0.5t07.6 16.7 2 5.3;1.3t021.0 28.6 4 11.1;4.21t0 29.7 211
4th quarter 72 6.6; 3.2t0 13.9 58.3 3 7.9;25t024.5 429 100 27.9;15.0t0 51.8 52.6
1st half 3 2.8,091t08.8 25.0 2 5.3,1.3t021.0 28.6 5 7.0;2.9t017.3 26.3
2nd half 9 8.5;4.4t016.4 75.0 5 13.1; 5.5t0 31.6 714 14 19.5; 11.6t0 32.9 73.7
Concussion severity
No LOC 10 9.5,5.1t0 17.6 83.3 6 15.8; 7.1 to 35.1 85.7 16 11.1;6.8t0 18.2 84.2
<5sL0OC 2° 1.9;0.5t07.6 16.7 1 2.6,0.41t018.7 14.3 3d 2.1;0.7t06.5 15.8
Protective equipment
Equipment used 1 10.4; 5.8 to 18.8 91.7 6 15.8; 7.1 to 35.1 85.7 17 11.8; 7.4 to 19.1 89.5
Mouthguard 3 2.8;0.9108.38 25.0 2 5.3,1.3t021.0 28.6 5 35,1.5t084 26.3
Headgear 4 3.8;141t010.1 333 0 0.0; - 0.0 4 2.8,1.0to 74 211
Shoulder pads 2 1.9;0.5t07.6 16.7 0 0.0; - 0.0 2 14;0.3t05.6 10.5
Strapping 10 9.5;5.1t017.6 83.3 4 10.5; 3.9 to 28.0 57.1 14 9.8;5.81016.5 73.7
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Rate reported per 1,000 match hours. Cl: Confidence Interval. Significant difference (p<0.05) than
(a)=Tackler; (b)=1st quarter; (¢)= 4" quarter; (d)=no loss of consciousness.

Player position, injury cause, match period, concussion severity and protective equipment worn

The fullback (36; 14 to 97 per 1,000 match hours), No. 3 centre (27; 9 to 84 per 1,000 match hours), the
hooker and No. 10 prop (18; 5 to 72 per 1,000 match hours) were the most common player positions to
record a concussion (see Table 5). Ball-carriers sustained significantly more concussions than tacklers (RR:
3.8; 1.3t0 11.3; p=0.012). There were significantly more concussions in the fourth than the first quarter (RR:
10.0; 1.3 to 77.7; p=0.007) of matches (see Table 2) and were significantly more concussions in the second
than the first half of matches (RR: 2.8; 1.0 to 7.6; p=0.039). The majority of players who recorded a
concussion (74%) were not wearing a mouthguard when the concussion occurred (RR: 3.8; 1.4 to 10.2;
p=0.039).

Sport Concussion Assessment Tool (SCAT) scores

Table 6 lists the mean £SD and range of scores of the SCAT2. The mean £SD sum score for the SCAT2
assessments of concussed players was 66.9 +14.5. Although domestic players recorded a higher mean
subtotal (50.5 vs. 39.9: t=1.38; p=0.216), and total score (70.8 vs. 60.7: £=1.13; p=0.302) than representative

players these were not significant.

Table 6: Mean, standard deviations and range of SCAT2 concussion assessment component scores for
176 amateur rugby league players and for club (n=124) and representative (n=52) playing levels

in New Zealand.

Domestic Representative _
Competition (n=124) Competition (n=52) Total (n=176)
Mean; £SD Range Mean; £SD Range Mean; £SD Range

Domain area (maximum score)

Symptom score (22) 11.9; 2.9 6016 10.9; 4.0 8018 11.5; 3.3 6t018
Physical signs score (2) 12;0.8 Oto2 1.0;0.8 Oto2 1.1;0.8 Oto2
Glasgow Coma Scale (15) 14.1; 0.8 13t0 15 11.4; 5.8 3to 15 13.1; 3.7 3t0 15
Balance examination (30) 225 2.7 191028 16.0; 11.2 0to 25 19.9;7.7 0to28
Coordination score (1) 08,04 Oto1 0.6;0.5 Oto1 07,05 Oto1
Subtotal (70) 50.5; 2.0 47 to 53 39.9; 18.7 13 to 59 46.3; 12.4 13 to 59
Orientation score (5) 35,10 2t05 33,16 Oto5 34,13 Oto5
Immediate memory score (5) 3.9,08 3to5 3.9;1.8 Oto5 39,12 Oto5
Concentration score (15) 9.6; 1.6 81013 11.3; 24 8to 14 10.3; 2.0 8to 14
delayed recall score (5) 3.3, 1.7 Oto5 24, 1.7 Oto5 2.9, 1.7 Oto5
SAC subtotal score (30) 20.4; 3.0 15 to 27 20.9; 6.2 8 to 26 20.6; 4.4 8to 27
SCAT2 total (100) 70.8; 3.7 67to 79 60.7; 22.3 21t0 79 66.9; 14.5 21t0 79
Maddocks Score (5) 3.2,1.0 2t05 3.4;1.0 2t05 3.3;1.0 2t05

SD= Standard DeviationDiscussion

The finding of 13 concussions per 1,000 match hours is more than some,?® 322 but not all*?® published
studies reporting concussions as a result of participation in rugby league. There have been changes to the
rules in regards to tackles involving contact with the head and tackling styles, such as spear tackling and

head-slamming into the ground being outlawed in rugby league. Not recorded in this study was if the
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concussion occurred in the tackle by direct contact to the head region or through contact with the ground.
This is seen as a limitation to this study. Head high tackles and head contact with the ground have been
reported to be the most common recorded mechanisms of injury when a concussion occurs.273 Unfortunately
there was no multi-view video camera footage to enable post injury analysis. Future studies investigating

concussive injuries in rugby league should consider video analysis as part of the study protocol.

The use of the SCAT2 as part of concussion assessment for rugby league has never been reported. It has
been recommended that the SCAT2 be not only utilised as a concussion assessment tool but also to identify
-normative values of athletes before the competition starts.53 This recommendation was made after the
present study commenced, and thus was not incorporated in the protocol. In addition, many of the symptoms
listed on the SCAT2 are not concussion specific. Uninjured players may also record these symptoms (i.e.
fatigue, low energy) and an understanding of these symptoms when assessing a player with concussion is
important. The most common reported symptoms reported in the current cohort of players were fatigue, low
energy and headache which is similar to other studies® reporting the use of the SCAT2 as a sport

concussion assessment tool in other sporting codes.

The SCAT2 is a longer sideline concussion tool and, although is an improvement over the original SCAT,
will require additional time to complete on the sideline making it more of a training room assessment tool as
opposed to a readily available sideline assessment tool.™®, The ability to be able to conduct the complete
test on the sideline was limited due to the team having a medic-trainer who was also required to interact
with the players on the field and to manage any medical event that occurred. Consequently the assessments
were done after the match had finished. In addition, the SCAT2 was utilised for the assessment of the
concussed player. It were not utilised as part of an on-going review and comparison for the return-to-play
process. A medical practitioner, not part of rugby league nor in contact with the team sports-medic, would
clear the concussed player to return-to-play without having discussed the initial assessment. Some players
were cleared to return before the graduated return-to-play protocol (< 5 days post-incident) was completed.
This often resulted in a conflict between the team medic, the coach and the player. This is seen as a limitation
to the use of the SCAT2 in amateur sports. Until the wider health care community encourages the facilitation
of information such as SCAT2 for medical assessment of amateur players, use of concussion assessment

tools at the sideline is limited to individuals doing their own recording.

Similar with a previous study?’® on injuries in professional rugby league, the fullback recorded the most
concussions. This may be related to the nature of rugby league where the fullback has to take the ball
forward usually into the larger forwards. If the fullback has a previous history of concussion then the risk of
concussion increases two-fold compared with players with no previous history.> A limitation of the present
study was that the players medical history including previous concussions was not recorded. Future studies
should consider including medical history assessment in their data collection. One player had a recurring
concussion in the same playing year resulting is a loss of the rest of the season. Another player suffered a

neck injury the same time he sustained a concussion, resulting in his decision to terminate his participation
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in rugby league. Both of these players reported a previous history of concussions after they were diagnosed

during the current study.

The tackle situation is reportedly the most common cause of concussions in rugby league.®® The tackle is
also the most important skill in rugby league.'® Success in the tackle is dependent on tackling ability, ability
to tolerate the associated physical collisions and the capacity to ‘win’ the tackle contest. '8 With the emphasis
on increased play-the-ball speed and dominance of the ruck, the tackle is an important area to focus on for
injury prevention. Most tackle-related injuries occur when the ball carrier is tacked at the shoulder height /
mid-torso region, in the blind vision area, with two or more tacklers.33 Injury prevention programs designed
to highlight these areas may be useful to assist in reducing the incidence of concussive injuries in tackle
situations. In addition the development of correct tackling technique (defence) and falling in the tackle
(attack) programs may also assist in reducing the incidence of concussions, as well as other injuries, in the

tackle.338 Further studies reporting on the tackle and the incidence of concussions are warranted.

Although 18 players reported they had a concussion, there is a tendency by players to under-report or hide
the symptoms of concussion so they can return-to-play the following week.4%® Considering that more than
50% of concussions may not be reported*® then the incidence of concussions in amateur rugby league may
be more likely 27 per 1,000 match hours. This incidence rate is similar to a previous study®* reporting
division 2 amateur rugby league injuries. This highlights the need for more amateur rugby league clubs to
have appropriate medical coverage for teams to ensure timely identification and management of
concussions.z8 Although players in this study had a trained sports-medic, no other teams involved in the
competitions had any formal medical coverage. Further longitudinal studies at amateur level sporting

participation are warranted to explore team medical coverage and the incidence of concussions.

Studies have highlighted the concern surrounding reporting the recognition and management of concussion.
In the analysis of broadcast rugby league game*? it was identified that most injured players continued
playing or returned-to-play despite being visibly concussed and described as such by the commentary team.
They surmised that although ‘return-to-play decisions’ for professional players were guided by medical
assessment, the way concussion is portrayed by media might affect public awareness of appropriate
concussion management. In reviewing the knowledge of youth coaches®' 42% of identified loss-of-
consciousness as the hallmark of concussion, 26% of coaches would permit a player exhibiting signs of
concussion to return-to-play. This was similar in New Zealand,*" with 39% reporting loss-of-consciousness
as the hallmark of concussion; 68% would leave a player with signs of concussion to continue to play and
68% would permit a player to return-to-play while still symptomatic. Of concern was 56% of respondents
knew how to recognise a concussion, 38% knew the management of concussion and 31% could identify
concussion prevention strategies. Further research is warranted to continue to evaluate concussion

awareness in team and match officials at all levels of sports participation.
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Personal protective equipment such as strapping, head-gear and shoulder pads are worn at the discretion
of the player as long as they comply with rugby league safety requirements.*® Mouthguards are a mandatory
requirement for all rugby league players in New Zealand entering the field of match play.*6® The finding that
74% of players who were concussed were not wearing a mouthguard is a concern. This may be reflective
of the level of monitoring of players in contact sports by team management and match officials and the need
for further education of players. Although mouthguards have been shown to have a protective benefit for
orofacial injuries, the evidence for protection against concussions is based on limited case series studies
and cross sectional non-randomised surveys.!'® The use of properly fitted pressure laminated mouthguards
has been suggested to reduce the severity of concussions. Mouthguards with a density that produces a
posterior jaw separation of 3 mm to 4 mm have been suggested that they reduce the impact forces involved
in concussions.t2' To date there are no published studies providing evidence that standard or fitted pressure
laminated mouthguards decrease the rate, or severity, of concussions.!® Further research is warranted to
examine the effects of mouthguards on concussion incidence and severity with players that wear

mouthguards in comparison with those that don’t.

In rugby union’ nearly a third of players surveyed were aware of situations where players continued to play
on due to peer pressure; 76% believed a team mate had been concussed and stayed on and 31% believing
that this was due to pressure. When returning-to-play from a concussion 52% of players surveyed reported
they did not adhere to a return-to-play protocol nor sought medical clearance to return-to-play.5’8 This may
be similar to the amateur rugby league community with limited resources available to assess and manage
concussions. Further studies are warranted to explore the concussion knowledge of amateur sports

participants.

Conclusion

The information contained in this technical report addresses two main areas in relationship to sport-related
concussion in amateur rugby league. Firstly the knowledge and management of concussion of amateur
rugby league players is a concern. The finding that less than 10% of players reporting a concussion from
rugby league activities are seen by a health professional raises concerns about the management by team
management and match officials. Of greater concern is the finding that even less players reporting having
had a concussion undertakes the identified mandatory stand down period and are medically cleared to return

to match activities.

The second area addressed is the reporting of the incidence of concussions in amateur rugby league team
over three consecutive seasons. No published study to date has undertaken to report specifically on rugby
league concussions and the finding of an incidence of 13 per 1,000 match hours is within the range of
previous studies. By utilising the SCAT2 as the sideline paper neurocognitive assessment tool for the

concussions identified or reported the management of these injuries was able to be commenced. Ball
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carriers recorded more concussions than the tacklers. Tackle technique training skills may be useful in

reducing the incidence of concussion in amateur rugby league.

As shown by this report, the incidence of reported concussion is within the range of published studies but
when reviewing the player concussion data there is an identified lack of knowledge of what a concussion is.
Concerning was the finding that players reporting never having a concussion did have loss of
consciousness, “dings” and had concussion related symptoms. This may be reflective of the lack of
awareness of what a concussion is at both the player and the team management level in amateur rugby

league.

216



Appendix Il: Technical Report to NRL / NZRL

AU}

UNIVERSITY

TE WANANGA ARONUI O TAMAKI MAKAU RAU

Sports-related concussions in rugby league:
The magnitude of the problem and evidence

for impact assessment

A report for the National Rugby League and New Zealand Rugby League
227 March 2015

Prepared by

Dr Doug King," Professor Patria Hume,' Dr Conor Gissane,2 Mr Trevor Clark?

'Sports Performance Research Institute New Zealand (SPRINZ), Faculty of Health and Environmental
Science’ Auckland University of Technology, Auckland, New Zealand
2School of Sport Health and Applied Science, St Mary’s University, Twickenham, Middlesex, United
Kingdom
3School of health and Movement, Australian College of Physical Education, Sydney, Australia

Reviewed by
Dr Paul Bloomfield MBBS FACSP, National Rugby League; Dean Watkins, New Zealand Rugby League

.

A

NEW ZEALAND
RUGBY LEAGUE"

217



Overview

This technical report is provided to the National Rugby League (NRL) and the New Zealand Rugby League

(NZRL) to enable consideration of the magnitude of the concussion problem and consideration of the

evidence for impact assessment. Specifically the research evidence for the following topics are covered:

1. Literature analysis of the magnitude of the concussion problem in rugby league.

2. Field research data describing the frequency, magnitude and distribution of impacts to the head in junior

and senior rugby league measured via instrumented patches.

3. Field research data describing the sideline concussion assessment in junior rugby league using the King-

Devick test.

Key findings are:

Rugby league has the highest percentage of sport code total costs and mean costs per ACC claim
for concussion (92.2%; $25,545).

Semi-professional participants had nearly a two-fold greater concussion injury rate than
professional participants and a three-fold greater concussion injury rate than amateur participants.
Throughout the 2014 match competition season, there were 1,977 impacts recorded via
accelerometer patches applied behind the ear of 19 junior players. The youth players were exposed
to impacts that can be considered high-magnitude at any level of participation. Despite the number
of high-magnitude impacts recorded, there were no witnessed concussive events throughout the
duration of the study.

There were 13,895 impacts recorded via accelerometer patches applied behind the ear of 38 senior
players. There was an average of 56 impacts over 10g per game over the course of the season.
The majority (41%) of impacts occurred to the side of the head. The cumulated impacts per player,
per match were 56 £22 and 731 +289 respectively.

The King-Devick test was able to identify junior players with functionally-detected cognitive

impairment without any observable concussion symptoms.

Based on these findings we recommend:

Player and team management education surrounding prevention, identification and assessment of
concussion is essential.

Baseline and post-match assessment of all players using the King-Devick is required.

Prospective studies to determine the cumulative impact loads on players using the accelerometer
patches applied behind the ear and concussion outcomes is required.

Validation studies using the accelerometer patches are needed.

Studies using players at all levels of participation are needed (particularly juniors, females and

Maori).
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Study summaries

A brief history of rugby league and the magnitude of the concussion problem

Rugby league in New Zealand was the catalyst for the establishment of the game internationally from the
1905 ‘All Gold's’ tour through Australia, England and Wales. Although different to rugby union in the modern
version, league draws its roots from the game. As a result of breaking away from rugby union, league has
rapidly expanded in New Zealand as a sport, as people saw it as a faster, skilful and entertaining form of
rugby. Given the increasing participation in league it is important to ensure performance can be improved
whilst minimising risk of injury. Several epidemiology studies have been conducted to determine the
magnitude of the sport-related concussion problem in New Zealand. Rugby league (92.2%; $25,545)
recorded the highest percentage of sport code total costs and mean costs per ACC claim for concussion.
Males participating in rugby league recorded the highest mean costs per moderate-to-severe claim
($26,182). Over the 2001-11 period, New Zealand Maori recorded the highest mean costs per moderate-to-
severe claim for rugby league ($43,604). People participating in rugby league activities in the 30-39 age
group recorded the highest total ($2,268,398) and mean cost ($48,211) per moderate-to-severe claim.

Concussions as a result of participation in rugby league activities

A systematic literature analysis of the magnitude of the concussion problem in rugby league was performed.
Data were extracted and pooled from 23 studies that reported the number and incidence of concussions in
rugby league match and training activities. Amateur rugby league players had the highest incidence of
concussive injuries in match activities while semi-professional players had the highest incidence of
concussive injuries in training activities. Semi-professional participants had nearly a two-fold greater
concussion injury rate than professional participants and a three-fold greater concussion injury rate than

amateur participants.

Frequency, magnitude and distribution of head impacts in junior and senior rugby league measured

via an instrumented patch

Head impacts and concussive injuries have become a growing interest in the media, sports medicine and
academic environments. Repetitive impacts have been reported to be associated with long term
consequences such as Dementia, Alzheimer's and Chronic Traumatic Encephalopathy. We wanted to
quantify the frequency, magnitude and distribution of head impacts in junior rugby league. A junior rugby
league team (19 players) was monitored with the X2Patch behind the left ear of every player during match
activities. The number of impacts and the linear and rotational forces involved were used to calculate the
risks associated with every impact, and the cumulated impacts per player, per match and per season.

Calculations of injury risk, injury severity and risk weighted exposure were provided. Throughout the 2014
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match competition season, there were 1,977 impacts recorded. There were 28 impacts above 80g. This
impact magnitude is high and highlighted that, although these were youth players, they were exposed to
impacts over a competition duration that can be considered high-magnitude at any level of participation.
Despite the number of high-magnitude impacts recorded, there were no witnessed concussive events
recorded throughout the duration of the study. Mean linear acceleration measured over the season of
matches was similar to mean linear accelerations reported in studies for American Pop Warner and Youth
football. Mean rotational accelerations measured were higher than American Pop Warner, youth and high
school football. Further studies should explore impacts at the senior, female and professional levels of
participation. Although we reported the data by means (£SD), median and 95" percentile to enable
comparisons across published studies, there is a need for standardization of reporting head impact

biomechanics to enable accurate comparisons.

Senior rugby league players are stronger and faster and likely to impact other players with more force in
tackles than junior players. Therefore given our work with junior players, we wanted to extend this work to
quantify the frequency, magnitude and distribution of head impacts in senior rugby league. Thirty eight
players wore the XPatch behind the left ear for every match competed over the pre-season and competition
season. The number of impacts and the linear and rotational forces involved were used to calculate the risks
associated with every impact, and the cumulated impacts per player, per match and per season. There were
13,895 impacts recorded. There was an average of 56 impacts over 10g per game over the course of the
season. The majority (41%) of impacts occurred to the side of the head which is not the same as other
studies reporting impacts in American high school and collegiate football. Median resultant linear
accelerations were lower than high school and collegiate American football while the median resultant
rotational accelerations were higher. The cumulated impacts per player, per match were 56 +22 and 731
1289 respectively. Although we reported the data by means (£SD), median and 95t percentile to enable
comparisons across the studies to be conducted, the need for standardization of reporting head impact
biomechanics is needed.

Use of the King-Devick test in sideline assessment of concussion in junior rugby league

The King-Devick test is a rapid number naming reading timed-test that assesses changes in the saccades
or fast eye-movements of the player based on previous baseline assessments. Areas of the brain involved
in saccades are widespread and can be affected without any observable concussion signs and symptoms
being recorded. To date, there has been no published research surrounding the use of the King-Devick test
in junior sports participants. Therefore we wanted to quantify King-Devick base line values for junior rugby
league players. Nineteen junior rugby league players were assessed pre-season and after each match or
when there was parental concern of a concussive injury. The King-Devick test was able to identify players

with functionally-detected cognitive impairment without any observable concussion symptoms.
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Introduction

Participation in rugby league activities in New Zealand is largely amateur, with only one professional team
(The New Zealand Warriors). Rugby league unfortunately has a high injury rate. Recent Accident
Compensation Corporation (ACC) reports have identified that the rugby league injury rate is increasing. This
has socioeconomic ramifications in terms of familial support, social interactions and employment
responsibilities. There are also financial implications for the individual, the community, society and the
government through lost income and rehabilitation costs. To minimize the incidence and severity of injuries
there is a need for education of participants on the nature and cause of injuries, and evaluation of injury

prevention strategic that could be put in place.

This technical report is provided to the National Rugby League (NRL) and the New Zealand Rugby League

(NZRL) to enable consideration of the magnitude of the concussion problem and consideration of the

evidence for impact assessment. Specifically the research evidence for the following topics are covered:

1. Literature analysis of the magnitude of the concussion problem in rugby league.

2. Field research data describing the frequency, magnitude and distribution of impacts to the head in junior
and senior rugby league measured via instrumented patches.

3. Field research data describing the sideline concussion assessment in junior rugby league using the King-

Devick test.
This technical report is part of the ongoing PhD research being undertaken by Dr Doug King on concussion

and head impacts through the Sport Performance Research Institute New Zealand at Auckland University

of Technology.
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Part 1: A brief history of rugby league and the magnitude of the concussion

problem

Overview

Rugby league in New Zealand was the catalyst for the establishment of the game internationally from the
1905 ‘All Gold's’ tour through Australia, England and Wales. Although different to rugby union in the modern
version, league draws its roots from the game. As a result of breaking away from rugby union, league has
rapidly expanded in New Zealand as a sport, as people saw it as a faster, skilful and entertaining form of
rugby. Given the increasing participation in league it is important to ensure performance can be improved
whilst minimising risk of injury. Several epidemiology studies have been conducted to determine the
magnitude of the sport-related concussion problem in New Zealand. Rugby league (92.2%; $25,545)
recorded the highest percentage of sport code total costs and mean costs per ACC claim. Males participating
in rugby league recorded the highest mean costs per moderate-to-severe claim ($26,182). Over 2001-11
period, New Zealand M3ori recorded the highest mean costs per moderate-to-severe claim for rugby league
($43,604). People participating in rugby league activities in the 30-39 age group recorded the highest total
($2,268,398) and mean cost ($48,211) per moderate-to-severe claim.

Introduction

Following the now historic meeting in 1895 at the George Hotel in Huddersfield, a schism ensued with the
Rugby Football Union (RFU). This schism occurred when 22 clubs broke away from RFU control and
established the Northern Rugby Football Union. 62 242 627 The development of the ‘Northern Union’ (NU) was
the start of professionalism in sport. Under NU rules players were compensated for wages lost as a result
of sports participation.'62. 242,534,627 The NU implemented new rules resulting in changes such as: (1) the
number of players reduced to 13 on the field; (2) elimination of the line out; (3) implementation of a different
scoring structure; and (4) introduction of a ‘play the ball' stopping the use of ‘rucking’ and ‘mauling’ for
possession of the ball as in RU.383 These changes continued over time into the game now known as rugby
league.'® Played by both junior and senior level competitors, rugby league is played in countries such as
Australia, New Zealand, Scotland, Ireland, France, Russia, United States of America, Wales, Papua New
Guinea, Fiji, Samoa and South Africa.#!- 448 Participants range in age from six to sixty years in amateur
(male87. 319, 322, 518 and female'® 318), semi-professional 312 313.322 and professional (male2!8. 224,275, 484, 571)

level competitions.
Rugby league in New Zealand

In 1907 Albert Henry Baskerville, a postal clerk, organised a Professional All Black tour to go to England to
play Northern Union rules against Northern Union sides.'62 242,627 Known as the “Pro-Blacks” 162 242.627 or
“All Gold’s”,5% the tour team of consisted of 27 players from around New Zealand, including nine current All

Black rugby union internationals.53 The team travelled to Australia and played three matches in New South
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Wales before heading to England with Australian Henry Herbert (Dally) Messenger who was invited to tour
with the team.53 Competing in 29 club based matches, three test matches and two international matches in
England and Wales, the All Gold’s returned to Australia leaving four players behind in England, having

secured professional club contracts.5

Returning to Australia the All Gold'’s played three more club based matches before they played Australia in
the first test match.53 Following the win (11-10) by the All Gold’s they travelled to Brisbane for the second
test. Unfortunately, on route to Brisbane, Baskerville developed a “chill” and subsequently died from
complications.%* Despite the loss of their team mate and friend, the team played Australia in Brisbane
winning 24 -12 before departing back to Sydney for the third test.5* Losing this test (14-9) the All Gold’s
headed back to New Zealand having brought Northern Union rules to the international domain in England,

Wales and Australia.

The first rugby league match played in New Zealand was on Saturday 13t June 1908 at Wellington’s Athletic
Park.162 242,534 Qrganised as a benefit match for the widowed mother of Albert Henry Baskerville, the match
was promoted as “rugby as it is played in England”.2#2 The match was watched by between 6-7,000
spectators and drew praise by newspapers as an improvement on rugby union rules, producing a more

interesting, skilful and much faster game.2*2

Following this match, groups of enthusiasts attempted to start the new game in towns and cities throughout
New Zealand and, by the end of 1908 representative teams had been in organised in Southland, Otago,
South Canterbury, Wellington, Taranaki and Auckland.'62 22 A Maori team was also formed and they
competed in matches in New South Wales and Queensland, Australia in 1909.162 242 The regional districts
also formulated governing bodies to cater for the games in their districts.'62 242 But it was not until 1910 that

the national governing body, the New Zealand Rugby League was formulated. 162 242

The New Zealand Rugby Union reacted to the tour, its own players defection and the development of rugby
league in New Zealand in several ways.'62 242 The first reaction was to disqualify players who partook in
rugby league from any rugby union activity, building or sports ground. Rugby union also endeavoured to
stifle the development of rugby league by trying to have municipally own sports grounds denied to rugby
league.'62 242 By pressuring municipal councils into believing that they would disqualify a ground as
professional and not allow rugby union to be played there, some councils denied requests by rugby league
clubs to play in municipal areas.62 242 Despite these endeavours, in the early years rugby league grew as a

sport, with people seeing it as a faster, more skilful and entertaining form of rugby.
What is rugby league?

Rugby league is a team sport that consists of 13 players. Junior and amateur rugby league matches are
typically (but not always) played under an unlimited interchange rule whereas professional/elite and semi-
professional/sub-elite rugby league teams utilise a limited interchange rule. Up to 12 interchanges are

permitted in these competitions. Each team is permitted six tackles with the ball and they must advance
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down the field into the opposition’s territory and score a try.185.218. 225 The ball must be passed backwards
but can be carried or kicked into the opposition’s territory. 85225 At the completion of the six tackles, the ball
is immediately given to the opposition team to commence their set of six tackles.!® 218 The same players

are therefore involved in both attack and defence.

The game is played under different rules depending upon participation age. Children aged less than nine
years old play under mini-modified rules requiring a half sized field of play. There is no tackling, no kicking
of the ball and no contested scrums in this age group.%: 302 Children between the ages of 10 and 12 years
old also participate in a modified rules version of the game. This requires that the matches are played on
three-quarter sized fields, allow tackles to be made, have limited kicking and they can contest for the ball in
a scrum as in the full version of rugby league.® %2 For participants over the age of 13 years of age, the

game is participated under the international rules.

Similar to rugby union, the rugby league team consists of two main groups of participants (six forwards and
seven backs) on the field and four reserves.82 184448 The demands on the participants vary according to the
specific positions playeds2 184448 with forwards (prop n=2, hooker n=1, second row n=2 and lock n=1) more
predominately involved in large numbers of physical collisions and tackles.'® Backs (half-back n=1, stand-
off n=1, centre n=2, wing n=2 and fullback n=1) spend more time in free running but are involved in tackles
and collisions.'8 These are sometimes classified into four subgroups reflecting positional commonality (i.e.
props, hookers and halves, back-rowers and outside backs).82 1%. 448 The demands placed on the

participants vary according to the specific position played during match participation. 84 230

As with all sport, participating in rugby league activities carries injury risk. The game is intermittent in nature
requiring participants to compete in a challenging contest. Players competing in rugby league often undergo
frequent bouts of high intensity activity (e.g. tackling, sprinting, running and passing) interspersed with short
bouts of low intensity activity (e.g. jogging, walking and standing).' 97. 19. 447 Because of the intermittent
nature of the game, the physiological demands of rugby league are complex. Players are required to have
maximal aerobic power, speed, muscular strength and power and agility developed appropriately to compete
in the match environment.41. 97. 196,447 As g result of the physical requirements and intense nature of the

game, musculoskeletal injuries are commonly reported.!79. 185196
The magnitude of the sport-related concussion problem in New Zealand

Several epidemiology studies have been conducted to determine the magnitude of the sport-related
concussion problem in New Zealand. Moderate-to-severe (MSC) Accident Compensation Corporation
(ACC) claims and costs for concussion have been quantified for 2001 to 2011.3% Of the seven sports codes,
rugby league recorded a low number of MSC claims but the highest mean cost per claim. Although MSC
injury claims were only 6.4% of total claims, they accounted for 79.1% of total costs indicating that although
the majority of sport-related concussions may be minor in severity, the related economic costs associated

with more serious sport-related concussion can be high.
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Rugby league (92.2%; $25,545) and netball (86.6%; $11,371) recorded the highest percentage of sport code
total costs and mean costs per ACC claim. Males participating in rugby league recorded the highest mean
costs per MSC claim ($26,182). Over 2001-11 period, New Zealand Maori recorded the highest mean costs
per MSC claim for rugby league ($43,604). People participating in rugby league activities in the 30-39 age
group recorded the highest total ($2,268,398) and mean cost ($48,211) per MSC claim.

A reason for high concussion claim numbers in sport may be related to the focus on concussion identification
and management education resulting in increased reporting. Rugby league had the third highest number of
claims (n=179) for reported concussions over the ten years. However, the overall knowledge level of
concussion identification and management was only 42% for rugby league team coaches and trainers in
New Zealand which was lower than other studies reporting concussion knowledge of team coaches (62%8
to 84%*77). Of 95 rugby league coaches and team managers, 26% reported they would not remove a player
with symptoms of concussion, 20% would return a symptomatic player to participation and 39% reported
that concussion only occurred when a player lost consciousness.3" With the number of reported
concussions in this study, and given the lack of knowledge surrounding concussion identification and
management previously reported there is possibly an under-reporting of concussion in rugby league.
Recently it has been reported that un-witnessed concussive events were identified with the use of a saccadic
reading test in rugby league®'” and rugby union.3'* The number of un-witnessed to witnessed concussions
occurred at a 3.4 to 1 ratio.?"* If this is indicative of the true incidence then the reported numbers, and costs
in this study may only be a third of the actual incidence and economic costs associated with sport-related

concussions.

Of concern was that rugby league recorded a low number of MSC claims but the highest mean cost per
claim. In particular, males and Maori participating in rugby league activities recorded the highest mean costs
of all sports. This may be reflective of the nature of rugby league when compared with rugby union or the
management of these types of injuries. For example, the differences in the types and numbers of tackles
between the two sports may expose players in rugby league to more head impacts resulting in more severe
head trauma and therefore more cost per claim. Studies have reported that contact with the head during the
tackle occurred at a rate of 0.6 per 1,000 tackles in rugby union5'8 but at a rate of 89.9 per 1,000 tackles in
rugby league.®2 This higher rate of contact with the head in rugby league may be reflected in the higher
costs recorded in the current study. Further studies are warranted to explore the incidence of impacts that
occur and the management of these injuries in rugby union and rugby league. A conclusion from this study
was that Maori rugby league males aged between 30 and 39 years, and female players need to be targeted

for injury prevention initiatives.

Epidemiology evaluation by ethnic groups has also been conducted3?” for New Zealand rugby league injuries
requiring medical treatment and associated costs using ACC data for 1999 to 2007. New Zealand Maori
accounted for 39.8% of the number of total injury claims and 43.5% of the total injury entitlement costs but

were recorded as only 13.2% of the total New Zealand population. Accounting for only 3.2% of the population
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distribution living in Auckland, New Zealand Maori recorded 11.7% of the total injury claims in the Auckland
district. Soft tissue injuries accounted for 10.6% (+8.5%) of injury claims and 7.9% (£6.7%) of injury
entitlement costs for all ethnic groups. New Zealand Maori recorded more injury claims for the knee than all
other ethnic groups. Injury claims for New Zealand Europeans recorded more trade occupations, New
Zealand Maori more plant and machinery occupations and Pacific peoples more elementary occupations.
New Zealand Maori recorded significantly more injury claims for both males and females than all other ethnic
groups over the study period. This study identified that NZ Maori are disproportionately participating in rugby

league in NZ, but the proportions injured are consistent with reported proportions playing the game.
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Part 2: Concussion in rugby league: A pooled analysis

Overview

A systematic literature analysis of the magnitude of the concussion problem in rugby league was performed.
Data were extracted and pooled from 23 studies that reported the number and incidence of concussions in
rugby league match and training activities. Amateur rugby league players had the highest incidence of
concussive injuries in match activities (22.9 per 1,000 match hours) while semi-professional players had the
highest incidence of concussive injuries in training activities (3.1 per 1,000 training hours). Semi-professional
participants had nearly a two-fold greater concussion injury rate than professional participants and a three-

fold greater concussion injury rate than amateur participants.
Background

Rugby league has a high incidence of injury, especially when compared with rugby union.5 Injury incidence
in rugby league increases with increasing participation level.'® In reviews of match and training injuries in
rugby league, 8. 185 338 match injuries varied from 157 to 82517 180 per 1,000 match hours while training
injuries ranged from 12.2276 to 10682 per 1000 training hours. Limitations to these individual studies are that
they rely on small numbers of players, typically are only from one club or competition, utilize different injury
definitions and methodological approaches and are usually conducted over a short duration.32 The
generalizability of these individual studies for the identification of the injury incidence in rugby league is

limited.225

A strategy previously utilised??.328 js to combine the information provided by epidemiological studies into a
single estimate,® 428 termed a pooled analysis.”™ To achieve this technique it is recommended that all the
studies included in the analysis be on common grounds, have similar definitions, have a comparable
population and have adequacy and specificity of exposure data.525 By pooling the data, the information
provided can then be statistically re-analysed providing more precise injury data.® This has been undertaken
on professional rugby league studies?25 and more recently32 by pooling all the published studies reporting
injury incidence at all levels of participation. The professional study?25 only reported the injury incidence for
professional rugby league participation was 40 per 1,000 player hr. whereas the more recent study32
reported both match and training injuries for all levels of rugby league participation. This study328 reported

an injury incidence of 148 per 1,000 match hr. and a training injury incidence of 12.6 per 1,000 training hr.

A systematic qualitative review of concussions in rugby league?” identified that the incidence of concussion
varied widely from 0.0 to 40.0 per 1,000 playing hours depending on the injury definition utilised (time loss
vs. no time loss). The incidence rates varied between match and training activities, playing positions and
the season (winter vs. summer).2” Of all concussive injuries, 29% were associated with illegal match

activities.20” Although this review did summarise the available literature qualitatively, no study to date has
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undertaken a pooled analysis of concussions in rugby league. Therefore the purpose of this study was to
review all published rugby league studies reporting injuries from match and training participation and report
the pooled data estimates on rugby league concussion injury epidemiology. In addition this study added
information for professional, semi-professional, amateur and junior levels of participation in both the match
and training environments. Specifically, this included estimates of concussion injury incidence for the

different rugby league participation levels.
Methods

The methodology utilised in this study was similar to previous pooled analysis studies reporting rugby league

injuries?2 38 and using the steps as described by Friedenreich.33. 169
Search strategy for identification of databases

Searches of PubMed, CINHAL, Ovid, MEDLINE, SCOPUS, ScienceDirect and SportDiscus® databases
were performed to identify studies published in English prior to December 2014. The computer databases
provided access to sports-oriented and biomedical journals, serial publications, books, theses, conference
papers, and related research published since 1948. Terms utilized for the search of relevant research
studies included rugby AND league AND injur*. Bibliographies of all papers retrieved for evaluation were
also examined for additional references. All articles that met the inclusion criteria were entered in an
EndNote X6.0.1 database.

Inclusion criteria

Published studies that reported the incidence of injury in rugby league match and training activities were

collated. These studies were included in the analysis if they were:

(1
(2
(
(

) Published later than 1990;
)
3) Reported concussions;
)

Reported the match or training time exposure enabling calculation of player time injury rates;

4) More than one study reporting injuries at the identified participation level.

Procedures

As all of the studies included in the pooled analysis were observational in design, two reviewers extracted
the study characteristics, numerical data and assessed the quality, by adhering to the protocol for systematic
review of observational studies (MOOSE).5"> This approach was utilised as it enables a more precise
estimate of effects of influential factors, takes into account confounding factors (participation level and age)
and the heterogeneity of the studies.?'* An additional advantage to utilising a pooled analysis approach is

that the same statistical model can be utilised with data from methodologically diverse studies.?*

A total of 1,422 studies were initially identified through the database searches. This consisted of 333 studies
identified in PubMed, 43 in CINHAL, 679 in Ovid Medline, 186 in SCOPUS and 181 in Sports Discus (see
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Fig 1). Some studies reviewed were initially identified as being eligible for inclusion in the pooled analysis
but were excluded due to a variety of reasons. The exclusion of these studies were identified as being: (a)
Older than 1990;2 3.6 (b) Reporting of data as means;'9"-309 (c) Non reporting of all injuries or total exposure
times; 192194, 197,198,200, 333, 334 (d) Use of a previously reported injury database;??’ (e) A review paper; 8. 185,207,
219, 284, 336-338, 385 (f) Self—reported injuries;475 and (g) not reporting COﬂCUSSiOﬂS.mQ 175, 176, 178, 179, 181, 187, 191, 199,

275, 276, 306, 483, 517

A total of 23 studies were identified that reported data collection of rugby league injuries. This consisted of
17 Studies182, 184, 187, 189, 218, 223, 226, 228, 312, 316, 318, 320-322, 324, 545, 571 reportlng rugby |eague match |njur|es and SlX

studies?. 182, 183, 190, 223,319 reporting rugby league training injuries (see Table 2.1). Data pertaining to the
participation level were reviewed and the studies were grouped into professional, including reserve and

elite-218, 223, 226, 228, 545, 571 Seml_profeSS|0na| mcludlng Sub_elite-182-184, 189, 190, 321 amateur83, 316, 318-320, 322, 324 and

junior. 187,312

.2
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c >
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229



Figure 2.1:Flow of identification, screening, eligibility and inclusion for the pooled analysis of match and

training rugby league concussion injuries.

Many of the identified studies did not include all the areas of interest for the pooled analysis. So, specific
information was extracted from individual studies on an ‘as-required’ basis throughout the analytical process
and to exclude data if there were less than two studies reporting at the same participation level. Not all
studies reported concussions limiting the evaluation of these areas to the total match and training injuries
recorded. Injury severity was pooled for the number of injuries recorded in both match and training session

studies in this analysis.
Assessment of study quality

All studies meeting the selection criteria were assessed for quality based on modified previously published
checklists.5 Quality was described as the confidence that the design, conduct and analysis of the study
was such that it minimised bias in the estimation of the factors associated with injury on the outcome

measures.®”” The quality assessment criteria utilised in this study have been previously identified.37
Statistical analysis

The data from the individual studies were combined as previously described.?? Incidence rates and 95%
confidence intervals (Cl) were calculated. To compare between injury rates, risk ratios (RRs) were used.
The RRs were assumed to be significant at p<0.05. To test for significant difference, chi-squared (x?)

goodness-of-fit tests were utilised.
Results

The studies reported match injury data from 2,431 match events totalling 40,425.6 match exposure hr.
(Professional: 1,658 matches; 28,728.5 match hr; Semi-professional: 561 matches; 8,779.9 match hr;
Amateur: 114 matches; 1,484.7 match hr; Junior: 98 matches; 1,432.5 match hr). Studies reporting training
injury data were drawn from 196,524.7 training exposure hr. (Professional: 167,793.5 training hr; Semi-
professional: 14,202.4 training hr; Amateur: 14,528.8 training hr). There were no published studies that
reported junior training injuries. Overall quality of the studies included in the pooled analysis was good

(median 5/6; range 4-5). Not all studies were prospective and no study had a blinded outcome.

The pooled analysis concussion injury incidence for match injuries was 8.1 (95% CI: 7.3 to 9.0) per 1,000
match hr. (see Table 2.1). More concussions were recorded in amateur than professional (RR 2.9: 95% CI:
2.0 to 4.1; p<0.0001), semi-professional (RR: 3.9; 95% CI: 2.5 to 5.9; p<0.0001) and junior (RR: 3.3; 95%
Cl: 1.6 to 6.6; p=0.0005) studies. The pooled analysis concussion incidence for training injuries was 0.2
(95%Cl: 0.2 to 0.3) per 1,000 training hr. (see Table 2.1). There were more concussions recorded in semi-
professional than amateur (RR: 15.0; 4.7 to 48.3; p<0.0001) and professional (RR:519.8; 95% CI: 71.6 to

3,772.8; p<0.0001) training session studies. Semiprofessional rugby league participants recorded a two-fold
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risk ratio (RR: 1.9; 95% CI 1.3 to 2.9; p=0.0013) when comparing match and training concussion incidence
(see Table 2.2).
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Table 2.1: Pooled analysis of concussions in rugby league for match and training exposure activities by

participation level by number of concussions reported, total exposure hours and rate per 1,000

hours with 95% confidence interval (Cl).

No. Hours Rate (95% Cl)
Match reported concussions?
Total 327 40,425.6 8.1(7.2109.0)
Gender
Ma|e182, 184, 187, 189, 218, 223, 226,
228, 312, 316, 320-322, 324, 545, 571 325 40’0965 81 (72 to 90)
Female3'® 2 329.2 5.1(1.3t020.4)
Level of participation
i 218, 223, 226, 228,
Professionl 231 287285  8.0°(7.1109.2)
I- i 182, 184,
Seri-Professiona 52 87799  59(45107.8)
Amateur316. 318, 320, 322,324 34 14847 22.92d (16.4 t0 32.0)
Junior187.312 10 14325 7.0¢(3.8t0 13.0)
Training reported concussions®
Total 48  196,524.7 0.2(0.2t00.3)
Gender
Malg83. 182, 183, 190, 223, 319 48  196,524.7 0.2(0.2t00.3)
Level of Participation
Professional?2 1 167,7935 0.01°(0.00 to 0.04)
I- i 182, 183,
Semi-Professional 4 142024 34%(23104.2)
Amateurs3. 319 3 14,5288 0.2°(0.1t0 0.6)

Cl = Confidence interval; (a) = rate reported per 1,000 match hr.; (b) rate reported per 1,000 training hr.
Significant difference (p<0.05) than (a) = Professional; (b) = Semi-professional; (c) = Amateur; (d) =
Junior.

Table 2.2:Risk ratio of match to training concussion injuries for professional, semi-professional and amateur

rugby league participants with 95% confidence intervals.

Participation level RR (95% CI) X3 (df=1), pvalue

Professional?®® .26, 2656571 13492 (189.3 10 9,618.66)  1,3414  <0.0001
- i 182-184, 189, 190,

Semi-Professional 1.9 (1.28-2.85) 1036 0.0013

Amateurs. 316, 516320, 322,24 110.9 (34.1 to 360.7) 3003 <0.0001

Cl = Confidence interval

Discussion

The aim of this study was to review and update the analysis of rugby league injuries specifically looking at
the incidence of concussion injuries. The current study encapsulates a broad spectrum of published rugby

league studies and incorporates both match and training concussion injuries at professional, semi-
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professional and amateur levels of participation. Studies reporting women’s3'® match and junior training
rugby league injuries would have been included, but there was a paucity of published studies in these areas
suitable for inclusion to enable a pooled analysis. Future studies are warranted to explore these groups of

rugby league participants.

The use of a pooled analysis has been previously applied to rugby league injury epidemiological studies.?2
225,328 This approach has been shown to produce an overall estimation of the injuries recorded by combining
the data provided by the selected studies.'® The limitations with the use of a pooled analysis methodology
have been previously described®. 546 and issues such as the difference in study design (observation vs. self-
reported injury);'". 507 injury type, site and severity definitions; data collection methods and times; data
recording medium and the maintenance of the data medium were considered and addressed through to
identification of the data utilised. Despite these limitations, the strength of a pooled analysis is that it provides
more accurate estimates of injury rates than individual studies that provided the data,?? can be utilised as
comparisons against other pooled studies and to obtain a combined estimator of the quantitative effect of

the relative risk of injuries in rugby league match and training activities.33 169

The major findings of this pooled analysis for studies of concussion occurring in match and training activities
were: (i) Semi-professional participants had nearly a two-fold greater concussion injury rate than
professional participants and a three-fold greater concussion injury rate than amateur participants; and (ii)
Semi-professional participants had a 500-fold higher concussion injury rate than professional participants,

and a 15-fold higher concussion injury rate than amateur participants.

It was not unexpected to find that professionals had a 1,300-fold and amateurs had a 110-fold decrease in
the incidence of injuries occurring when comparing match and training injury incidence. What was
unexpected was the finding that semi-professional participants only had a 2-fold decrease in the incidence
of injuries comparing the match and training injury incidence. It has been reported that semi-professional
participants have superior physiological capabilities than amateur participants'”- 17 producing a higher
playing intensity that may result in a higher injury incidence. 79 218.227. 571 However, professional players also
have greater physiological attributes than amateur participants and a higher skill level than semi-professional
participants'” and the decrease between match and training injuries is greater than for amateur participants.
These differences may be a result of the approach to training activities at the different levels of participation.
While professional players may undertake more regular training sessions than amateurs, they likely
moderate their training sessions so that injury does not limit their ability to appear in competition. Amateur
players partake in less regular training activities but rely on other employment as their source of income,31®
so any injuries that occur may have a direct impact on their financial income. Semi-professional players
have a mix of payment for playing and may also utilise another source of employment for income.”® Over-
exposure to a diverse range of physical activities may place them at a higher risk of an injury occurring.

Further studies are warranted to explore the issues that surround semi-professional players and the

233



incidence of both match and training injuries such as employment type, training hours and coaching styles

and how these may be reduced.

This pooled analysis showed that in match activities amateur rugby league participants have a higher
reported concussion injury rate than professional and semi-professional participants. A limitation with using
the pooled analysis for the identification of concussion injuries is that there is no data to further analyse
where, when or what player positions are affected when the concussions occur during the match and training
activities. Further studies are warranted to further explore the incidence of concussion injuries in all levels
of rugby league participation and should include a more detailed analysis of the time, activity and player

position to assist with injury prevention programmes.
Conclusion

A combined estimate of injuries within a specific sport through pooled analysis provides more precise
evidence and meaningful information about the sport, whilst controlling for between-study variation due to
individual sub-cohort characteristics. This synthesis has illuminated differences in concussion injury rates at
several levels in the game, along with information about the differences in the incidence of concussions
between playing and training for rugby league. Semi-professional participants had nearly a two-fold greater
concussion injury rate than professional participants and a three-fold greater concussion injury rate than

amateur participants.

Part 3: Head impacts in a junior rugby league team measured with an

instrumented patch: An exploratory analysis.

Overview

Head impacts and concussive injuries have become a growing interest in the media, sports medicine and
academic environments. Repetitive impacts have been reported to be associated with long term
consequences such as Dementia, Alzheimer's and Chronic Traumatic Encephalopathy. We wanted to
quantify the frequency, magnitude and distribution of head impacts in junior rugby league. A junior rugby
league team (19 players) was monitored with the X2Patch behind the left ear of every player during match
activities. The number of impacts and the linear and rotational forces involved were used to calculate the
risks associated with every impact, and the cumulated impacts per player, per match and per season.
Calculations of injury risk, injury severity and risk weighted exposure were provided. Throughout the 2014
match competition season, there were 1,977 impacts recorded. There were 28 impacts above 80g. This
magnitude is high and highlighted that, although these were youth players, they were exposed to impacts

over a competition duration that can be considered high-magnitude at any level of participation. Despite the
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number of high-magnitude impacts recorded, there were no witnessed concussive events recorded
throughout the duration of the study. Mean linear acceleration measured over the season of matches was
similar to mean linear accelerations reported in studies for American Pop Warner and Youth football. Mean
rotational accelerations measured were higher than American Pop Warner, youth and high school football.
Further studies should explore impacts at the senior, female and professional levels of participation.
Although we reported the data by means (+SD), median and 95" percentile to enable comparisons across
published studies, there is a need for standardization of reporting head impact biomechanics to enable

accurate comparisons.

Introduction

Sports related concussion has received increased media and public awareness with concern for player
safety and the risk of injury.84 115 626 Knowledge about the potential metabolic and ultrastructural
consequences of impacts to the head has grown, as has the appreciation for repetitive concussive and
subconcussive impacts and the possible deleterious effects in some individuals.2 The use of technology
such as accelerometers in the helmets of American football players,50. 0. 115 the analysis of injury
biomechanics has increased the knowledge of the forces, accelerations, frequencies and velocities of head

injuries.52 This knowledge can be applied to circumstances where head injuries can occur.

Youth football players may not have any meaningful impacts to the head because the players are smaller,
have a lower impact velocity and participate less.528 However the risk of a concussive injury, as a result of
the impacts that occur from sports activities such as football, for younger players is higher when compared
with adults."® As well as a higher risk of a concussive event, younger players can also have a prolonged
recovery process when compared with adults.5 In youth American football (6 to 9 yr.) there was a reported
average of 107 impacts per-player per-season with an average linear and rotational acceleration of 18g and
901 rad/s2. Most impacts occur during practice (59%) and have a higher magnitude than those recorded in
matches."® In reporting on Pop Warner “Junior Midgets” football players (12 to 13 yr.), 480 impacts were
recorded during matches with an average linear acceleration of 47 +149.526 This was slightly higher than
middle school football players (12-14 yr.) where the match median linear accelerations were 21 +3g.116
Although the youth players are smaller and had fewer head impacts than the older players, they did record

high magnitude impacts and the long term implications of this in an exposure paradigm are unknown.626

Despite more studies reporting impacts to the head and concussions, none have identified a data acquisition
limit that constitutes a subconcussive impact. Impacts under 10g are reported*’® to be a result of non-contact
activities such as walking, jumping, running and sitting."® 44 Impacts over 10g that do not result in a
participant presenting with acute signs or symptoms of concussion, are identified as subconcussive
impacts' and repetitive subconcussive impacts may have negative long-term effects.56 Several studies®

84,626 ysed data acquisition limits greater than 10g and may have removed subconcussive impacts from their
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dataset. The data obtained from these types of impacts is not normally distributed. Using a data acquisition
limit greater than 10g may remove a large amount of impacts that could be subconcussive impacts. The
data acquisition limit of 10g was therefore selected by us to identify impacts that were considered to have

occurred from impact accelerations enabling elimination of activities undertaken in daily living.

Non-helmeted sports have also utilised accelerometers in measuring impacts from sports participation.
Heading the ball by female soccer youths yielded peak accelerations of 63g and 8,869 rad/s2.%' No
concussions were reported,?' as no injury nor injury risk was assessed; even though some of the rotational
accelerations were within the nominal values for an injury to the head when compared with NFL data*% and
injury risk tolerance levels.532 Although data are accumulating for soccer and NFL there are no published
data for non-helmeted collision sports such as rugby league. The objective of this study was to investigate
the head impact exposure during matches in order to elucidate the frequency, magnitude and distribution of

head impacts in junior rugby league players over a junior season of matches in New Zealand.
Methods
Experimental approach to the problem

A prospective observational cohort study was conducted on a junior club level rugby league team during the
2014 competition in New Zealand. Nineteen players (males n=14; females n=5) were enrolled in the study
with a mean +SD age, body mass and height of 10 +1 yr., 55 +17 kg and 1.5 £0.1 m. Consent was obtained
from the players parents / guardians prior to enrolment. The researchers’ University ethics committee
approved all procedures in the study (AUTEC 12/156).

All 19 players participated in the modified version of Rugby League (Mod-League) over a single competition
season administered through a zonal region under the jurisdiction of the New Zealand Rugby League. The
match rules for rugby league have been adjusted to accommodate younger participants
(http:/lwww.nzrl.co.nz/pdf/guide_to_the_laws_2010.pdf). The adjustments for this age group (Mods:
Under 10 — Under 11 yr.) include a smaller field (80 x 48 m); a smaller ball (270 mm x 162 mm); fewer
players (11 per team on field (five forwards (props=2; hooker=1, second row=2) and six backs (Halfback=1,
five-eight=1, centre=2, wing=2), or fewer if the opposition has less; two 20 minute halves, no points awarded
for a win, no final series and two passes from the play the ball following a tackle. Similar to the adult version
of rugby league, the team in possession must carry the ball forward aiming to score a try, but can only pass
the ball backwards for a maximum of six tackles before handing the ball to the opposition. Unlike the adult
version of rugby league both males and females participated in the same game against teams with a similar

mixture of male and female players.

Players wore an instrumented patch behind their ear (XPatch, X2Biosystems, Inc., Seattle, WA, USA)
sampling at 1,024 Hz, during every match. The specific details of the accelerometers utilised and the
biomechanical measures have been previously reported.33 The patches recorded head linear and rotational

acceleration, impact location and duration. All data were recorded on the X2Biosystem Injury Management
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Software (IMS) and transferred to an Excel spreadsheet for further analysis. Over the 2014 domestic junior
rugby league match competition season impacts that exceeded our inclusion limit of 10g for a head impact
were retained for data analyses. Impacts could be a result of a direct blow to the head, face, neck or
elsewhere on the body with an ‘impulsive’ force transmitted to the head. Each recorded impact was

categorised into four general locations (front, side, back and top).10?

Head impact exposure including frequency, magnitude and location of impacts was quantified using
previously established methods. % 110 Data were not collected at team trainings due to resource limitations,
with priority being quantification of the characteristics of head impacts sustained during rugby league
matches in the season. Two measures of impact frequency were computed for each player: player impacts
- the total and average number of head impacts recorded for a player during all matches; player position
impacts - the total and average number of head impacts recorded for the playing position for all matches.

The impact data were analysed by male and female participants.

For the impact to be recorded, 100 ms of data were stored, including 25 ms prior to, and 75 ms following,
the impact. Software provided by X2Biosystems calculated the peak linear acceleration, rotational
acceleration (x-axis and y-axis angular accelerations), impact location, Head Impact Criterion 15 ms, Gadd
Severity Index, and date and time stamp for later download and analyses. Impacts were uploaded and then
reviewed to ascertain whether they were from match impacts as verified by video (Sony HDR-PJ540
Camcorder) recorded during the games. Impacts not occurring from match activities were termed ‘clacks’.
All impacts were assessed through the IMS utilising a “de-clacking algorithm” that involved two methods.3%0

All impacts identified as ‘clacks’ were removed from the dataset prior to downloading for further analysis.

All data were entered into Microsoft Excel and analysed with SPSS V.22.0.0. Impacts were reported as the
mean xstandard deviation (SD) per-player per-season of matches, per-player per-match and impact
duration (ms). As the impact variables were not normally distributed at all the data acquisition limits
(Kolmogorov-Smirnov test; p<0.001), the data were expressed as mean tstandard deviation (SD), median
and 95" percentile value for impacts recorded for resultant linear and rotational accelerations. These were
analysed using a Krusal-Wallis one-way ANOVA with a Dunn’s post-hoc test. The risk weighted exposure
(RWE) calculations for linear (RWEdinear), rotational (RWEretstional) @and combined probability (CP) (RWEcp)59%
were analysed with a Wilcoxon signed-rank test with a Bonferroni correction applied. Impacts were further
divided into one of three categories: (1) Impacts greater than 80g (high); (2) Impacts ranging between 30.0

g and 79.9g (moderate); and (3) Impacts ranging between 10.0g and 29.9g (low).44°.

The impact locations were categorized as front, side, back and top. Impacts to the top of the head were
defined as all impacts above an angle 65° from a horizontal plane through the centre of gravity of the head.2*!
Impact locations were analysed using a Friedman repeated measures ANOVA on ranks. Post hoc analysis
with Wilcoxon signed-rank tests was conducted with a Bonferroni correction applied. Empirical cumulative

distributions (CDF) were computed by individual players and total impacts recorded by resultant linear and
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rotational accelerations. Our results were then compared to studies quantifying head impact exposure in

junior, high school and college American football players.
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Table 3.1: Impacts to the head greater than 10g for total impacts recorded, impacts by forwards and backs in a junior rugby league team (19 players) over a season of matches.

Data are presented as mean and standard deviation (+SD), median and 95" percentile for impacts per player per match season, per player per match, impact duration

(ms), linear and rotational acceleration and risk weighted exposure by linear, rotational and combined probability.

Tol SRR Perplayer PLA (g) PRA(radls?) RWEL RWERots RWE
Impacts pseason per-match g Linear Rotational CP
n= Mean +SD Mean £SD Mean ¥SD  Median 95% Mean £SD Median 95% Mean £SD Median  95% Mean £SD Median 95% Mean £SD Median  95%

Total Impacts’

1,977 116 £74 13+2 22 +16 16 57 4,041 £3391 2,773 11,384  0.001 £0.001 0.000  0.001 0.192 £0.365 0.001 1.000  0.088 £0.237 0.001 0.808
Forwards Impacts?

1511 151 £75 15 +7 22 +16 16 57 3,889 £3,368 2,640 11,189  0.001 £0.001 0.000  0.001 0.181 £0.359 0.001 1.000  0.084 £0.233 0.001 0.804
Backs Impacts?

466 67+38 915 23 +16 17 57 4,534 £3 421 3,343 11,627  0.001 £0.002 0.000  0.001 0.225 +0.382 0.003 1.000  0.102 +£0.251 0.001 0.849

PLA (g) = peak linear acceleration in gravitational force (g); PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); RWELinear = Risk Weighted Exposure Linear; RWERotational = Risk Weighted

Exposure Rotational; RWEcp = Risk Weighted Exposure Combined Probability; (1) = 11 player positions; (2) = 5 players; (3) = 6 players.

Table 3.2: Impacts to the head greater than 10g for low (<30g), moderate (30g-80g) and high (>80g) magnitude impacts for total impacts, impacts by forwards and backs in a junior

rugby league team (19 players) over a season of matches. Data are presented as mean and standard deviation (+SD), median and 95! percentile for impacts per player

per match season, linear and rotational acceleration and risk weighted exposure by linear, rotational and combined probability.

Total Per Player
Per match PLA(9g) PRA(rad/s?) RWELinear RWERotational RWEcp
Impacts season
n= Mean £SD Mean#SD  Median 95% Mean £SD Median 95% Mean £SD Median  95% Mean £SD Median 95% Mean £SD Median 95%

Total Impacts?

<30g 1,601 94 +66 16 £5 14.0 26 2,798 +1,689 2,382 6,039  0.000 +0.000 0.000  0.000 0.052+0.182 0.000  0.389  0.007 £0.049 0.001 0.017

30g - 80g 348 22 +10 46 £12 43.0 71 8,974 £3,247 8,805 14,985  0.001+0.001 0.000  0.002 0.782 +0.349 0994  1.000 0.387 +0.353 0297 0.990

>80g 28 2 +1 93 +12 90.0 121 13,930 +4,991 15117 21,764  0.008 +0.006 0.005 0.025  0.906 +0.269 1.000  1.000 0.844 +0.312 0.996  1.000
Forwards Impacts?

<30g 1,232 123 70 16 50 14 26 2,663 +1,657° 2,198 5660  0.000+0.0000  0.000 0.000 0.045+0.170>  0.000  0.230 0.007 £0.051®  0.000  0.012

30g - 80g 258 308 46 £13v 43.0 72 8,926 +3,279° 8,730 14,758  0.001+0.001®  0.000  0.002 0.772+0.358>  0.993  1.000 0.388£0.360>  0.295  0.988

>80g 21 31 92 +10° 88.0 115 13940+4,849 14649 22596 0.007 £0.004>  0.005  0.019  0.931 +0.219 1.000  1.000  0.846 +0.292 0.994  1.000
Backs Impacts?

<30g 369 53 +31 17 152 15.0 26 3,190 +1,6652 2,750 6,306  0.000+0.000a  0.000 0.000 0.068+0.1952  0.001 0.520  0.007 £0.029:  0.001 0.021

30g - 80g 90 15 6 46 £12a 440 70 9,433 £3,3152 9,447 15327  0.001+0.000a  0.001 0.002 0.822+0.3212 0998 1.000 0.438+0.360a  0.402  0.993

>80g 7 2 +1 94 +152 88.0 * 12,346 5,656 12,476 * 0.009 £0.009=  0.005 * 0.854 £0.373 1.000 * 0.764 +0.370 0.978 *
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PLA (g) = peak linear acceleration in gravitational force (g); PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); RWELinear = Risk Weighted Exposure Linear; RWERotational = Risk Weighted
Exposure Rotational; RWEcp = Risk Weighted Exposure Combined Probability; (1) = 11 player positions; (2) = 5 players; (3) = 6 players. Significant difference (p<0.05) than: (a) = Forwards; (b) = Backs; * = unable to
calculate due to limited numbers
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Results

Twelve matches were completed over the competition season giving a match exposure of 88.0 hours. Both
the linear and rotational accelerations were right-skewed and heavily weighted toward low magnitude
impacts for impacts greater than the data acquisition limit's utilised (see Figure 3.1). Resultant linear
accelerations ranged from 10g to 123g with a mean, median and 95" percentile value of 22g, 16g and 57g
respectively (see Table 3.1). Resultant rotational accelerations ranged from 89 rad/s? to 22,928 rad/s? with

a mean, median and 95" percentile value of 4,041 rad/s?, 2,773 rad/s? and 11,384 rad/s? respectively.

A total of 1,977 impacts were recorded (see Table 3.1) for the match competition season. The 19 players
experienced a mean of 116 impacts over the duration of the match season resulting in a mean of 13 impacts
over the 10g threshold per-match. Although forwards recorded more impacts than backs (1,511 vs. 466;
p<0.001) over the duration of the match season, backs recorded a higher average resultant linear (23g vs.
22g; p=0.728) and resultant rotational (4,534 rad/s? vs. 3,889 rad/s?; p=0.539) accelerations than forwards.

1.0 1 1.0 1
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Figure 3.1: Cumulative distribution functions for resultant linear (top) and rotational (right) acceleration

magnitudes of impacts collected during matches for junior rugby league season 2014.

There were 26 high-magnitude impacts resulting in a mean, median and 95 percentile linear acceleration
values of 93g, 90g and 121g respectively (see Table 3.2). The resultant mean, median and 95t percentile
rotational accelerations values for high-magnitude impacts were 13,930 rad/s?, 15,117 rad/s2 and 21, 764
rad/s? respectively. Forwards recorded more moderate-magnitude head impacts than backs (258 vs. 90)

resulting in higher resultant linear accelerations (46g vs. 46g; p<0.000).
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Table 3.3: Impacts to the head greater than 10g by impact location for total impacts, impacts recorded by forwards and backs in a junior rugby league team (19 players) for total
impacts over a season of matches. Data are presented as mean and standard deviation (+SD), median and 95" percentile for impacts per player per match, impact
duration (ms), linear and rotational acceleration and risk weighted exposure by linear, rotational and combined probability.

Impacts recorded PLA (g) PRA(rad/s?) RWELinear RWERstational RWEr)

Location No. % Mean*SD  Median 95% Mean *SD Median 95% Mean *SD Median  95% Mean *SD Median  0.950 Mean *SD Median  0.950
Total

Front 508 26 25 +160d 19 59 4,915 3,513 3,686 11,948  0.001 £0.001bd 0.000  0.001  0.261 +0.405 0.006  1.000  0.117 +0.265 0.002  0.898

Side 944 48 19 +15acd 14 53 3,123 £2,798acd 2,161 8,984  0.001 +0.001acd 0.000  0.001  0.117 +0.295zd 0.000 0.996  0.049 +0.178acd 0.000  0.389

Back 498 25 24 +16bd 18 58 4,706 3,698 3391 12,631 0.001 £0.001bd 0.000  0.001  0.246 +0.401v 0.003  1.000  0.121 £0.275 0.002 0914

Top 21 1 37 £22abc 35 87 7,425 +4,7113bc 6,104 17,896  0.001 £0.0022bc 0.000  0.005  0.490 +0.476abc 0420  1.000  0.299 +0.401abc 0.029  0.999
Forwards

Front 341 23 25 +160d 18 60 4,877 3,509 3577 11,729  0.000 +0.001bd 0.000  0.001 0.267 +0.410¢ 0.005 1.000  0.118 +0.263 0.002  0.885

Side 760 50 19 £150d 14 54 2,976 £2,7950 2,005 8,873 0.000 +0.001® 0.000  0.001  0.107 £0.287° 0.000 0.995 0.046 +0.1730d 0.000  0.359

Back 394 26 24 +16ecd 18 58 4,710 £3,7412cd 3,391 12,967  0.000 +0.001zc 0.000  0.001  0.240 +0.397« 0.003  1.000  0.124 +0.285z 0.002  0.929

Top 16 1 29 +14abef 30 * 5,981 £3,76420 4,669 * 0.000 £0.0002 0.000 * 0.412 +0.4792b 0.042 * 0.168 +0.292ac 0.008 *
Backs

Front 167 36 24 +16¢ 19 56 4,992 +3,5280 3694 13223  0.000 +0.0014 0.000  0.001  0.250 +0.3950d 0.006  1.000 0.116 +0.270b 0.002  0.954

Side 184 39 21 +15 16 52 3,730 £2,735 2,838 10,278 0.000 +0.000 0.000  0.001 0.156 +0.323 0.001  0.999  0.060 +0.199 0.001  0.741

Back 104 22 24 +15¢ 18 54 4,691 35462 3,371 11,109  0.000 +0.0004 0.000  0.001  0.269 +0.4172 0.003  1.000 0.001 +0.235% 0.002  0.726

Top 11 2 49 $27abe 57 * 9,526 +5,31720 9,556 * 0.001 £0.0022b9 0.001 * 0.603 +0.4702> 0.999 * 0.489 +0.471 0.609 *

PLA (g) = peak linear acceleration in gravitational force (g); PRA (rad/s2) = peak rotational acceleration in radians/second; RWELinear = Risk Weighted Exposure Linear; RWErotational = Risk Weighted Exposure Rotational;
RWEcr = Risk Weighted Exposure Combined Probability; Significant difference (p<0.05) than: (a) = Front; (b) = Side; (c) = Back; (d) = Top; (e) = Forwards; (f) = Backs; * = unable to calculate due to limited numbers
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Impacts to the side of the head (48%) were the most common (see Table 3.3). The distribution of total resultant linear
accelerations to the side of the head had an average, median and a 95" percentile value of 19g, 14g and 53g
respectively. Resultant rotational accelerations to the top of the head had a higher mean (7,425 rad/s? vs. 3,123 rad/s?;
p=0.007) than the side of the head. Forwards recorded more impacts to the back of the head (26% vs. 22%; p<0.001)
than backs. Backs recorded higher mean resultant linear accelerations (49g vs. 29g; p=0.021) and had a higher mean
RWE inear (0.001 vs. 0.000; p=0.013) than forwards for impacts to the top of the head.

Discussion

This study reports, for the first time, the head impact characteristics (magnitude, frequency) experienced by 19 Under
11 junior rugby league players during 12 matches. Surprisingly, high magnitude impacts (>80g) were experienced by
this cohort during match participation. This level of severity was similar to impacts reported in American high school**-
5" and collegiate®!. 109 110 football players; but the New Zealand rugby league players were younger, had less body
mass and played at a slower speed than the American players.!*5 63! Unlike American football, rugby league does not

have the same protective equipment worn during match activities.

Comparisons of impact data between studies can be difficult given different thresholds used to count an impact. For
example, the data acquisition limit utilised for the recording of impacts to the head for Pop Warner youth football626
players was any linear acceleration greater than 30g, while other studies utilised a 109> and 14.4g® 116.631 |imit. No

rotational accelerations were reported in Pop Warner youth football.

By using a 30g data acquisition limit for Pop Warner football, it has been estimated that between 80 to 85% of the
impacts may have been excluded from the data set.t% In a study!'> on youth American football players aged 6 to 9 yr.
old, approximately 85% of the impacts recorded had a linear acceleration below 30g. This was similar in a study8* on
9to 11 yr. old American football players with 80% of impacts recorded had linear accelerations below 30g. The results
of these differences is that unless the data are reported at the different data acquisition limits utilised in previous studies
(i.e. 10g,"5 14.49,162" and 3095%) resulting in complex tables or large amounts of data presented, then inter-study

comparisons are limited.

Although these studies were included in the current study the comparisons should be undertaken with caution as we
reported the data utilising a 10g data acquisition limit. A standardised reporting format for impacts needs to be
established identifying what parameters should be included (i.e. resultant linear (PLA(g)) and rotational acceleration
(PRA(rad/s?)), Head Impact Criterion (15ms) (HIC1s); Gadd Severity Index (GSI) Head Impact Telemetry severity profile
(HITsp) etc.) and at what linear data acquisition limit the data should be reported from. The identification of thresholds

for head impacts that are sub-concussive versus non-sub-concussive is needed.

In youth football (6-9 yr.), players recorded an average of 44 impacts during matches or 5.8 impacts to the head per-
player per-match."® In a slightly older youth football team (12-14 yr.)!"6 players recorded an average of 112 impacts
during matches or 12 impacts per-player per-match. These study had less impacts on average than our study with
players recording an average of 116 impacts to the head during matches or 13 per-player, per-match. Similar to other
studies reporting head impact biomechanics, the magnitudes recorded were characterized by a skewed frequency

distribution with the majority (64%) of impacts having a linear acceleration of between 10-20g. There were, however,



28 impacts recorded over the duration of the study above 80g. This magnitude has been previously described* as
“high” and highlights that, although these are youth players, they can be exposed to impacts over a competition duration
that can be considered high-magnitude at any level of participation. Despite the number of high-magnitude impacts

recorded, there were no witnessed concussive events recorded throughout the duration of the study.

Previous studies reporting impacts for youth American football players have shown that the median linear accelerations
were lower when compared with other levels of participation. Observations of 7-8 yr. old American football playersS3!
showed a median linear acceleration of 16g which was similar to the current study. This was lower than 9-12 yr. old
youth American football players with a median head impact of 18g8* while 12-14 yr. old"'6 recorded a slightly higher
median linear acceleration of 22g. Although it appears that the players in the current study may have a lower resultant
linear acceleration that similar aged American football players, this may be reflective of how these games differ.
American football players utilise full protective equipment, including rigid helmets and padding whereas the players in
the current study are only required to wear a fitted mouthguard and any other protective equipment must be soft in

nature to reduce the risk on possible injury to other players.

When comparing the resultant rotational accelerations with youth American football players, the median rotational
acceleration (4,041 rad/s?) were higher than the median and 95t percentiles reported for 7-8 yr. old (686 rad/s?; 2,052
rad/s?),631 9-12 yr. old (829 rad/s?; 1,884 rad/s2)8* and 12 to 14 yr. old (987 rad/s?; 2,769 rad/s?)''6 American youth
football players. When compared with high school®. 5! (median: 903 rad/s; 95% 2,527 rad/s2) and collegiate American
football players'10. 52,531 (median 904-981 rad/s2; 95% 2,787-2,975 rad/s2) this was similar with the current study
recording a higher median and 95" percentile (11,143 rad/s?) resultant rotational acceleration. This may be related to
the type of activity undertaken in junior rugby league, when compared with American football, where players are
required to tackle the player to the ground and use a different tackle technique which may include a rotational type of
movement increasing the rotational forces recorded at the head. No other study has reported how the different tackle
techniques seen in rugby league differ from tackles in American football, and if these have an effect on the forces

recorded at the head. Further research is warranted to explore these differences.

By incorporating the RWE for linear, rotational and combined probability, the variability of exposure due to linear and
rotational accelerations can be identified.5% Only one study®®% has undertaken to report these at the high school (14-
18 yr.) level in American football. Participants recorded a median value for rotational accelerations of 22g and a 95t
percentile value of 62g. The median rotational acceleration values reported were 1,013 rad/s2 and a 95" percentile of
2,743 rad/s2. The linear accelerations were similar to the current study while the rotational accelerations were lower at
the same data acquisition limit. When reviewed by RWE, the median value for RWELiear (0.0535% vs. 0.000),
RWERrotational (0.0515% vs. 0.001) and RWEcp (0.1945% vs. 0.001) were lower. The differences seen here may be related
to the use of the regression coefficients utilised and the exposure time differences between the different sporting codes.
The use of the RWE may be beneficial but may be limited to the same sporting codes comparisons. Further research
is warranted to identify if there are differences between the different sporting codes and if the regression coefficients

utilised are appropriate for non-helmeted sporting activities.



Limitations

The current study has reported the linear and rotational accelerations by the mean, median and 95t percentile results
recorded and this was utilised for comparisons with limited previous studies reporting on American Pop warner, youth
and high-school football. Other studies have utilised either a median and/or 95t percentile result format or only reported
on linear accelerations which has limited inter-study comparisons. This has resulted in the information provided by
these studies being left to stand-alone awaiting future studies reporting similar data acquisition limits and formats to

enable comparisons to be completed.

The players in this study were aged between 9 and 11 years old and the impact characteristics maybe specific to this
age group. The head impact exposure experienced by this cohort of players may vary when compared with other junior

rugby league players at different age group levels as the head impact exposure likely varies by age.

The accelerometers utilised have a 10% error for linear and rotation acceleration and for angular velocity with an
average offset of 2° for azimuth and elevation impact location.t 40" The correlation of the patch accelerometers with
laboratory head-forms is good, however, the impact measurements should be assumed to have some error that is
dependent on impact conditions and the measure of interest and the variability tested.?’- 140 It is unlikely that the XPatch
(X2Biosystems, Seattle, USA) was tested under all of the conditions seen in rugby league matches and how these
conditions would correlate to the laboratory conditions remains unknown. The large percentage errors reported for the
reliability of the impact variables mean that the results presented in this study should be interpreted with some caution.

Validation studies need to be conducted to ensure we are confident of the meaning of the results.
Conclusion

By utilising accelerometer fitted patches worn behind the ear of participants in a single rugby league junior team
throughout the 2014 match competition season, there were 1,977 impacts recorded. Mean linear acceleration
measured over the season of matches was similar to mean linear accelerations reported in studies for American Pop
Warner and Youth football. Mean rotational accelerations measured were higher than American Pop Warner, youth
and high school football. Further studies should explore impacts at the senior, female and professional levels of
participation. Although we reported the data by means (£SD), median and 95t percentile to enable comparisons across
published studies, there is a need for standardization of reporting head impact biomechanics to enable accurate

comparisons.

Part 4: Head impacts in a senior amateur rugby league team measured with an

instrumented patch: An exploratory analysis

Overview

Senior rugby league players are stronger and faster and likely to impact other players with more force in tackles than

junior players. Therefore given our work with junior players, we wanted to extend this work to quantify the frequency,



magnitude and distribution of head impacts in senior rugby league. Thirty eight players wore the XPatch behind the left
ear for every match competed over the pre-season and competition 2014 season. The number of impacts and the
linear and rotational forces involved were used to calculate the risks associated with every impact, and the cumulated
impacts per player, per match and per season. There were 13,895 impacts recorded via accelerometer fitted patches
applied to behind the ear of players. There was an average of 56 impacts over 10g per game over the course of the
season. The majority (41%) of impacts occurred to the side of the head which is not the same as other studies reporting
impacts in American high school and collegiate football. Median resultant linear accelerations were lower than high
school and collegiate American football while the median resultant rotational accelerations were higher. The cumulated
impacts per player, per match were 56 £22 and 731 £289 respectively. Although we reported the data by means
(+SD), median and 95" percentile to enable comparisons across the studies to be conducted, the need for

standardization of reporting head impact biomechanics is needed.

Introduction

Rugby league is a popular collision sport played throughout the word that originated in the north of England in the late
19t century.®% Played at junior, amateur, semi-professional and professional levels of participation,® rugby league is
an intermittent collision sport involving numerous collisions and tackles.33 At the professional level of participation it
has been reported33? that players can experience from 34 to 72 tackle situations per match either as the tackler or the
ball carrier. As a result of the tackle situations, many impacts to the body and head occur from match participation in
rugby league. Knowledge about the potential metabolic and ultrastructural consequences of impacts to the head has
grown, as has the appreciation for repetitive concussive and subconcussive impacts and the possible deleterious
effects in some individuals.5% The use of technology such as accelerometers in the helmets of American football
players,5. 110. 115 the analysis of injury biomechanics has increased the knowledge of the forces, accelerations,

frequencies and velocities of head injuries.5%

Despite more studies reporting impacts to the head and concussions, none have identified a data acquisition limit that
constitutes where a subconcussive impact occurs. Impacts under 10g are reported*’® to be a result of non-contact
activities such as walking, jumping, running and sitting.""® 449 Impacts over 10g that do not result in a participant
presenting with acute signs or symptoms of concussion, have been identified to be subconcussive impacts®® and
repetitive subconcussive impacts may have negative long-term effects.56 Several studies have utilised data acquisition
limits greater than 10g (i.e. 14.4¢,8 531.5% 15g49.50.150 and 30g26) to report their findings and may have removed a
large number of subconcussive impacts from their dataset. The data obtained from these types of impacts is not
normally distributed. Using a data acquisition limit greater than 10g may remove a large amount of impacts that could
be subconcussive impacts. The data acquisition limit of 10g was therefore selected by us to identify impacts that were

considered to have occurred from impact accelerations enabling elimination of activities undertaken in daily living.

Non-helmeted sports have also utilised accelerometers in measuring impacts from sports participation. Heading the
ball by female soccer youths yielded peak accelerations of 63g and 8,869 rad/s2.2' No concussions were reported,
as no injury nor injury risk was assessed; even though some of the rotational accelerations were within the nominal

values for an injury to the head when compared with NFL data*?® and injury risk tolerance levels.t2 Although data are



accumulating for soccer and NFL there are no published data for non-helmeted collision sports such as rugby league.
To date, no study has reported the frequency, magnitude, duration and distribution of the linear and rotational forces
that occur from match participation in amateur senior rugby league. This study quantified the impacts to the head via
an instrumented patch worn behind the ear for amateur rugby league players over a premier season of domestic

matches in New Zealand.

Methods

A prospective observational cohort study was conducted on a senior club level amateur rugby league team during the
2014 competition in New Zealand. Thirty eight players were enrolled in the study with a mean +SD age, body mass
and height of 23.3 £4.3 yr. 93.6 £14.4 kg and 1.80 £0.05 m. The players were considered amateur receiving no
remuneration for participating in rugby league activities. The matches were played under the laws of the New Zealand
Rugby League. Players were placed into three groups: (1) hit-up forwards (prop, second row); (2) outside backs (centre,
wing and fullback); and (3) adjustables (hooker, halfback, five-eight, and loose forward).'% The researchers’ University
ethics committee approved all procedures in the study (AUTEC 12/156) and all players gave informed consent prior to

participating in the study.

Players wore an instrumented patch behind their ear (XPatch, X2Biosystems, Inc., Seattle, WA, USA) sampling at
1,024 Hz, during every match. The specific details of the accelerometers utilised and the biomechanical measures
have been previously reported.33® The patches recorded head linear and rotational acceleration, impact location and
duration. All data were recorded on the X2Biosystem Injury Management Software (IMS) and transferred to an Excel
spreadsheet for further analysis. Over the 2014 senior amateur rugby league match competition season impacts that
exceeded our inclusion limit of 10g for a head impact were retained for data analyses. Impacts could be a result of a
direct blow to the head, face, neck or elsewhere on the body with an ‘impulsive’ force transmitted to the head. Each
recorded impact was categorised into four general locations (front, side, back and top).'® Over the duration of the
study one concussion was witnessed (143.3g; 23,133.7 rad/s?) and confirmed by medical personnel including the
witnessing of the event resulting in the concussion. The impact data from this concussive event was included in the

dataset utilised for analysis.

For the impact to be recorded, 100 ms of data were stored, including 25 ms prior to, and 75 ms following, the impact.
Software provided by X2Biosystems calculated the peak linear acceleration, rotational acceleration (x-axis and y-axis
angular accelerations), impact location, Head Impact Criterion 15 ms (HIC'9), Gadd Severity Index (GSI), and date and
time stamp for later download and analyses. Impacts were uploaded and then reviewed to assess whether they were
from match impacts. Impacts not occurring from match activities were termed ‘clacks’. All impacts were assessed
through the IMS utilising a “de-clacking algorithm” that involved two methods.33 An example of the impacts recorded
for a single player in a single amateur rugby union match can be seen in Figure 4.1. All impacts identified as ‘clacks’
were removed from the dataset prior to downloading for further analysis. All matches were videotaped (Sony HDR-

PJ540 Camcorder) to enable verification of the impacts recorded.



Right side Top
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Figure 4.1: Example of the locations of impacts for one monitored player with the X2Patch from a single player in a single senior amateur rugby league match on the Impact
Management System (X2Biosystems, Seattle, WA, USA). Blue = 10-30g, orange = 40-60g and red = 70g+.



All data were entered into Microsoft Excel and analysed with SPSS V.22.0.0. Impacts were reported as the mean
tstandard deviation (SD) per-player per-season of matches, per-player per-match and impact duration (ms). As the
impact variables were not normally distributed at all the data acquisition limits (Kolmogorov-Smirnov test; p<0.001),
the data were expressed as mean tstandard deviation (SD), median [25% to 75 percentile] and 95t percentile value
for impacts recorded for resultant linear and rotational accelerations. These were analysed using a Krusal-Wallis one-

way ANOVA with a Dunn’s post-hoc test.

Head impacts were assessed for injury tolerance level for a concussion occurring using previously published injury
tolerance levels*®: 52 for linear (>95g) and rotational acceleration (>5,500 rad/s2). Head impacts were assessed for
impact severity using previously published levels for linear acceleration (mild <669, moderate 66-106g, severe >106g)
and rotational acceleration (mild <4,600 rad/s?, moderate 4,600-7,900 rad/s?, severe >7,900 rad/s?).264 478 632 Both
injury tolerance and impact severity levels were analysed using a Friedman repeated measures ANOVA on ranks. Post
hoc analysis with Wilcoxon signed-rank tests was conducted with a Bonferroni correction applied. The risk weighted
exposure (RWE) calculations for linear (RWELiear), rotational (RWERrotational) @and combined probability (CP) (RWEcp)5%

were analysed with a Wilcoxon signed-rank test with a Bonferroni correction applied.

The impact location was categorized as front, side, back and top. Impacts to the top of the head were defined as all
impacts above an angle 65° from a horizontal plane through the centre of gravity of the head.2*! Impact locations were
analysed using a Friedman repeated measures ANOVA on ranks. Post hoc analysis with Wilcoxon signed-rank tests
was conducted with a Bonferroni correction applied. Statistical significance was set at p<0.05. Our results were then

compared to studies quantifying head impact exposure in junior, high school and college American football players.
Results

Nineteen matches were completed over the competition season resulting in a match exposure of 328.5 match hours.
A total of 13,895 impacts were recorded that were above the 10g data acquisition limit (see Table 4.1). Impacts were
non-normally distributed, with skewness of 3.09 (SE = 0.04) and kurtosis of 13.07 (SE = 0.09). Players recorded a
mean (£SD), median and 95" percentile linear (23 16 g, 17 [12-28] g and 56g), and rotational (4,098 +3,669 rad/s?,
3,071 [1,662-5,466] rad/s? and 11,734 rad/s?) accelerations over the duration of the study.

Hit-up forwards recorded more total impacts (6,966) than adjustables (4,434; p<0.001) and outside backs (2,492;
p<0.001). Hit-up forwards recorded a higher mean and median linear acceleration (26 £17g; 21 [14-33] g) than outside
backs (20 £15g; 15 [12-23] g; p<0.001) and adjustables (20 +14g; 14 [11-22] g; p<0.001). Adjustables recorded a
lower mean rotational acceleration (3,513 £3,317 rad/s?; 2,525 [1,307-4,643] rad/s?) than adjustables (3,726 +3,349
rad/s% 2,833 [1,413-4,926] rad/s?; p<0.001) and hit-up forwards (4,646 +3,660 rad/s? 3,462 [2,133-6,022] rad/s?
p<0.001).

The side of the head was the most common impact location (41%) (see Table 4.2). This was similar for outside backs
(43%) and adjustables (55%) but hit-up forwards recorded more impacts at the front of the head (36%) when compared
with outside backs (p<0.001) and adjustables (p<0.001). The top of the head recorded the highest mean linear and
rotational accelerations for hit-up forwards (31 £14g; 6,082 +3,578 rad/s?) and outside backs (27 £16g; 5,162 +3,440



rad/s?) but adjustables recorded the highest mean linear and rotational accelerations (24 +15g; 4,816 +3,526 rad/s?)
on the back of the head.

There were 71 impacts (0.5%) recorded above the linear injury risk limit and 3,377 impacts (24.3%) above the rotational
injury risk limit (see Table 4.3). Adjustables recorded higher mean resultant linear accelerations (112 £18g) than
outside backs (109 £9g; p=0.058) and hit-up forwards (106 +11g; p<0.001) for impacts above linear injury risk limit
(>969). Hit-up forwards recorded higher mean resultant rotational accelerations (9,333 £3,250 rad/s?) than adjustables
(8,962 +3,148 rad/s?; p<0.001) and outside backs (9,169 +3,446 rad/s?; p<0.001) for impacts above the rotational
injury risk limit (>5,500 rad/s?). Hit-up forwards recorded more rotational accelerations in the moderate rotational impact
severity limit (20%) than outside backs (16.8%; p=0.002) and adjustables (15.4%; p<0.001).

The calculated RWE metric for each risk function are shown in Table 4.3. Total impacts over the duration of the study
had a mean calculated RWELiear, RWERotational and RWEcp values of 0.000 +£0.001, 0.210 £0.372 and 0.091 +0.242
respectively. Hit-up forwards recorded a higher mean RWEcp over the duration of the study (0.108 £0.259) than outside
backs (0.073 £0.220; p<0.001) and adjustables (0.068 +0.211; p<0.001).



Table 4.1: Impacts to the head greater than 10g in senior amateur rugby league (38 players) for total impacts recorded and impacts per player positional group'® over a season of
matches for total impacts, impacts per match, impacts per player per match, linear and rotational accelerations. Data are presented as mean (£SD), median, 25-75t

interquartile range and 95t percentile.

Impacts Resultant Linear Acceleration Resultant Rotational Acceleration
Average Average . )
Total  permatch  perplayer ~ Duration(ms) PLA(g) PRA (rad/s?)

Mean £SD  Mean *SD Mean £SD Mean £SD  Median [25-75I1QR]  95th Mean £SD Median [25-75 IQR] 95th

Total Impacts!

13,895 731 £289 56 +22 1249 23 +16 17 [12-28] 56 4,098 +3,669 3,071[1,662-5,466] 11,734
Hit-Up Forwards?

6,966 367 £257 92 +£39 14 £9be 26 +17be 21[14-33] 60 4,646 +3,660° 3,462[2,133-6,022] 12,056
Outside Backs?®

2,4952¢ 131 94 3312 9 t72c 20 +152¢ 15[12-23] 52 3,726 +£3,439¢ 2,833[1,413-4,926] 11,042
Adjustables*

4,43420 233 £172 19 £32 10 £82c 20 +14ab 14 [11-22] 48 351333172  2,525[1,307-4,643] 10,807

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); IQR = interquartile range; (1) = 13 player positions; (2) = 4 player position; (3) = 5 player position; (4) = 4
player positions; Significant difference (p<0.05) than (a) Hit-Up Forwards; (b) = Outside backs; (c) = Adjustables



Table 4.2: Impacts to the head greater than 10g in senior amateur rugby league (38 players) by player positional group'¥ over a season of matches for impact location, total impacts

recorded, linear accelerations, rotational accelerations and impact duration. Data are presented as mean (£SD), median, 25-75% interquartile range and 95" percentile.

Resultant Linear Acceleration Resultant Rotational Acceleration Impact Duration

Impact

PLA(g) PRA (rad/s?) (ms)

Location Total (%) Mean (¥SD)  median [25-751QR]  95% Mean (+SD) median [25-75 IQR] 95% Mean (#SD)  median [25-751QR]  95%
Front 4,046 (29.1)bcd 25 +16bcd 20 [14-31] 60 4,679 +3,454cd 3,612[2,375-5,807] 12,110 13 £Qbed 10 [7-18] 31
Total Back 3,798 (27.3)acd 25 +162d 20 [13-31] 57 4,652 +3,703¢ 3,4811[2,014-6,205] 11,978 12 +9acd 10 [6-16] 32
Impacts’ Side 5,639 (40.6)a0 20 +15a0d 14 [11-23] 50 3,250 +3,326¢2bd 2,229[1,132-4,098] 10,416 11 £9abd 8 [4-14] 30
Top 412 (3.0)abc 29 +15abe 25 [17-36] 59 5,582 +3,589a¢ 4,532[2,947-7,459] 12,207 16 +9abe 14 [8-20] 35
Front 2,484 (35.7)bedf 28 +16¢4f 22 [15-35] 61 4,808 £3,558¢ 3,744 [2,394-6,082] 12,343 14 £Qbedfy 12 [8-20] 32
Hit Up Back 2,124 (30.5)adfs 27 +16¢49 22 [15-34] 59 4,808 £3,6764% 3,648 [2,262-6,262] 12,090 14 +Qadfg 11[7-18] 34
Forwards? Side 2,110 (30.3)adfy 26 +18abdg 20[13-32] 61 4,608 £3,7044% 3,385[2,069-6,017] 11,926 13 £10adfg 11[5-19) 35
Top 248 (3.6)2bca 31 £ 14abof 28 [20-40] 61 6,082 +3,578abe 5,391[3,213-8,851] 12,228 17 +10abef 151[9-23] 35
Front 734 (29.4)bcdeg 23 +15ede 17 [13-26) 55 4,663 +3,309¢de 3,582 [2,509-5,711] 12,166 11 +8cde 8 [6-14] 27
Outside Back 615 (24.6)acde 23 +15ede 17 [13-28] 52 4,577 +3,684ce 3,394 [1,846-6,197] 11,777 10 +8cde 8 [5-13] 25
Backs? Side 1,073 (43.0)2bdeg 19 +14abdg 13 [11-20] 42 3,223 £3,188abdes  2216[1,231-4,119] 8,947 8 £7abdeg 6 [3-10] 23
Top 73 (3.0)2bcg 27 +16abce 22 [16-33] 67 5,162 +3,4402¢ 4,124 [2,780-6,524] 15,233 14 +Qabce 12 [8-18] 27
Front 828 (18.7)bcdef 22 +15pode 17 [13-27] 57 4,613 £3,2360¢ 3,696 [2,410-5,758] 11,644 11 £8cde 8 [6-14] 30
Adjustables? Back 1,059 (23.9)acde 24 +15acde 19[13-31] 52 4,816 +3,5262 3,855[2,088-6,585] 11,791 11 £8cde 9[5-19] 28
Side 2,456 (55.4)abdef 17 +12abdef 12 [11-17] 40 2,537 £2,9300bdef 1,703 [807-3,067] 8,826 10 £8adef 7[4-13] 27
Top 91 (2.1)abeef 23 +11abe 20 [15-28] 47 4,674 +2,621¢ 3,936 [2,854-6,160] 10,815 14 £Qabe 13 [8-18] 34

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s2); ms = milliseconds; IQR = interquartile range; (1) = 13 player positions; (2) = 4 player position; (3) = 5

player position; (4) = 4 player positions; Significant difference (p<0.05) than (a) = Front; (b) = Back; (c) = side; (d) = Top; () = Hit-up Forwards; (f) = Outside backs; (g) = Adjustables



Table 4.3: Impacts to the head greater than 10g over a season of matches for injury tolerance level,” ¢ 23 38 and impact severity limits2+ 478.632 by resultant linear and rotational

accelerations and risk weighted cumulative exposure of impacts to the head for impacts per player positions and per player group in amateur senior rugby league (38

players) by total impacts recorded, percentage of impacts recorded (%), mean, standard deviation (+SD) and median [25% to 75t interquartile range].

Total Total Impacts Total Hit-Up Forwards' Total Out-Side backs? Total Adjustables®
n=(%) Mean £SD Median [25-75 IQR] n= (%) Mean £SD Median [25-75 IQR] n=(%) Mean £SD Median [25-75 IQR] n= (%) Mean £SD Median [25-75 IQR]
Injury tolerance level
>95¢ 71(0.5) 108 12 105 [98-115] 46°(0.7) 106 £110 104 [98-114] 10 (0.4) 109 £92 107 [102-118] 152 (0.3) 112 18 107 [102-115]
>5,500 rad/s? 3,377 (24.3) 9,211+3,418 8,203 [6,589-10,940] 1,984%¢ (28.5) 9,333 +3,520 8,302 [6,703-11,018] 5102 (20.5) 9,169 +3,446% 8,222 [6,444-10,955] 8832 (19.9) 8,962 +3,148% 7,943 [6,512-10,837]
Impact severity level
Resultant PLA(g)
<669 13,542 (97.5) 22+12 17 [12-27] 6,737 (96.7) 24 +13% 21[14-31] 2,442 (97.9) 19 +112¢ 15[12-22] 4,363 (98.4) 19 £112 14 [11-21]
669-106g 319(2.3) 79 £11 76 [70-86] 208 (3.0) 79 110 79 [69-88] 482 (1.9) 81 112 80 [71-89] 632 (1.4) 77 £10% 73 [69-83]
>106g 34(0.2) 17 +11 115[110-121] 21(0.3) 116 £9 114[109-121] 5(0.2) 117 5% 117 [113-122] 8(0.2) 119 £192 114 [108-120]
Resultant PRA(rad/s?)
<4,600 rad/s? 9,585(69.0) 2,237 £1,195 2,204 [1,353-3,156] 4,468 (64.1) 2,522 £1,044% 2,469 [1,718-3,356] 1,8102 (72.5) 2,063 +1,286% 2,059 [1,005-3,060] 3,3072 (74.6) 1,947 +1,2472 1,848 [1,030-2,856]
4,600-7,900 rad/s? 2,496 (18.0) 5,993 +940 5,876 [5,155-6,473] 1,394%¢ (20.0) 6,014 958 5,887 [5,153-6,802] 4202 (16.8) 5,907 £909% 5,773 [5,137-6,614] 6822 (15.3) 6,001 £919% 5,292 [5,191-6,735]
>7,900 rad/s2 1,814 (13.1) 11,484 £3,190 10,729 [9,117-12,791] 1,104 (15.8) 11,515 3,337 10,670 [9,069-12,867] 265° (10.6) 11,613 +3,163% 10,717 [9,211-12,819] 4452 (10.1) 11,334 £2,81120 10,797 [9,201-12,759]
Risk Weighted Exposure (RWE)
RWELinear 13,985 (100) 0.000 +0.001 0.000 [0.000-0.000] 6,966 (50.1) 0.000% +0.002 0.000 [0.000-0.000] 2,495% (18.0) 0.0002 +0.001 0.000 [0.000-0.000] 4,434 (31.9) 0.0002 +£0.003 0.000 [0.000-0.000]
RWERotational 13,985 (100) 0.210 £0.372 0.002 [0.000-0.168] 6,966% (50.1) 0.243% +0.393 0.004 [0.000-0.380] 2,495% (18.0) 0.1712 £0.342 0.001[0.000-0.064] 4,434% (31.9) 0.165% +0.338 0.000 [0.000-0.038]
RWEcp 13,985 (100) 0.091 +0.242 0.001[0.000-0.013] 6,966 (50.7) 0.108° +0.259 0.002 [0.001-0.025] 2,495% (18.0) 0.073¢ +0.220 0.001[0.000-0.007] 4,434% (31.9) 0.0682 +0.211 0.001[0.000-0.005]

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); IQR = interquartile range; RWELinear = Risk weighted cumulative exposure linear acceleration;
RWERotational = Risk weighted cumulative exposure rotational acceleration; RWEce = Risk weighted cumulative exposure combined probability from linear and rotational acceleration; (1) = 4 player positions; (2) = 5 player
positions; (3) = 4 player positions; Significant difference (p<0.05) than (a) = Hit-Up Forwards; (b) = Out-Side backs; (c) = Adjustables



Discussion

In this study 38 players received an average of 56 impacts over 10g per game over the course of a season.
As there are, to date, no studies reporting impact biomechanics in rugby league, the inter-study comparisons
are limited to American high-school and collegiate football studies. Not every study reviewed utilised the
same reporting format, or data acquisition limit, necessitating the reporting of the data as mean (xSD),
median [25%-75 IQR] and 95t percentile at the 10g data acquisition limit. Even using these reporting formats,
some studies utilised the 75t percentile, the median of the 95" percentile,'% while other studies did not
report rotational accelerations*? limiting inter-study comparisons. Some studies also combined matches
and practices and only reported the total biomechanical data while others incorporated both match and
practice biomechanical data,® again limiting potential comparisons. A consensus needs to be established
on what the reporting formats for impact biomechanical data (i.e. match vs practice and not combined)
should be, and what parameters should be reported (i.e. PLA(g), PRA(rad/s?), HITsp, GSI, HIC1s) to enable

future inter-study comparisons to be completed.

The median linear acceleration value recorded (17g) was lower than the medians reported in American high
school (20.5g, 21g, and 21.99)* 1%0. 5% and collegiate (15g, 21g, 22g)% 109 449 football players. The mean
linear acceleration (23g) was also lower than the mean of some (32g),'*! but not all, studies (21g)33 providing
data for American collegiate football players. The median rotational acceleration value recorded (3,045
rad/s?) is higher than the medians reported in American high school football (671 rad/s?; 1,013 rad/s?)5% but
closer to the 95t percentile reported (2,743 rad/s? 2,347 rad/s?).115. 5% \When compared with American
collegiate football, the median rotational acceleration value recorded was higher than the median of impacts
reported (1,392 rad/s?),""" subconcussive rotational accelerations (872-981 rad/s?),%" but similar to
concussive rotational accelerations recorded (4,948 rad/s?).5¥' The mean rotational acceleration (4,119
rad/s?) was also higher (1,670 rad/s?) than values for American high school players. Compared with the
median of the 95" percentile of American collegiate football players (4,378 rad/s?)'® the findings were similar
to the mean of the impacts recorded but the 95t percentile of the linear accelerations recorded in this study
were higher (11,562 rad/s?). The higher extreme values could be reflective of the activities undertaken in
rugby league when compared with American football and further studies are warranted to identify these

differences.

The distribution of impacts by impact location showed that 41% of impacts occurred to the side of the head
which is not the same as other studies reporting impacts in American high school5% and collegiate*# football.
When viewed by positional groups the front of the head was the most common impact location for hit-up
forwards (36%) which is similar for studies reporting American high school (46%)53% and collegiate (36%)*°
football impacts in games. The differences in the impact locations when viewed by positional groups may
be reflective to the roles these groups play during rugby league matches. Hit-up forwards are more involved
in taking the ball straight into the opposition defensive line and are involved in more front on tackle situations

whereas the outside backs and adjustables are involved in wider roaming role to either go outside the



defensive line or to attack the defensive line on an angle with the aim of breaking through the line to score

atry.

The use of the X2Patch was novel in that the patch incorporates the accelerometer and gyroscope into a
reusable monitor adhered to the side of the head behind the ear over the mastoid process of the player. The
patches were applied utilising an adhesive patch to hold the patch to the adhesive and this was applied to
the side of the head behind the ear. The effects of sweating by the player, and some extreme weather
conditions, resulted in some of the adhesives losing their adhesion and falling off the player during the match
activities. As well, players who were grabbed around the head during the tackle sometimes had the patch
pulled off. As a result the data reported was incomplete and the number of impacts would be more than

have been reported.

The accelerometers in the X2Patch have a 10% error for linear and rotation acceleration and for angular
velocity with an average offset of 2° for azimuth and elevation impact location.5 40 The correlation of the
accelerometers with laboratory head-forms is good but the impact measurements should be assumed to
have some form of error that is dependent on impact conditions and the measure of interest and the
variability tested.™0 It is unlikely that the X2Patch was tested under all of the activities seen in rugby league
matches such as the tackle and scrum situations and how these correlate to the laboratory conditions results.

As such, the results presented in this study should be interpreted with some caution.

All games were videotaped to enable verification of the impacts recorded. The percentage of impacts
identified that were able to be visualised by video review and analysis was 95% of the total impacts recorded
per match as only one video recorder was used. The ball carrier with possession of the ball is required to
be tackled to the ground and, in most cases, this required two or more defenders to be involved in the tackle.
The aim of the tackle was to cause the ball carrier to lose possession of the ball resulting in the defence to
regain possession, or to be taken to the ground and, ideally, turned on their back to slow down the play-the-
ball situation. Defending players joining the tackle in an attempt to put the ball carrier on the ground would
result in multiple of impacts to the ball carrier being recorded. As a result not all the impacts recorded were

able to be identified with the use of only one camera.
Conclusion

Our study was conducted to explore and describe the magnitude, frequency and distribution of head impacts
sustained by a single amateur senior premier rugby league team of 38 players over a 2014 match
competition season. There were 13,895 impacts recorded via accelerometer fitted patches applied to behind
the ear of players. There was an average of 56 impacts over 10g per game over the course of the season.
The majority (41%) of impacts occurred to the side of the head which is not the same as other studies
reporting impacts in American high school and collegiate football. Median resultant linear accelerations were
lower than high school and collegiate American football while the median resultant rotational accelerations
were higher. The cumulated impacts per player, per match were 56 £22 and 731 £289 respectively.
Although we reported the data by means (£SD), median and 95t percentile to enable comparisons across

the studies to be conducted, the need for standardization of reporting head impact biomechanics is needed.



Part 5: Use of the King-Devick test for sideline assessment of concussion in

junior rugby league

Overview

The King-Devick test is a rapid number naming reading timed-test that assesses changes in the saccades
or fast eye-movements of the player based on previous baseline assessments. Areas of the brain involved
in saccades are widespread and can be affected without any observable concussion signs and symptoms
being recorded. To date, there has been no published research surrounding the use of the King-Devick test
in junior sports participants. Therefore we wanted to quantify King-Devick base line values for junior rugby
league players. Nineteen junior rugby league players were assessed pre-season and after each match or
when there was parental concern of a concussive injury. The King-Devick test was able to identify players

with functionally-detected cognitive impairment without any observable concussion symptoms.

Introduction

Once trivialised by coaches, sport-related concussions were viewed as a transient injury void of long term
consequences.* Clashes to the head who were often thought of as “just a ding”% and “playing through the
pain” was regarded as a sign of the individual's toughness and commitment to the team.*® All sports
participants are at risk of receiving a concussive event.** This risk is increased in players with a history of
a previous or multiple concussive events.?! Concussion have become one of the most troublesome injuries
facing the sports medicine professional,*” especially in regards to early identification of concussive signs
and symptoms and appropriate concussive management facilitation.® Often the identification of a sport-
related concussion is left to the team coach as trained health care professional are rarely available at
amateur games and training sessions.3*” Concussive signs may be missed, as the coach may be unable to

take the required time to fully assess the player and may overlook the signs of a concussion.3?

Eye function movements may become impaired following brain trauma.8". 236 In acute traumatic brain injuries
latency and inaccuracy of saccades occur following the injury.2® This can remain in people with post-
concussion syndrome where there are a higher number of saccades occurring and poor motor movement
timings with longer durations and slower velocities of movement.270 Poor oculomotor function is reported as
one of the most robust discriminators for the identification of 270 and one of the most widely reported visual

problems in,8" 238 a mild-traumatic brain injury.

The King-Devick was originally developed as a reading tool to assess the relationship between poor
oculomotor functions and learning disabilities. The test utilises a series of charts of numbers that
progressively become more difficult to read in a flowing manner.®2 The K-D test requires eye movements,
language function and attention in order to perform tasks shown to be reflective of suboptimal brain function
in hypoxia,®™ extreme sleep deprivation,'? multiple sclerosis,*62 58 Parkinson’s3”® and concussion. '3+ 202

203,206, 314, 317, 367, 395 The K-D has been utilised in representative rugby league3'” and domestic rugby union3'4



and identified non-witnessed or ‘incidental’ concussions. Players identified with changes in their baseline K-
D were further assessed with the Sports Concussion Assessment Tool v. 2 (SCAT2) and the identification
of a sport-related concussion was confirmed. This studies have highlighted the potential of the K-D to detect

sub-concussive impacts that may accumulate over a period and can lead to neurological changes.3'

Although the K-D test has been utilised as a sideline concussion screening tool in several contact sports, '3
202, 203, 206, 314, 317, 367, 395 ng study, has reported the use of the K-D test with junior players in any sporting
environment. This study used the K-D test as a sideline assessment in junior rugby league players over a
domestic competition season to identify: (1) the test-retest reliability of the K-D test in junior players; (2) if
the K-D test could identify concussive events that occurred from match participation; (3) to identify the over-
season learning effect of utilising the K-D test; and (4) if the changes observed in the K-D test were clinically

meaningful.

Methods

A prospective observational cohort study was conducted on a junior club level rugby league team during the
2014 competition in New Zealand. Nineteen players (males n=14; females n=5) were enrolled in the study
with a mean age, mass and height of 10.4 +£0.9yr; 54.9 +17.2kg and 1.52 £0.11m. Parental consent was
obtained from the players parents / guardians prior to enrolment in the study. All players participated in the
modified version of Rugby League (Mod-League) over a single competition season administered through a
zonal region under the jurisdicion of the New Zealand Rugby League
(http://www.nzrl.co.nz/pdfiguide_to_the_laws_2010.pdf). The match rules for rugby league have been
adjusted to accommodate for younger participants. The adjustments for this age group (Mods: Under 10 -
Under 11 yr.) include a smaller field (80 x 48 m); fewer players participating (11 per team on field (five
forwards (props=2; hooker=1, second row=2) and six backs (Halfback=1, five-eight=1, centre=2, wing=2),
or fewer if the opposition has less); two x 20 minute halves, no points awarded for a win, no final series and
two passes from the play the ball following a tackle utilizing a smaller ball (270 mm x 162 mm). Similar to
the adult version of rugby league, the team in possession must carry the ball forward to attempt to score a
try, but can only pass the ball backwards for a maximum of six tackles before handing the ball to the
opposition. Unlike the adult version of rugby league, both males and females participated in the same game
against teams with a similar mixture of male and female players. The researchers’ University ethics

committee approved all procedures in the study (AUTEC 12/156).
King-Devick (KD) tool

Based on the time to perform rapid number naming, the King-Devick (K-D) test took less than two minutes
to administer.202 203 The K-D test involved the players reading aloud a series of random single-digit numbers
from left to right. The K-D test included one practice (demonstration) card and three test cards varied in
format (see Figure 5.1) on either a moisture-proof 6x8 inch spiral bound physical test or as an application

on a IPad platform. Players were asked to read the numbers from left to right across the card as quickly as



they could without making any errors using standardized instructions. Time was kept for each test card, and
the K-D summary score for the entire test was based on the cumulative time taken to read all three test
cards. The number of errors made in reading the test cards was recorded. Baseline K-D times for all
participants were established either preseason (n=11) or when participants joined the team after the season
had commenced (n=8). The best time (fastest) of the two trials without errors became the established
baseline K-D test time.202 When head trauma was suspected the K-D test is used as a screening tool. The
test is administered once using the same instructions and the time and errors are recorded then compared
to the subject's baseline. Worsening of time and/or errors identified on the sideline or post-match K-D test
have been associated with concussive injury.134 202, 203, 206, 314, 317, 395 K.D test performance has been
previously shown to be unaffected in various noise levels and testing environments.57 The K-D has been
reported to have significant correlations (p<0.0001) with the visual motor speed (VMS), reaction time (RT),
verbal memory (VEM) and visual memory (VIS) of the Immediate Post-concussion Assessment Cognitive
Test (ImPACT®)%88 computerised concussion evaluation system. The K-D has been reported to have an
inter-class correlation for test-retest reliability of 0.96%7 and 0.97.22 The K-D tests utilised were v2.2.0
(http://www.kingdevicktest.com) on an IPad2. The IPad2 version enables the use of the K-D test with two

different test platforms and these were varied over the duration of the study.
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Figure 5.1: Practice (demonstration) and test cards for the King-Devick test.



Testing procedures

Players were tested on the side of the training field twice within a 10 minute period before a training session
by the same examiner. No player undertook any match activities until they had established a baseline K-D
test. All players were asked to read aloud the practice (demonstration) card before reading aloud all three
test cards. Only the three test cards times were recorded. The number of errors made in reading the test
cards were recorded.?% The fastest error-free time of the K-D test was recorded as the baseline score.3"
Players were asked to additionally complete the K-D test after each match they participated in and at the

end of the competition season (post-season K-D test).

During matches, the team medic (and lead researcher), observed players for any signs of a direct blow to
the head, for being slow to rise from a tackle or collision, or for being unsteady on their feet following a
collision. If this occurred the players were assessed on-field. If there were any signs of delayed answering,
incorrect answers to questions, or if the player appeared to be impaired in any way, the player would be
removed from the match activity and rested on the sideline. Players who reported any sign(s) of a
concussion, suspected to have incurred a concussion or who were removed from match participation were
assessed with the K-D on the sideline, not allowed to return to play on the same day and referred for further
medical assessment. No player identified with delayed (worsening) post-match K-D times was allowed to

return to training or match activities without a full medical clearance.
Statistical analyses

All data collected were entered into a Microsoft Excel spread sheet and analysed with SPSS v22.0.0. Data
are presented as mean (+SD) for player data and median values [25%-75% interquartile range] for K-D
scores. Given the small sample size (n=19), non-parametric statistical tests were utilised. Differences in K-
D scores from pre-season (baseline establishment) and post-match K-D scores or post-season K-D scores,

were compared using the Wilcoxon signed-rank test. Statistical significance was set at a=0.05.
Results

Twelve matches were competed in resulting in a match exposure of 88.0 match hours. Throughout the
competition, no on-field concussions were observed. The characteristics and K-D testing data for the study
cohort are show in Table 5.1. There were improved K-D time scores for the second K-D time test when
compared with the first time test during baseline testing (67.7 s vs 62.2 s; p=0.001). Post season testing of
the players demonstrated improvement of the time scores which is likely consistent with learning effects of
using the K-D (62.0 s vs. 54.6s; p=0.002). Six players were identified post-match with K-D test times greater
than 3 s from their baseline with a mean change of 7.4 s (£7.0 s; p=0.018). One player recorded post-match
K-D test times greater than 3 s from their baseline twice throughout the study period. In addition, one player
with a post-match delay score (101.4 s vs. 78.4 s) when compared with his baseline also had two errors on

post-match K-D testing. No other player enrolled in the study had errors on their post-match K-D testing.



Table 5.1: Player characteristics and the scores, changes and differences in the results of the King-Devick

test for junior rugby league players.

Players with no Players with
All players (n=19) post-match K-D changes  post-match K-D changes
(n=13) (n=6)"

Age,y £SD 10.4 £0.9 yr. 10.5 £0.8 10.2+1.2
Pre-season K-D test 1, s, mean (£SD) 67.7 (£10.1) 64.6 (£9.3) 74.4 (£8.8)
Pre-season K-D test 2, s, mean (+SD) 62.2 (£10.2)2 59.4 (x9.8) 68.2 (9.0
Difference test 1 vs. test 2, s, mean (+SD) -5.5 (+6.1) 5.2 (#4.7) 6.1 (+8.8)
Baseline K-D score, s, mean (£SD) 62.0 (£9.8) 59.4 (£9.8) 67.4 (£7.9)
Post-match K-D test, s, mean (+SD) 58.8 (+10.0) 55.5(+9.2) 70.0 (£15.4)°
K-D change baseline vs. post-match, s, mean (+SD) -1.2 (¢5.0) -3.9 (x3.3) 7.4 (£7.0)
Post season K-D test, s, mean (+SD) 54.6 (10.5)° 51.8 (x9.3) 60.7 (£11.0)
K-D change pre-to post season, s, mean (+SD) -14 (£54) -1.7 (¥5.2) -7.6 (£5.7)
ICC (95% Cl), K-D baseline 1 vs. baseline 2 0.92 (0.79t0 0.97) - -
ICC (95% Cl), K-D baseline vs. post-season 0.92 (0.80t0 0.97)
Sensitivity (95% CI) K-D test 1.00 (0.73 to 1.00)
Specificity (95% CI) K-D test 0.85(0.42 10 0.97)

Abbreviations: K-D = King-Devick test; SD = Standard Deviation; IQR = Inter-Quartile Range; Cl = Confidence Interval; s =
seconds; Significant difference (p<0.05) than (a) = test 1 of baseline; (b) = established baseline; * = one player recorded post-
match changes >3 sec twice throughout the competition; (c) = all players with post-match K-D changes were medically assessed
and diagnosed with a concussion by their own health practitioner T = positive numbers for change in K-D score indicates longer
(worsening) than baseline score

Discussion

This study is the first to report the results for K-D test monitoring for junior rugby league players. Although
no witnessed concussions were recorded over the duration of the study, seven players recorded post-match
changes with a mean delay of 4 s from their baseline. All players who recorded a delay from their baseline
and their parents were advised of their results and referred for further medical assessment for a possible
concussion. Signs and symptoms of concussion can develop over time40.423 and, as some players, coaches
and parents may not be fully unaware of the actual signs and symptoms of a concussion®' the requirement
for a full medical clearance was to ensure that these players were medically assessed. All seven players
referred for further medical assessment were identified to have had a concussion and were medically
managed for a return to sports participation. No player with a delay in their post-match K-D score was

allowed to return to match or training activities until medically cleared.

In the absence of concussion, the K-D test has been shown to have learning effects associated with repeat
testing.20% This finding is commonly associated with repeated performance measures, or timed testing? and
can be seen by the mean improvement of 5.5 s between the two tests undertaken to establish the individual
players baseline score. This was similar to previous values for the K-D in sports activities with improvements
of 1.9 s to 3.1 5202, 203,206, 314,317, 367 for establishing the baseline score of participants. The use of dual baseline
assessments allows familiarization of the test and can help alleviate any possible confounding factors®
such as previous exposure to similar tests. Although employing serial K-D assessments has a learning
effect, there should be an improvement in the score upon each subsequent test administration.8% The IPad
version of the K-D test (v2.2.0) utilised in our study had two sets of demonstration and test cards with
different numbers along the same pattern. The post-match K-D tests were varied weekly to eliminate any

possibility of players learning the numbers. Although tests were varied, players showed an increase in the



scores from their baseline. Any worsening of the scores is likely to be a reliable indicator that players should

be evaluated further for a possible concussive event.203

The procedures utilised for the assessment and management of players identified to have a worsening of
their K-D test score are identical to a previous study.3'” The post-match testing was undertaken at least 15
minutes after the game had finished to allow for any of the complex cascade of ionic, neurometabolic,
neurochemical and physiologic events to occur.233 This is reported to occur in the first 10 min from a
concussive event and then a neuronal depression period occurs where cognitive dysfunction manifests.23
Previous studies'®21.23-25 have reported K-D test times of participants with a concussive injury having a
median of 5 s slower (range 3.2 s to 18.0 s) than their baseline. Our study had a mean of 7.4 s slower than
baseline for players who were either removed from match participation or tested post-match and all these
players underwent medical evaluation through their own medical practitioner. All players with a worsening
of their K-D test score were diagnosed with a concussion by their medical practitioner and underwent the
required return to sport evaluations and clearances before they were allowed to participate in training and

match activities.

The detection, and removal from play, of players with a possible concussion may help minimize the
deleterious outcomes of concussion. The use of a practically implemented, rapid assessment tool for
sideline evaluation of sports participants is vital in the detection of concussive injuries. The K-D test is a
portable tool that can be utilised on the sideline and is simply based on the time taken to complete a rapid
number naming task.™2 The K-D test requires the coordination of visual processes, eye movements
(saccades, convergence and accommodation), attention and language function to complete this rapid
number naming task.'#2 This task requires the integration of functions of the cerebral cortex, cerebellum and
brainstem and this has been shown to correlate with suboptimal brain function.™2 It does not require a
medical professional to administer®” making this a realistic sideline assessment tool for amateur sporting
activities at all levels of participation, especially where there is minimal or no access to on-site medical

personnel.
Conclusion

The finding of unwitnessed, or incidental, medically assessed and confirmed concussions in the current
study was unexpected, but similar to previous studies.206. 314,317,395 A henefit of conducting this research in
the current cohort of junior players was the ability to discuss concussions with the parents on an informal
basis resulting in some parents presenting their child for assessment after they felt there was a possible
concussive event that was not identified during the game. Concussed professional athletes were identified
with worsening in the K-D test performances testing.2¢ The variety of symptoms that may go unreported by
athletes, and undetected by trained observers, emphasize the need for a quick and reliable sideline
screening tool to assist team management and parents to accurately detect if a concussive type event has
occurred. The results of this study further validate the K-D test as a reliable and rapid sideline tool that

provides supportive evidence of a concussive event and assists with removal from play decisions. The K-D



can be quickly and easily administered by non-medically trained lay-persons making this a practical sideline

tool as part of the continuum of concussion assessment tools.

Key findings and recommendations

Key findings are:

Rugby league has the highest percentage of sport code total costs and mean costs per ACC claim
for concussion (92.2%; $25,545).

Semi-professional participants had nearly a two-fold greater concussion injury rate than

professional participants and a three-fold greater concussion injury rate than amateur participants.

Throughout the 2014 match competition season, there were 1,977 impacts recorded via
accelerometer patches applied behind the ear of 19 junior players. The youth players were exposed
to impacts that can be considered high-magnitude at any level of participation. Despite the number
of high-magnitude impacts recorded, there were no witnessed concussive events throughout the

duration of the study.

There were 13,895 impacts recorded via accelerometer patches applied behind the ear of 38 senior
players. There was an average of 56 impacts over 10g per game over the course of the season.
The majority (41%) of impacts occurred to the side of the head. The cumulated impacts per player,

per match were 56 £22 and 731 289 respectively.

The King-Devick test was able to identify junior players with functionally-detected cognitive

impairment without any observable concussion symptoms.

Based on these findings we recommend:

Player and team management education surrounding prevention, identification and assessment

of concussion is essential.
Baseline and post-match assessment of all players using the King-Devick is required.

Prospective studies to determine the cumulative impact loads on players using the accelerometer

patches applied behind the ear and concussion outcomes is required.
Validation studies using the accelerometer patches are needed.

Studies using players at all levels of participation are needed (particularly juniors, females and

Maori).
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MEMORANDUM
Auckland University of Technology Ethics Committee (AUTEC)

To: Matt Brughelli

From: Rosemary Godbold, Executive Secretary, AUTEC

Date: 26 July 2012

Subject: Ethics Application Number 12/156 Impact forces associated with match participation

in rugby league and rugby union and the identification of sport related concussion.

Dear Matt

Thank you for providing written evidence as requested. | am pleased to advise that it satisfies the points raised by the
Auckland University of Technology Ethics Committee (AUTEC) at their meeting on 9 July 2012 and | have approved your
ethics application. This delegated approval is made in accordance with section 5.3.2.3 of AUTEC'’s Applying for Ethics
Approval: Guidelines and Procedures and is subject to endorsement by AUTEC at its meeting on 13 August 2012.

Your ethics application is approved for a period of three years until 25 July 2015.
| advise that as part of the ethics approval process, you are required to submit the following to AUTEC:

e A brief annual progress report using form EA2, which is available online through
http://www.aut.ac.nz/research/research-ethics/ethics. When necessary this form may also be used to request an
extension of the approval at least one month prior to its expiry on 25 July 2015;

e A brief report on the status of the project using form EA3, which is available online through
http://www.aut.ac.nz/research/research-ethics/ethics. This report is to be submitted either when the approval
expires on 25 July 2015 or on completion of the project, whichever comes sooner;

It is a condition of approval that AUTEC is notified of any adverse events or if the research does not commence. AUTEC
approval needs to be sought for any alteration to the research, including any alteration of or addition to any documents that
are provided to participants. You are reminded that, as applicant, you are responsible for ensuring that research undertaken
under this approval occurs within the parameters outlined in the approved application.

Please note that AUTEC grants ethical approval only. If you require management approval from an institution or organisation
for your research, then you will need to make the arrangements necessary to obtain this.

To enable us to provide you with efficient service, we ask that you use the application number and study title in all written
and verbal correspondence with us. Should you have any further enquiries regarding this matter, you are welcome to contact
me by email at ethics@aut.ac.nz or by telephone on 921 9999 at extension 6902. Alternatively you may contact your AUTEC
Faculty Representative (a list with contact details may be found in the Ethics Knowledge Base at
http://www.aut.ac.nz/research/research-ethics/ethics).

On behalf of AUTEC and myself, | wish you success with your research and look forward to reading about it in your reports.

Yours sincerely

Dr Rosemary Godbold

Executive Secretary

Auckland University of Technology Ethics Committee

Cc:Doug King doug.king@xtra.co.nz;dking@aut.ac.nz, Patria Hume



Appendix IV: Sample of a participant consent form.

Parent/Guardian Consent to Participation in &m]ﬁ

ResearCh AUCKLAND UNIVERSITY OF TECHNOLOGY
Title of Project: Impacts that occur in rugby union and rugby league
matches and the identification of sport-related
concussions.

Project Supervisor:  Dr Matt Brughelli

Researcher: Dr Doug King

» | have read and understood the information provided about this research project (Information
Sheet dated 17t July 2012).

« | have had an opportunity to ask questions and to have them answered.

« | agree to participate in the research and to have myself videoed during matches.

o lunderstand that I may withdraw myself or any information that | have provided for this project at
any time prior to completion of data collection, without being disadvantaged in any way.

« lunderstand that in the event of a medical situation the information obtained as part of this
research project may be used to assist in my medical care and that my identified legal guardian,
next-of-kin or parent will be informed of the situation.

o  If I withdraw, | understand that all relevant information will be destroyed.

« | wish to receive a copy of the report from the research: tickone: Yes O No O

Participant’s Name: .......coovvveervrvrvvnnvnec e
Parent / Guardian's Name: ........................ Parent / Guardian’s Signature: ..........cccccoovieiineiiineennnn.

Contact Details (if @pPropriate): ...........covvoiviiiiieieicece e

Project Supervisor Contact Details:

Dr Matt Brughelli,

Sports Performance Research Institute New Zealand,
School of Sport and Recreation,

Auckland University of Technology.

Private Bag 92006

Auckland 1020

64 9 921 9999 ext .7025

mbrughelli@aut.ac.nz

Approved by the Auckland University of Technology Ethics Committee on 16t July 2012 AUTEC
Reference number 12/156



Appendix V: Sample of a participant information pack.

Participant Information Sheet &wﬁ

AUCKLAND UNIVERSITY OF TECHNOLOGY
TE WANANGA ARONUI O TAMAKI MAKAU RAU

Date Information Sheet Produced: 12t November 2012

Project Title
Impacts that occur in rugby union matches and the identification of

sport-related concussions

Introduction

My name is Dr Doug King and | am a PhD student at Auckland University of Technology (AUT) in Auckland.
| am also a senior Clinical Nurse Specialist employed in the Emergency Department of the Hutt Valley
District Health Board. | am looking at doing research on sport-related concussion and the impacts that occur
during rugby union and rugby league match activities.

Invitation to participate

e You are invited to take part in the above mentioned research project. Your participation in this
research is voluntary. You are free to withdraw consent and discontinue participation at any time
without influencing any present and/or future involvement with the Auckland University of
Technology.

e Your consent to participate in this research will be indicated by your signing and dating the consent
form. Signing the consent form indicates that you have freely given your consent to participate, and
that there has been no coercion or inducement to participate by the researchers from AUT.

What is the purpose of the study?

e The purpose of the study is to monitor and record the impacts that occur from participation in rugby
union and rugby league match activities and when a sport-related concussion occurs over a two
year period.

e This study is being conducted as part of a PhD degree. The results of this study will be presented
at national / international conferences and submitted to peer-reviewed journals.

How was I chosen to be asked to participate in the study?

e Those people who participate in rugby union and rugby league match activities will be invited to
participate in the research over two years.

What happens in the study?

e You will be asked to complete a pre-competition concussion history questionnaire, a sports
concussion assessment baseline evaluation, undertake a measurement of your head and neck and
to complete a number reading test. These questionnaires and tests will be used to evaluate you
against in the event of a suspected concussion occurring. This information will be collected at the
beginning of your enrolment in the study. This information may also be passed onto other
healthcare services should there be a medical situation where you are required to be referred for
further care and management.

e You will be asked to wear an acelerometer fitted mouthguard while undertaking match activities
while you participate in rugby union or rugby league match activities over the next two years. This
accelerometer fitted mouthguard will be monitored from the sideline.

¢ You will be videoed during matches to enable the impacts that occur to you while you play to be
correlated with the data that is collected. This video is to be viewed by the researchers only for the
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research analysis and will not be used for any rugby related assessment by anyone not directly
identified as part of the research team.

What are the discomforts and risks?

e Only those discomforts and risks that normally occur from participating in rugby union or rugby
league match activities. This includes the risk of a sports-related concussion. This risk can be
increased if you have had a previous concussion and this will be discussed with you as part of the
concussion history assessment. You may be asked to see another health care professional for
further assessment and clearance to play as part of this process

What are the benefits?

¢ Information gained from this research has potential to help shape training strategies, and develop
prognostic indicators of value to athletes, clinicians, physical conditioners and coaches.

What compensation is available for injury or negligence?

e Inthe unlikely event of a physical injury as a result of your participation in this study, rehabilitation
and compensation for injury by accident may be available from the Accident Compensation
Corporation, providing the incident details satisfy the requirements of the law and the
Corporation's regulations.

How is my privacy protected?

e The data from the project will be coded and held anonymously in secure storage under the
responsibility of the principal investigator of the study in accordance with the requirements of the
New Zealand Privacy Act (1993).

e All reference to participants will be by code number only in terms of the research thesis and
publications. Identification information will be stored on a separate file and computer from that
containing the actual data.

e Only the investigators will have access to computerised data.

e Should a situation occur where you become injured then your identified next-of-kin / legal
guardian / parent that has been recorded and/or signed the consent form will be contacted to
advise them of the injury, the care provided and where you have been transferred to. The
information obtained will also be passed onto the healthcare service as part of the on-going
management of your medical care.

What are the costs of Participating?

e Participating in this research project will not cost you apart from your time that you normally
provide for participating in rugby union and rugby league activities.

Opportunity to consider invitation

e Please take the necessary time you need to consider the invitation to participate in this research.

e |tis reiterated that your participation in this research is completely voluntary.

e [f you require further information about the research topic please feel free to contact Doug King
(details are at the bottom of this information sheet).

e You may withdraw from the study at any time without there being any adverse consequences of
any kind.

e You may ask for a copy of your results at any time and you have the option of requesting a report
of the research outcomes at the completion of the study.

How do I join the study?

e [fyou are interested in participating in this research please feel free to contact Dr Doug King
(details are at the bottom of this information sheet).
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Participant concerns

If you have any questions please feel free to contact Dr Doug King or Dr Matt Brughelli. Any concerns
regarding the nature of this project should be notified in the first instance to the Project Supervisor — Dr
Brughelli. Concerns regarding the conduct of the research should be notified to the Executive Secretary,
AUTEC, Madeline Banda, madeline.banda@aut.ac.nz , 917 9999 ext 8044.

Researcher Contact Details: Dr Doug King, Sports Performance Research Institute New Zealand, School
of Sport and Recreation, Auckland University of Technology. Email: dking@aut.ac.nz or phone +64 27 257
9098.

Project Supervisor Contact Details

Dr Matt Brughelli, Sports Performance Research Institute New Zealand, School of Sport and Recreation,
Auckland University of Technology. Email: mbrughelli@aut.ac.nz or phone +64 9 921 9999 ext .7025

Approved by the Auckland University of Technology Ethics Committee on 9t July 2012. AUTEC
Reference number 12/156
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Appendix VI: Player Concussion Questionnaire

1) How old are you?
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2) What ethnic group do you primarily associate yourself with? Please choose one group only

() New Zealand European () New Zealand Maori
() Pacific Peoples () Asian () Other

3) What is your primary playing position? Please choose one group only

() Fullback ()Wing () Centre () Stand-off () Half-Back
()Prop ()Hooker ()SecondRow ()Loose Forward

4) How many years have you been playing Rugby League

()<1yr. ()1-5yr. ()5-10yr. ()>10yr.

The following questions refer to symptoms that you may have experienced from ALL sporting activities
you have participated in over the last two years

Note:

10)

1)

a. "After being hit in the head playing sports” refers to any contact with your head; either from
another player, yourself, the ground or another object that may have occurred while participating
in any of your sporting activities.

b. Duration in symptoms for the following questions can be listed in number of seconds, minutes,
hours, days, weeks, efc.

In the past two years, after being hit in the head playing sports, did you ever suffer a concussion?*
()Yes()No

In the past two years, after being hit in the head playing sports, were you ever “knocked out” or
“knocked unconscious”?
() Yes()No

In the past two years, after being hit in the head playing sports, did you ever feel confused for a period
of time? This feeling is sometimes referred to as getting “dinged” or having your “bell rung.” You may
have felt lightheaded, not remembered the play, or not known where you were.

() Yes()No

In the past two years, after being hit in the head playing sports, did you ever experience headaches?
() Yes()No

In the past two years, after being hit in the head playing sports, did you ever experience dizziness or
balance problems?

()Yes()No
In the past two years, after being hit in the head playing sports, did you ever have memory difficulties
(difficulty remembering things)? This may have included not being able to remember the plays that were
called, forgetting where you were, forgetting the score, etc.

()Yes()No
In the past two years, after being hit in the head playing sports, did you ever have blurred or abnormal
vision? This may have included a feeling of having tunnel vision, difficulty focusing on objects, seeing

abnormal colours, double vision, etc.

()Yes()No
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12)

13)

14)

In the past two years, after being hit in the head playing sports, did you ever experience nausea (feeling
sick in your stomach or wanted to vomit or vomited)?

()Yes()No

In the past two years, after being hit in the head playing sports, did you ever experience hearing
problems (including ringing in your ears)?

() Yes()No
Are there any other symptoms you experienced in the past two years, after being hit in the head playing
sports? These may include inability to tolerate bright lights, loud noises, irritability, emotional changes,

slurred speech etc.

()Yes()No

The following questions refer to symptoms that you may have experienced from ALL sporting activities
you have participated in before the last two years

Note:

15)

16)

17)

18)

19)

20)

"After being hit in the head playing sports" refers to any contact with your head; either from
another player, yourself, the ground or another object that may have occurred while participating
in any of your sporting activities.

Prior to the past two years, after being hit in the head playing sports, did you ever suffer a concussion?*

()Yes()No
Prior to the past two years, after being hit in the head playing sports, were you ever “knocked out” or
“knocked unconscious™?

() Yes()No
Prior to the past two years, after being hit in the head playing sports, did you ever feel confused for a

period of time? This feeling is sometimes referred to as getting “dinged” or having your ‘bell rung.” You
may have felt lightheaded, not remembered the play, or not known where you were?

() Yes()No
If you have had a concussion, after being hit in the head playing sports, did you undergo any form of
medical assessment by either your own General practitioner, a Doctor at an after-hours facility or through
the Emergency Department?

() Yes()No

If you have had a concussion, after being hit in the head playing sports, did you undergo the
recommended three (3) week stand-down period as described by the NZRL concussion policy?

() Yes()No
If you have had a concussion, after being hit in the head playing sports, did you complete a medical
clearance to return to play through either your General practitioner, a Doctor at an after-hours facility or

through the Emergency Department?

() Yes()No
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21) Do you currently have any of the following symptoms that may be as a result of having a concussion,
being knocked out or loss of consciousness, having been "dinged" or had your "bell rung". Please
indicate the symptom and the severity of the symptom as identified.

0 = No symptoms 1 - 2 = Mild/Sometimes; 3 - 4 = Moderate; 5 - 6 = Severe/Always
Symptom | 0 | 1 |2 | 3 | 4|5 ]| 6
)

Headache

"pressure in the head"
Neck Pain

Nausea or vomiting
Dizziness

Blurred Vision

Balance problems
Sensitivity to light

9) Sensitivity to noise

10) Feeling slowed down
11) Feeling like "in a fog"
12) "Don't feel right"

13) Difficulty concentrating
14) Difficulty remembering
15) Fatigue or low energy
16) Confusion

17) Drowsiness

18) Trouble falling asleep
19) More emotional
Irritability

Sadness

Nervous or anxious

— — [— | = = [=— [~ |—
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Appendix VII: Equations and Calculation

formulas utilised
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Gadd Severity Index (GSl)

In 1966, Gadd?! proposed a head injury severity index based on the Wayne State Tolerance Curve
(WSTC) and it was named the Gadd Severity Index (GSI).4% Developed from animal and cadaver impact
data, the GSI simplified the WSTC by taking into consideration the shape of the linear acceleration time
history, providing a weighting factor of 2.5 enabling the whole body acceleration data to be plotted on
log-log coordinates along a straight line. The critical value of the GSI is 1,000, that is, if the GSI is less
than 1,000 then the head impact is considered probabilistically safe. The GSl is used to quantify severe
skull fractures and brain injury risk but is not recommended for use to quantify a risk of concussion.’ A
concern of the GSl is that it can give unrealistically high values for impacts that have a much longer
pulse duration.368 The mathematical expression for the GSl is:
T
GSI = J a(t)?5dt
0

where a is the ‘effective’ acceleration (thought to have been the average linear acceleration) of the head
measured in terms of g, the acceleration of gravity, and t is the time in milliseconds from the start of the

impact.43

The range of GSI scores for the three cohorts studied were

Amateur Senior Rugby Union: 1.2102,277.3
Amateur Senior Rugby League: 1.5t0 1,494.6
Junior Rugby League: 1.61t01,311.9

The witnessed concussions (n=3) GSI values were

Amateur Senior Rugby Union (2 witnessed) 152.9; 361.2
Amateur Senior Rugby League (1 witnessed) 1,494.6
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Head Impact Criterion (HIC)

In 1971 a modification of the Gadd Severity Index, the Head Injury Criterion (HIC), was proposeds® to
focus the severity index on that part of the impact that was likely to be relevant to the risk of injury to the
brain. This was done by averaging the integration of the resultant acceleration/time curve over whatever
time interval yielded the maximum value of HIC. Because this varies from one impact to another, the
expression for the modified index simply refers to times 1 and {2. The HIC is computed based on the

following expression

5/2
f a®dt| (¢, —t;)

where t; and t; are any two arbitrary time points during the acceleration pulse. Acceleration is measured
in multiples of the acceleration of gravity [g] and time is measured in seconds. The resultant acceleration
is used for the calculation. The US National Highway Traffic Safety Administration (NHTSA) requires t;
and t; not to be more than 36 ms apart (thus called HIC35) and the maximum HICss not to exceed 1000.
In 1998%2 the NHTSA introduced the HIC1s where t; and t; was not to be more than 15 ms apart and the
maximum HIC15 was not to exceed 700. In a numerical study3'? it was estimated that a mild Traumatic
Brain Injury (mTBI) tolerance for the HICs, where there is a 25%, 50% and 75% of an mTBI occurring
values were 136, 235 and 333 respectively. Although the HIC was assessed for 15 and 36 ms throughout

the research undertaken, only the HIC+s was reported

The range of HIC scores for the three cohorts studied were

HICys HIC3;
Amateur Senior Rugby Union: 0.7101,736.2 0.8102,142.8
Amateur Senior Rugby League: 1.0 to 1,086.8 1.0 t0 1,206.2
Junior Rugby League: 1.01t0937.5 1.0t01,112.7
The witnessed concussions (n=3) HIC values were

HIC+s HIC36
Amateur Senior Rugby Union (2 witnessed) 81.0; 265.6 84.1; 368.2
Amateur Senior Rugby League (1 witnessed) 1,052.5 1,052.5

It must be noted that the HICs and HIC3; only account for linear and NOT rotational
accelerations
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Head Impact Telemetry Severity Profile (HITsp)

In 2008,2#! the principal component score (PCS), a weighted sum of linear acceleration, rotational

acceleration, HIC and GSI, with objectively defined weights, was published. Now more commonly

referred to as the Head Impact Telemetry Severity Profile (HITsp), the HITspis a weighted composite

score including linear and rotational accelerations, impact duration, as well as impact location. The

resulting formula is:

HITsp = 10x([0.4718 x sGSI + 0.4742 x sHIC + 0.4336 x sLIN + 0.2164 x sROT] + 2)

where sX = (X-mean[X])/(SD[X]), LIN = linear acceleration, ROT = rotational acceleration, HIC = head

injury criterion, and GSI = Gadd Severity Index. The offset by 2 and scaling by 10 generates HITsp values

greater than 0 and in the numerical range of the other classic measures studied. A HITsp score of 63 or

greater is reported to be an indication there is a 75% risk of a concussive injury occurring.?*!

The range of HITsp scores for the three cohorts studied were

Amateur Senior Rugby Union: 10.9 t0 243.0
Amateur Senior Rugby League: 6.3 t0201.5
Junior Rugby League: 10.5 to 194.1

The witnessed concussions (n=3) HITsp values were

Amateur Senior Rugby Union (2 witnessed) 54.4;66.7
Amateur Senior Rugby League (1 witnessed) 201.5
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Generalised Acceleration Model for Brain Injury Threshold (GAMBIT)

In an attempt to combine translational and rotational acceleration, the Generalized Acceleration Model
for Brain Injury Threshold (GAMBIT) was proposed.5¥” This Assumed that a combined load case of equal
contributions of translational and rotational accelerations can cause head injury, and the following

relationship was proposed:

o - [(49)" 4 (2"

ac Pc

Here a(t) and ¢(t) denote the translational and rotational acceleration, respectively. ac and ¢.represent
critical tolerance levels for those accelerations and n, m and k are constants. Through statistical analysis

and computer simulations to available data, the following solution was presented53

1
<@> 2.5 .\ <@> 2.5 o
250 25

with a(t) and @(t) given in [g] and [krad/s?]. Under the curve of the GAMBIT, the value of 1.000 (250 g;
25 krad/s?) was determined to represent a 50% probability of an irreversible head injury while a non-
contact head impact accounted for GAMBIT values below 0.620 (150 g; 20 krad/s?).

GAMBIT =

To date the GAMBIT still lacks validation and is therefore hardly ever used.

The range of GAMBIT scores for the three cohorts studied were

Amateur Senior Rugby Union: 0.012101.323
Amateur Senior Rugby League: 0.015 t0 0.987
Junior Rugby League: 0.034 10 0.780

The witnessed concussions (n=3) GAMBIT values were

Amateur Senior Rugby Union (2 witnessed) 0.351; 0.292
Amateur Senior Rugby League (1 witnessed) 0.891
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Risk Weighted Cumulative Exposure

In 2013, a novel cumulative exposure metric, the Risk Weighted Cumulative Exposure (RWE) equation
was developed®® with four previously published analytical risk functions. The four previously published
analytical risk functions were the linear resultant acceleration, % 529 rotational resultant acceleration5!
and the combined probability (linear and rotational) resultant accelerations.53 These risk functions were
utilised to elucidate individual player and team-based exposure to head impacts. The RWE equations
comprise of a. as the measured peak linear acceleration, ar as the measured peak rotational

acceleration, and nnis as the number of head impacts in a season for a given player.

Risk function(s) Equation
Linear498. 528 RWELinear = Z?zhits R(aL)i
Rotational%3! RWERstational = Y45 R (ag)i
Combined Probability5% RWEcr = Y70t CP(ay, ag)i

Logistic regression equations and regression coefficients of the injury risk functions utilised in the
prediction of injury, where a and @ are the regression coefficients and x is the measured acceleration for

the linear and rotational risk functions.5%

Logistic Regression equation Risk Function Regression coefficients
Rlal = 1 Linear498. 529 a=-9.805, =0.0510
lal = 1+ e-a+hx Rotational®®’ a=-12.531, 4=10.0020
1 = - - =
cp Combined Probabilty (CPyse ~ Po =102, B =0.0433, 3, = 0.000873,

T 1 + e-BotBratBra+P; aa B = -9.2E-07

Bo,51, B2 and 33 are regression coefficients, a is the measured linear acceleration, and a is the measured

rotational acceleration for the combined probability risk function

The range of RWE scores for the three cohorts studied were:

RWELinear RWERotationaI RWECP
Amateur Senior Rugby Union: 0.000t00.038  0.000to 1.000  0.000 to 1.000
Amateur Senior Rugby League: 0.000t00.074  0.000to 1.000  0.000 to 1.000
Junior Rugby League: 0.000t00.027  0.000to0 1.000  0.000 to 1.000
The witnessed concussions (n=3) RWE values were

RWELinear RWERotationaI RWECP
Amateur Senior Rugby Union (2 witnessed) 0.001; 0.007 0.979; 0.721 0.250; 0.310
Amateur Senior Rugby League (1 witnessed) 0.092 0.994 0.937
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Appendix VIII: Supplemental data for
Chapter 6

Measurement of the frequency, magnitude, and
distribution of head impacts in a senior amateur
rugby union team recorded by an instrumented

mouthguard

Total, Match and Player Positional Group

Impact Biomechanics Summaries

- 277 -



Total Match Impact Biomechanics

Table 1: Summary of total match impact biomechanics for impacts to the head (n=20,687) greater than 10g recorded by
an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median [25-75
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.5+14.4 14411.6-21.2] 456 84.8 10.0 to 164.9 402,953.3
PRA (rad/s?) 3,085.7£3,0104  2,167.2[1,106.7-3,980.8]  9,390.8 14,7715  0.41023,3971 63,824,769.6
HIC1s 15.4 £81.7 3.4[1.7-8.6] 54.7 206.8 0.5105,900.4 317,626.3
GSI 0.05 £0.51 0.00 [0.00-0.01] 0.15 0.89 0.00 to 40.30 1,054.12
HiTsp 16.9 +11.1 15.0[13.1-17.8] 29.5 56.5 5.8 t0 356.8 349,510.3
GAMBIT 0.085 +0.066 0.063 [0.042-0.105] 0.220 0.322 0.010t0 1.828 1,744.20
ms 7657 6.0 [4.0-10.0] 19.0 30.0 2010400 157,388.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.193 8.802
RWERotational 0.129 £0.306 0.000 [0.000-0.010] 0.998 1.000 0.000 to 1.000 2,663.838
RWEcr 0.048 £0.175 0.000 [0.000-0.003] 0.352 0.988 0.000 to 1.000 988.846

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of total match impact biomechanics for impacts to the front of the head (n=6,678) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.1 £13.0 13.6 [11.4-19.2] 40.6 781 10.0to 163.2 120,768.8
PRA (rad/s?) 2,904.3 £2,794.1 2,046.3 [1,031.1-3,760.8] 8,611.9 13,303.9 3.61023,228.7 19,394,599.6
HIC1s 12.9 £103.0 29[1.6-6.9] 404 138.1 0.7 t05,900.4 86,340.2
GSI 0.04 £0.68 0.00 [0.00-0.01] 0.10 0.56 0.00 t0 40.30 280.10
HITsp 18.2+11.2 15.6 [14.1-18.5] 30.6 56.1 11.4 t0 356.8 121,806.8
GAMBIT 0.083 +0.069 0.058 [0.040-0.102] 0.225 0.323 0.0131t01.828 550.47
ms 71451 5.0 [4.0-9.0] 17.0 26.0 2.01040.0 47,537.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.000 0.003 0.000 t0 0.180 2.443
RWERGtational 0.116 £0.290 0.000 [0.000-0.007] 0.991 1.000 0.000 to 1.000 776.663
RWEcp 0.037 £0.152 0.000 [0.000-0.002] 0.188 0.961 0.000 to 1.000 250.283

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of total match impact biomechanics for impacts to the back of the head (n=5,932) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75™ interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 216+158 15.9[12.4-24.7] 51.3 90.2 10.0 to 164.1 128,370.6
PRA (rad/s?) 43078 £3,601.7  3,174.1[1,7829-57235] 11876.0 16,7928  2.91023,397.1 25,554,115.7
HIC1s 19.2 £64.9 4.2[2.0-12.0] 80.3 249.9 0.6 t02,096.4 113,902.4
GSI 0.07 £0.37 0.00[0.00-0.02] 0.26 1.30 0.00 to 14.32 399.25
HITsp 134 8.0 11.2[9.7-14.1] 248 443 7.310 168.6 79,385.8
GAMBIT 0.105 +0.070 0.083 [0.055-0.135] 0.245 0.340 0.010 to 0.588 608.37
ms 8.5+6.5 6.0 [4.0-11.0] 220 35.7 2.01040.0 50,494.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.187 2.948
RWERotational 0.224 +0.381 0.002 [0.000-0.253] 1.000 1.000 0.000 to 1.000 1,328,577
RWEcr 0.090 +£0.238 0.001[0.000-0.014] 0.831 0.998 0.000 to 1.000 531.151

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of total match impact biomechanics for impacts to the side of the head (n=7,364) greater than 10g

recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75™ interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.0 +14.3 14.1[11.4-20.6] 442 84.7 10.0 to 164.9 139,881.3
PRA (rad/s?) 2,292.9 £2,260.1 1,731.1[852.5-2,988.7] 68966 108934 0410184359 16,877,727.8
HIC1s 142 £71.9 3.3[1.6-8.0] 454 2131 0.5103,181.5 104,879.3
GSI 0.04 £0.44 0.00 [0.00-0.01] 0.11 0.84 0.00t021.73 329.07
HiTsp 19.2 124 16.1[14.7-19.3] 331 68.1 11.5t0 252.6 141,093.0
GAMBIT 0.072 £0.055 0.055 [0.038-0.086] 0.176 0.286 0.010 t0 0.835 527.28
ms 73454 6.0 [4.0-9.0] 18.0 27.0 2.01040.0 54,107.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.193 3.039
RWERGtational 0.065 +0.221 0.000 [0.000-0.001] 0.779 1.000 0.000 to 1.000 477.280
RWEcp 0.024 £0.120 0.000 [0.000-0.001] 0.061 0.841 0.000 to 1.000 173.616

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of total match impact biomechanics for impacts to the top of the head (n=713) greater than 10g

recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75™ interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 19.5+155 13.9[11.6-21.2] 433 100.1 10.0 to 152.2 13,932.6
PRA (rad/s?) 2,802.7 £3,138.7  1,505.3[853.9-3,799.8]  9,293.7 159104 2.51022,989.2 1,998,326.5
HIC1s 1754742 29[1.6-7.9] 47.1 352.2 0.810991.8 12,504.4
GSI 0.06 £0.42 0.00 [0.00-0.01] 0.10 1.94 0.00t0 6.77 4570
HiTsp 10.1 9.6 7.8[7.0-9.7] 176 46.7 5810 178.6 7,179.8
GAMBIT 0.083 +£0.074 0.053 [0.034-0.106] 0.245 0.350 0.011t0 0.476 58.08
ms 74157 6.0 [4.0-8.0] 19.0 344 2010400 5,250.0
RWELinear 0.001 +0.005 0.000 [0.000-0.000] 0.000 0.009 0.000 t0 0.112 0.370
RWERotational 0.114 £0.290 0.000 [0.000-0.007] 0.998 1.000 0.000 to 1.000 81.318
RWEcp 0.047 £0.181 0.000 [0.000-0.002] 0.297 0.994 0.000 to 1.000 33.796

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Figure 1: Resultant linear accelerations (g) by impact duration in milliseconds (ms) for all matches competed in a senior amateur rugby union team over a competitive season
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Figure 2: Resultant rotational accelerations (rad/s?) by impact duration in milliseconds (ms) for all matches competed in a senior amateur rugby union team over a competitive season
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Figure 3: Cumulative distribution functions for resultant linear (left) and rotational (right) acceleration magnitudes of impacts collected during matches for senior amateur rugby
union season 2013.
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Table 1: Summary of preseason match 1 impact biomechanics forimpacts to the head (n=204) greater than 10g recorded
by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median [25-75"

interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 18.7 114 15.0[12.3-20.8] 425 83.2 10.0t0 88.9 3,816.1
PRA (rad/s?) 2,236.2+2,003.9  1,709.2[939.0-2,968.1] 6,449.1 11,728.7 6.11011,977.1 456,189.0
HIC15 12.4 £54.6 3.4[1.6-7.6] 329 289.4 0.7 to 706.1 2,537.9
GSI 0.05£0.35 0.00 [0.00-0.01] 0.06 1.30 0.00 to 4.82 9.26
HITsp 18.1 £13.9 15.9[13.7-19.0] 26.1 93.0 6.910176.3 3,702.2
GAMBIT 0.062 +0.050 0.051[0.038-0.071] 0.150 0.311 0.014 t0 0.496 12.72
ms 6.7 5.2 5.0 [4.0-8.0] 15.8 33.0 2010390 1,360.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.004 0.000 to 0.005 0.042
RWERtational 0.051 £0.200 0.000 [0.000-0.001] 0.591 1.000 0.000 to 1.000 10.323
RWEcr 0.020 £0.111 0.000 [0.000-0.001] 0.027 0.835 0.000 to 0.879 4.095

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of competition match 1 impact biomechanics for impacts to the head (n=986) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 213176 15.3[11.9-22.8] 55.7 100.2 10.0to 155.5 21,035.2
PRA (rad/s?) 2,639.4 £2,445.6 2,005.0 [1,032.5-3,314.4] 7,71147 12,835.6 3.91019,878.4 2,602,479.4
HIC15 23.3+88.6 4.0[1.9-10.1] 99.3 423.0 0.7 to 1,566.5 23,018.8
GSI 0.09 +0.51 0.00[0.00-0.01] 0.36 1.89 0.00t0 10.70 87.23
HITsp 20.0 £14.2 16.3[14.8-19.3] 404 91.0 13.0t0 228.8 19,720.0
GAMBIT 0.081 £0.062 0.060 [0.041-0.099] 0.202 0.287 0.015t0 0.503 78.27
ms 8.4 16.6 6.0 [4.0-11.0] 220 39.0 2.01040.0 8,289.0
RWELinear 0.000 +0.006 0.000 [0.000-0.000] 0.001 0.009 0.000 t0 0.130 0.7117
RWERotational 0.081 £0.248 0.000 [0.000-0.003] 0.948 1.000 0.000 to 1.000 79.747
RWEcr 0.034 £0.150 0.000 [0.000-0.001] 0.114 0.955 0.000 to 1.000 33.627

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition match 2 impact biomechanics for impacts to the head (n=2,639) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75™ interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 22.1+16.8 15.6 [12.0-26.0] 52.7 97.9 10.0 to 164.9 58,301.1
PRA (rad/s?) 4,576.5 +4,138.1 3,141.9 [1,455.9-6,456.9] 13,575.2 17,758.8 3.01023,397.1 12,063,524.5
HIC1s 25.1£134.2 4412.0-14.7] 98.8 389.7 0.6 t05,900.4 66,192.7
GSI 0.10 £0.87 0.00 [0.00-0.02] 0.39 2.01 0.00 to 40.30 274.06
HITsp 158 +11.1 14.3[12.0-17.1] 26.6 46.6 6.4 t0457.2 41,621.0
GAMBIT 0.107 £0.082 0.083 [0.049-0.146] 0.262 0.328 0.014 t0 1.828 269.34
ms 95473 7.0 [4.0-12.0] 250 38.0 2.01040.0 24,946.0
RWELinear 0.001 +0.006 0.000 [0.000-0.000] 0.000 0.008 0.000 to 0.193 1.487
RWERtational 0.264 £0.410 0.002 [0.000-0.592] 1.000 1.000 0.000 to 1.000 697.870
RWEcr 0.120 £0.277 0.001 [0.000-0.026] 0.959 0.999 0.000 to 1.000 316.759

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of competition match 3 impact biomechanics for impacts to the head (n=2,595) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75™ interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean *SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 203136 16.0 [12.3-22.5] 453 80.8 10.0to 157.9 52,700.9
PRA (rad/s?) 2,714542,1952  2,140.9[1,268.2-3,355.6]  7,087.1 11,160.0 35t017,664.3  7,044,164.2
HIC1s 14.6 £39.9 4.61[2.0-12.6] 51.5 1671 0.7t0 781.6 37,905.5
GSI 0.04 £0.21 0.00 [0.00-0.02] 0.15 0.72 0.00 t0 5.34 108.85
HITsp 18.1+12.8 15.3[13.0-19.3] 34.4 67.9 5.7 0 258.6 46,952.6
GAMBIT 0.080 +0.049 0.067 [0.047-0.098] 0.176 0.262 0.016 t0 0.595 206.18
ms 89459 7.0[4.0-12.0] 20.0 28.0 2.0t040.0 23,001.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.144 0.885
RWERtational 0.074 £0.230 0.000 [0.000-0.003] 0.838 1.000 0.000 to 1.000 191.102
RWEcr 0.023 £0.117 0.001[0.000-0.002] 0.067 0.882 0.000 to 0.999 60.166

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition match 4 impact biomechanics for impacts to the head (n=2,949) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 204 £13.5 15.9[12.5-23.5] 439 80.5 10.0to 152.3 60,062.3
PRA (rad/s?) 2,8526 £2,7174  2,0145[1,170.7-3,525.4]  8,297.1 13,5916 0.41021,979.5 8,412,447.1
HIC1s 17.0 £129.8 3.7[1.8-10.0] 455 183.6 0.7 t0 3,586.1 50,204.5
GSI 0.06 £0.87 0.00 [0.00-0.01] 0.12 0.64 0.00 to 24.49 188.01
HiTsp 16.6 £12.2 15.2[12.3-17.8] 274 439 6.6 t0 301.1 48,873.6
GAMBIT 0.083 +0.061 0.066 [0.044-0.100] 0.197 0.321 0.010t00.835 24113
ms 76154 6.0 [4.0-10.0] 19.0 265 2.0t040.0 22,352.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.112 1.048
RWERotational 0.097 +£0.266 0.000 [0.000-0.004] 0.983 1.000 0.000 to 1.000 284.803
RWEcp 0.038 £0.159 0.000 [0.000-0.002] 0.158 0.977 0.000 to 1.000 110.965

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 6: Summary of competition match 5 impact biomechanics for impacts to the head (n=1,008) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 21.0+16.7 15.0 [11.7-23.0] 52.1 110.7 10.0to 142.5 21,162.4
PRA (rad/s?) 2,952.4 £2,670.7 2,2104[1,118.2-3,701.5] 89842 11,7830 4.41017,604.3 2,976,002.0
HIC1s 17.0 £50.9 3.6[1.7-9.7] 72.1 2415 0.8t0640.3 17,1733
GSI 0.06 +£0.25 0.00[0.00-0.01] 0.28 0.97 0.00 to 3.56 55.79
HITsp 20.0 £14.3 15.8 [14.1-19.5] 4041 86.9 12.3t0178.5 20,153.5
GAMBIT 0.078 £0.053 0.061[0.041-0.097] 0.190 0.267 0.015100.336 77.53
ms 76164 6.0 [4.0-9.0] 216 34.0 2.01040.0 7,688.0
RWELinear 0.001 £0.004 0.000 [0.000-0.001] 0.001 0.015 0.000 to 0.071 0.597
RWERGtational 0.117 £0.295 0.000 [0.000-0.006] 0.996 1.000 0.000 to 1.000 117.716
RWEcr 0.043 £0.159 0.000 [0.000-0.002] 0.335 0.941 0.000 to 1.000 43.803

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 7: Summary of competition match 6 impact biomechanics for impacts to the head (n=1,224) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.0 £16.3 12.0[10.7-17.9] 438 102.6 10.0 to 164.1 22,0191
PRA (rad/s?) 19236 +2512.8  1,297.1[54-2643.0] 6,9535 116680  2.11t020,543.0 2,354,456.9
HIC 16.8 £82.8 2.8[1.5-6.3] 59.0 326.3 0.6 t0 2,096 4 20,568.9
GSI 0.06 £0.48 0.00 [0.00-0.01] 0.22 1.02 0.00 to 14.32 70.67
HITsp 17.7 £12.0 15.1[14.8-17.3] 28.7 79.4 7.210204.0 21,656.7
GAMBIT 0.062 +£0.043 0.043 [0.037-0.070] 0.160 0.220 0.010 to 0.406 74.62
ms 6.9 5.7 5.0[3.0-8.0] 19.0 27.0 2010400 8,465.0
RWELinear 0.001 +0.007 0.000 [0.000-0.000] 0.001 0.010 0.000 to 0.187 0.850
RWERtational 0.063 £0.220 0.000 [0.000-0.001] 0.798 1.000 0.000 to 1.000 77.147
RWEcr 0.027 £0.134 0.000 [0.000-0.001] 0.071 0.927 0.000 to 1.000 33.086

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 8: Summary of competition match 7 impact biomechanics for impacts to the head (n=1,065) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.6 £13.0 15.1[12.0-21.3] 444 83.2 10.0t094.6 20,865.1
PRA (rad/s?) 2,9285+2,860.5  2,133.4[1,184.9-3616.7] 89564 146216  4.2t021,528.1 3,118,886.9
HIC 11.3+29.5 3.6[1.8-7.9] 46.6 168.2 0.6 to 463.2 11,982.0
GSI 0.03 £0.15 0.00 [0.00-0.01] 0.09 0.39 0.00t0 3.16 27.96
HiTsp 17.3+12.0 14.5[12.8-18.1] 343 66.2 7.610218.6 18,432.3
GAMBIT 0.072 +£0.055 0.055 [0.040-0.084] 0.190 0.317 0.011t0 0.426 76.59
ms 6.7 +4.6 5.0 [4.0-8.0] 15.7 26.0 2.01039.0 7,123.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.007 0.256
RWERotational 0.099 £0.274 0.000 [0.000-0.005] 0.995 1.000 0.000 to 1.000 105.961
RWEcp 0.043 £0.168 0.000 [0.000-0.002] 0.305 0.975 0.000 to 1.000 45417

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 9: Summary of competition match 8 impact biomechanics for impacts to the head (n=812) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.0+11.6 14.3[11.5-19.5] 372 731 10.0 to 102.1 14,581.7
PRA (rad/s?) 2,804.9 +2,562.8 2,206.8 [865.3-4,143 .2 7,811.1 12,052.7 3.51016,782.6 2,277,555.3
HIC 9.0+24.9 3.2[1.6-6.8] 30.2 131.2 0.51t0 330.5 7,274.8
GSl 0.02 £0.12 0.00 [0.00-0.01] 0.05 0.30 0.00to 2.26 15.77
HITsp 16.9+11.9 14.3[12.6-17.6] 29.8 71.3 6.5t0184.4 13,716.6
GAMBIT 0.080 +0.053 0.062[0.043-0.102] 0.199 0.270 0.013 t0 0.371 65.10
ms 6.3+4.2 5.0[3.0-8.0] 14.0 217 2.01036.0 5,083.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.000 0.002 0.000 to 0.010 0.175
RWERotational 0.104 £0.262 0.000 [0.000-0.014] 0.957 1.000 0.000 to 1.000 84.077
RWEcr 0.024 £0.112 0.000 [0.000-0.003] 0.090 0.834 0.000 to 0.998 19.338

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 10: Summary of competition match 9 impact biomechanics for impacts to the head (n=355) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 173113 13.1[11.2-18.5] 40.2 81.1 10.0 to 83.1 6,142.2

PRA (rad/s?) 2,469.1 £2,437.9 1,658.0[871.6-3,4088] 79726 12,2004  6.6t0 158355 876,514.7

HIC 9.1£30.5 2.2[1.3-6.0] 26.6 185.5 08103315 3,223.7

GSI 0.02 £0.08 0.00 [0.00-0.01] 0.05 0.51 0.00 to 1.02 5.82

HITsp 19.8 +13.9 16.0 [14.3-20.4] 36.1 105.0 9.1t0144.9 7,024.6

GAMBIT 0.069 £0.050 0.052 [0.037-0.087] 0.172 0.278 0.012t0 0.354 2467

ms 58138 4.0[3.0-7.0] 14.0 20.0 2.0t028.0 2,076.0

RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.004 0.067

RWERtational 0.084 £0.254 0.000 [0.000-0.003] 0.967 1.000 0.000 to 1.000 29.781

RWEcr 0.027 £0.120 0.000 [0.000-0.001] 0.170 0.761 0.000 to 0.990 9.451

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 11: Summary of competition match 10 impact biomechanics for impacts to the head (n=524) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 17.3 111 12.8 [11.2-17.8] 421 63.4 10.0t0 78.4 9,088.1
PRA (rad/s?) 25579428159  1,860.7[744.5-3,318.5]  8,305.7 12,9168  5.1t018,298.1 1,340,333.3
HIC 8.5+20.8 2.6[1.3-6.0] 34.3 118.0 0.7t0193.7 4,464.2
GSI 0.01 £0.06 0.00 [0.00-0.01] 0.05 0.29 0.00t0 0.57 7.77
HiTsp 176 £11.9 14.1[12.7-17.6] 37.8 742 6.4 t0 134.6 9,197.1
GAMBIT 0.071 £0.062 0.047 [0.033-0.083] 0.212 0.313 0.0151t00.383 37.08
ms 6.1+3.9 5.0[3.0-8.0] 14.0 21.0 2.01029.0 3,181.0
RWELinear 0.000 £0.000 0.000 [0.000-0.000] 0.000 0.001 0.000 to 0.003 0.092
RWERtational 0.104 £0.276 0.000 [0.000-0.003] 0.983 1.000 0.000 to 1.000 54.333
RWEcr 0.032 £0.138 0.000 [0.000-0.002] 0.139 0.906 0.000 to 0.999 16.738

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 12: Summary of competition match 11 impact biomechanics for impacts to the head (n=464) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 16.8 £11.5 13.0 [11.3-16.9] 356 76.4 10.110 130.3 7,808.7
PRA (rad/s?) 2,903.3 £2,579.7 2,026.6 [1,214.1-3,892.7] 81616 12,0334 5.91016,351.9 1,347,145.8
HIC 8.7 £30.0 24 [14-45] 30.1 132.5 0.7t0421.9 4,025.1
GSI 0.02 +£0.08 0.00 [0.00-0.00] 0.04 0.30 0.00 to 0.94 7.04
HITsp 172 +12.7 14.6 [13.3-17.3] 318 56.1 6.810165.8 7,995.1
GAMBIT 0.081 +0.062 0.057 [0.040-0.098] 0.223 0.310 0.012 10 0.434 37.53
ms 5.7+3.4 5.0[3.0-7.0] 12.0 204 2010300 2,649.0
RWELinear 0.000 +0.002 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.040 0.126
RWERGtational 0.118 +£0.285 0.000 [0.000-0.009] 0.978 1.000 0.000 to 1.000 54.710
RWEcr 0.028 £0.119 0.000 [0.000-0.002] 0.105 0.766 0.000 to 0.992 12.870

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 13:

Summary of competition match 12 impact biomechanics for impacts to the head (n=1,161) greater than 10g

recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 184 +13.1 14.1[11.6-20.0] 40.3 69.6 10.0to 141.6 21,3484
PRA (rad/s?) 32740428224  2,385.7[1,340.0-4,303.5]  9,0039  13,766.0 129t023,2287  3,801,167.7
HIC 11.7 443 3.2[1.7-7.8] 394 152.4 0.6 to 886.7 13,641.6
GSI 0.03 £0.12 0.00 [0.00-0.01] 0.10 0.77 0.00t0 1.79 31.91
HiTsp 16.1 £13.2 14.0[10.6-17.0] 304 62.9 6.210214.5 18,714.9
GAMBIT 0.090 +0.065 0.070 [0.047-0.115] 0.224 0.328 0.017 t0 0.577 104.93
ms 7.7451 6.0 [4.0-10.0] 17.0 26.0 2010400 8,975.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.000 0.002 0.000 to 0.068 0.416
RWERotational 0.136 £0.308 0.000 [0.000-0.019] 0.996 1.000 0.000 to 1.000 157.569
RWEcp 0.040 £0.154 0.001[0.000-0.003] 0.202 0.974 0.000 to 1.000 46.570

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 14: Summary of competition match 13 impact biomechanics for impacts to the head (n=1,393) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.2 £13.9 13.5[11.4-18.5] 413 85.7 10.0 to 156.4 25,313.6
PRA (rad/s?) 4,018.1+34356  3,0444[1,333.7-59014] 10,701.7 151794  5.81021,619.0 5,597,166.5
HIC 12.5459.2 3.0[1.6-6.7] 39.1 168.8 0.7t01,313.8 17,372.5
GSI 0.04 £0.38 0.00 [0.00-0.01] 0.11 0.72 0.00t0 8.97 60.07
HiTsp 16.5+11.7 14.7 [12.2-17.5] 291 58.2 6.6 t0 268.2 22,925.3
GAMBIT 0.121 £0.096 0.087 [0.046-0.173] 0.313 0.444 0.015 to 0.604 168.68
ms 76453 6.0 [4.0-9.5] 18.0 281 2.0t040.0 10,566.0
RWELinear 0.000 £0.005 0.000 [0.000-0.000] 0.000 0.004 0.000 t0 0.134 0.655
RWERtational 0.232 £0.384 0.002 [0.000-0.325] 1.000 1.000 0.000 to 1.000 322.812
RWEcr 0.071 £0.201 0.001[0.000-0.014] 0.585 0.992 0.000 to 1.000 98.798

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 15: Summary of competition match 14 impact biomechanics for impacts to the head (n=284) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean #SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 172 £14.6 11.5[10.4-17.2] 457 98.7 10.0 to 103.0 4,882.7

PRA (rad/s?) 2,1451 £2,501.5 1,357.7[373.3-2,940.3] 7,379 11,7184  4.81016,335.5 609,203.7

HIC 10.7 £34 4 241552 429 223.8 0.7 t0 361.6 3,035.8

GSI 0.02 +£0.09 0.00[0.00-0.01] 0.09 0.65 0.00t0 0.81 5.85

HITsp 17.0 £13.1 13.9[13.0-16.7] 339 923 7.3t0128.6 4,8345

GAMBIT 0.072 £0.056 0.048 [0.040-0.080] 0.184 0.328 0.013 t0 0.361 20.32

ms 6.144.0 5.0 [3.0-8.0] 14.0 19.3 2.0t028.0 1,724.0

RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.008 0.000t0 0.010 0.080

RWERotational 0.082 £0.243 0.000 [0.000-0.001] 0.851 1.000 0.000 to 1.000 23.315

RWEce 0.027 £0.133 0.000 [0.000-0.001] 0.079 0.957 0.000 to 0.997 7.780

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =

Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 16:

Summary of competition match 15 impact biomechanics for impacts to the head (n=691) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.0 +14.5 13.5[11.3-19.3] 49.2 98.3 10.0t0110.2 13,100.4
PRA (rad/s?) 2,984.742,9920  2,066.7 [986.4-4,073.9]  9,203.3 13,0460 3.0t022,989.2  2,062,397.1
HIC 14.7 £56.5 3.1[1.6-7.8] 451 340.2 0.510961.5 10,143.8
GSI 0.04 £0.28 0.00 [0.00-0.01] 0.09 0.83 0.00to 5.25 28.61
HITsp 164 +11.1 14.1[12.0-16.5] 317 76.2 6.710125.2 11,311.6
GAMBIT 0.086 +0.067 0.060 [0.040-0.108] 0.230 0.347 0.014 t0 0.468 59.65
ms 7.045.1 6.0 [4.0-9.0] 17.0 29.0 2010400 4,864.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.008 0.000 t0 0.015 0.205
RWERtational 0.126 £0.307 0.000 [0.000-0.012] 0.997 1.000 0.000 to 1.000 87.130
RWEcr 0.047 £0.167 0.000 [0.000-0.003] 0.376 0.942 0.000 to 1.000 32.465

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 17: Summary of competition match 16 impact biomechanics for impacts to the head (n=449) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 19.0 £15.7 13.8[11.7-18.6] 486 101.6 10.0 to 157.5 8,540.1
PRA (rad/s?) 3,3155+3,076.9  2407.9([1,182.2-4270.2] 99027 151638  20.3t0 17,4459 1,488,659.0
HIC 13.5 £65.4 3.1[1.6-6.3] 447 1911 0.6101,254.2 6,074.1
GSI 0.04 +£0.23 0.00[0.00-0.01] 0.11 1.20 0.00 to 3.82 16.28
HITsp 16.3 138 14.4[10.6-16.9] 29.0 74.9 6.8 t0 222.0 7,327.5
GAMBIT 0.089 £0.068 0.067 [0.044-0.114] 0.221 0.394 0.015t0 0.455 39.92
ms 6.6+4.8 5.0 [3.0-8.0] 15.0 295 2010380 2,978.0
RWELinear 0.001 +0.007 0.000 [0.000-0.000] 0.001 0.010 0.000 to 0.141 0.275
RWERotational 0.144 +0.324 0.000 [0.000-0.018] 0.999 1.000 0.000 to 1.000 64.852
RWEcr 0.057 £0.193 0.001[0.000-0.003] 0.555 0.988 0.000 to 0.999 25.566

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 18: Summary of competition match 17 impact biomechanics for impacts to the head (n=527) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 17.3 £13.1 12.8 [11.4-17.3] 40.6 79.2 10.0t0 130.2 9,141.2
PRA (rad/s?) 2,802.9 42,4327  2,149.2[1,1284-3,561.5]  8,816.7 10,9639  2.81015303.3 1,477,105.9
HIC 10.1 £35.0 2.3[14-5.3] 354 158.3 0.7 t0461.8 5,327.9
GSI 0.03 £0.18 0.00 [0.00-0.01] 0.07 0.85 0.00 to 2.62 17.19
HiTsp 16.7 £12.1 14.8 [13.1-17.1] 285 74.7 6.41t0179.0 8,823.8
GAMBIT 0.080 +0.067 0.057 [0.039-0.096] 0.209 0.377 0.011 t0 0.453 4227
ms 6.7 5.2 5.0[3.0-8.0] 16.0 316 2.0t037.0 3,537.0
RWELinear 0.000 +0.002 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.040 0.168
RWERotational 0.098 £0.270 0.000 [0.000-0.004] 0.994 1.000 0.000 to 1.000 51.875
RWEcp 0.031 +£0.130 0.000 [0.000-0.002] 0.186 0.840 0.000 to 0.999 16.273

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 19: Summary of competition match 18 impact biomechanics for impacts to the head (n=798) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 16.6 £13.0 11.7[10.5-16.3] 432 78.3 10.0 to 151.0 13,208.9
PRA (rad/s?) 2,770.0 £3,130.0  1,621.5[331.9-4,0326] 9,409.3 134344  1541016,737.8  2,210,489.0
HIC 9.1+28.1 25[14-4.9] 39.3 135.8 0.6 to 455.6 7,233.0
GSI 0.02£0.13 0.00 [0.00-0.00] 0.07 0.53 0.00 to 2.86 16.77
HiTsp 173125 14.3[13.5-16.9] 30.9 67.6 7.010227.8 13,833.5
GAMBIT 0.081 +0.066 0.049 [0.040-0.101] 0.226 0.324 0.018 0 0.668 64.48
ms 6.2 +4.1 5.0 [3.0-8.0] 14.0 24.0 2010340 4,961.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.106 0.272
RWERotational 0.136 £0.316 0.000 [0.000-0.011] 0.998 1.000 0.000 to 1.000 108.409
RWEcp 0.044 £0.163 0.000 [0.000-0.003] 0.291 0.983 0.000 t01.000 35.184

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 20: Summary of Semi-Final match 1 impact biomechanics for impacts to the head (n=560) greater than 10g
recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 178 +14.3 13.2[11.5-17.5] 39.6 74.5 10.0 to 153.8 9,942.9
PRA (rad/s?) 3,068.9 £2,666.1 2,289.6[1,2855-3941.5]  8,0855  14,039.3  4.0to 17,409.1 1,718,601.2
HIC 11.7 £53.1 2.3[14-5.8] 36.4 17141 0.6 to 843.0 6,537.8
GSI 0.04 £0.30 0.00 [0.00-0.01] 0.06 0.78 0.00t0 5.76 20.45
HiTsp 16.7 £13.1 15.0[12.9-17.1] 28.0 62.2 6.8 10 232.6 9,346.6
GAMBIT 0.078 +0.057 0.058 [0.040-0.096] 0.197 0.294 0.017 to 0.420 43.80
ms 6.4 4.4 5.0 [3.0-8.0] 14.0 252 2010380 3,570.0
RWELinear 0.001 +0.008 0.000 [0.000-0.000] 0.000 0.002 0.000 to 0.120 0.402
RWERGtational 0.110 +£0.277 0.000 [0.000-0.009] 0.974 1.000 0.000 to 1.000 61.518
RWEcp 0.038 £0.160 0.000 [0.000-0.002] 0.128 0.971 0.000 t01.000 21.088

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 1: Summary of competition matches impact biomechanics for impacts to the head (n=13,533) greater of forwards
than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD),
median [25-75" interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts)
total.

Mean *SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.6 +14.4 144 [11.6-21.7] 457 84.2 10.0 to 164.9 265,078.6
PRA (rad/s?) 32345431694  2,2589[1,114.3-4,151.0] 99050 154748 2310233971 43,772,515.5
HIC1s 15.7 £78.6 3.5[1.7-9.0] 56.1 198.2 0.51t03,586.1 212,429.6
GSI 0.05+0.49 0.00 [0.00-0.01] 0.16 0.93 0.00 to 24.49 719.24
HiTsp 16.9 £10.9 15.0[13.1-17.8] 29.3 54.6 5910273.3 228,267.8
GAMBIT 0.089 £0.069 0.065 [0.042-0.110] 0.233 0.331 0.010t0 0.835 1,184.84
ms 7859 6.0 [4.0-10.0] 19.0 32.0 2010400 105,833.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.193 5.764
RWERotational 0.142 £0.320 0.000 [0.000-0.014] 0.999 1.000 0.000 to 1.000 1,927.602
RWEcp 0.054 £0.188 0.001[0.000-0.003] 0.455 0.993 0.000 to 1.000 735.488

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErstational = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of competition matches impact biomechanics forimpacts to the front of the head (n=4,642) of forwards
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all
impacts) total.
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.3+£13.0 13.7[11.4-19.6] 405 794 10.0to 157.5 90,317.7
PRA (rad/s?) 2,937.2 £2,831.7 2,097.0 [1,005.3-3,814.6]  8,690.9 13,446.9 3.81023,228.7 14,515,506.0
HIC1s 12.6 £82.7 3.1[16-74] 414 137.9 0.7 to 3,586.1 62,375.4
GSI 0.04 £0.53 0.00 [0.00-0.01] 0.10 0.56 0.00 to 24.49 192.26
HITsp 18.2 +10.4 15.6 [14.1-18.7] 309 54.5 114102733 90,070.6
GAMBIT 0.085 +0.068 0.060 [0.040-0.106] 0.233 0.329 0.013 to 0.668 417.19
ms 73452 6.0 [4.0-9.0] 17.0 26.0 2.0t040.0 35927.0
RWELinear 0.000 £0.003 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.141 1.754
RWERotational 0.120 £0.295 0.000 [0.000-0.007] 0.992 1.000 0.000 to 1.000 591.980
RWEcp 0.039 £0.155 0.000 [0.000-0.002] 0.203 0.967 0.000 to 1.000 192.981

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition matches impact biomechanics forimpacts to the back of the head (n=4,030) of forwards
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all
impacts) total.
Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 21.9+15.8 16.0 [12.4-25.4] 517 88.0 10.0 to 164.1 88,397.3
PRA (rad/s?) 4,548.8 £3,788.7 3,391.9[1,868.5-6,132.2] 12,590.7 17,156.0 2.91023,397.1 18,331,618.4
HIC1s 20.1 +£66.5 4.412.0-13.0] 86.5 264.0 0.6 t0 2,096.4 80,906.9
GSI 0.07 £0.40 0.00[0.00-0.02] 0.30 1.57 0.00 to 14.32 300.04
HITsp 134 £8.3 11.2[9.7-14.2] 245 432 7.51t0168.6 54,018.8
GAMBIT 0.109 £0.073 0.086 [0.056-0.141] 0.254 0.347 0.011t0 0.588 427.79
ms 8.916.8 7.0 [4.0-11.0] 230 36.0 2.0t040.0 35,699.0
RWELinear 0.000 £0.005 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.187 2.003
RWERGtational 0.246 £0.396 0.003 [0.000-0.433] 1.000 1.000 0.000 to 1.000 993.263
RWEcp 0.103 £0.255 0.001[0.000-0.019] 0.898 0.999 0.000 to 1.000 414.880

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4:

Summary of competition matches impact biomechanics for impacts to the side of the head (n=4,166) of forwards

greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(+SD), median [25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all

impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.9 +14.1 14.0 [11.3-20.6] 441 841 10.0 to 164.9 78,651.6
PRA (rad/s?) 2,330.242,337.4  1,7458([872.9-2,960.7]  7,041.0 114809 2310184359  9,707,797.9
HIC1s 14.7 £83.5 3.3[1.6-8.0] 444 2071 0.5103,181.5 61,411.3
GSI 0.05 £0.52 0.00 [0.00-0.01] 0.11 0.84 0.00t021.73 196.06
HiTsp 19.2+12.9 16.1[14.7-19.2] 32.0 69.9 12.0 to 252.6 79,8316
GAMBIT 0.074 £0.057 0.055 [0.039-0.087] 0.181 0.293 0.010 t0 0.835 304.46
ms 7554 6.0 [4.0-10.0] 18.0 27.0 2010400 31191.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.193 1.777
RWERotational 0.069 £0.229 0.000 [0.000-0.001] 0.825 1.000 0.000 to 1.000 285.859
RWEcp 0.025 £0.124 0.000 [0.000-0.001] 0.073 0.902 0.000 to 1.000 102.849

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition matches impact biomechanics for impacts to the top of the head (n=395) of forwards
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all
impacts) total.
Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 19.5+15.9 13.4[11.5-21.4] 46.2 98.9 10.0 to 152.2 7,7112.0
PRA (rad/s?) 3,082.5 £3,530.2 1,472.0 [814.8-4,392.6) 10,6355 16,3999  2.81022,989.2 1,217,593.1
HIC15 19.6 £84.8 2.7[1.5-8.0] 59.8 427.0 0.8t0991.8 7,736.1
GSI 0.08 £0.49 0.00 [0.00-0.01] 0.20 2.03 0.00t0 6.77 30.88
HiTsp 9.8+7.3 7.6 [7.0-9.6] 174 47.1 5910954 3,851.7
GAMBIT 0.091 £0.085 0.053 [0.034-0.122] 0.276 0.391 0.011t0 0.476 35.39
ms 7.616.1 6.0 [4.0-9.0] 20.0 37.0 2.0t040.0 3,016.0
RWELinear 0.001 £0.006 0.000 [0.000-0.000] 0.001 0.008 0.000t0 0.112 0.230
RWERtational 0.143 £0.321 0.000 [0.000-0.022] 1.000 1.000 0.000 to 1.000 56.500
RWEcp 0.063 £0.210 0.000 [0.000-0.004] 0.672 0.999 0.000 to 1.000 24.779

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 6: Summary of competition matches impact biomechanics for impacts to the head (n-7,154) of backs greater than
10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99™ percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.3 145 14.3[11.6-20.6] 453 89.1 10.0t0 163.2 137,874.7
PRA (rad/s?) 2,804.1£2,661.3  2,006.8 [1,089.9-3,621.2] 83458  12,686.7 041021,979.5 20,052,254.1
HIC1s 14.7 £87.2 3.2[1.6-8.0] 50.6 214.3 0.51t05,900.4 105,196.7
GSI 0.05 £0.55 0.00 [0.00-0.01] 0.12 0.87 0.00 to 40.30 334.88
HITsp 170114 15.0[13.1-17.7] 30.2 59.9 5.8 10 356.8 121,454.7
GAMBIT 0.079 £0.061 0.060 [0.040-0.097] 0.193 0.296 0.010to0 1.828 559.36
ms 72154 5.0 [4.0-9.0] 18.0 27.0 2010400 51,555.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.180 3.038
RWERtational 0.103 £0.274 0.000 [0.000-0.005] 0.985 1.000 0.000 to 1.000 736.236
RWEcr 0.035 £0.147 0.000 [0.000-0.002] 0.189 0.942 0.000 to 1.000 253.358

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 7:

Summary of competition matches impact biomechanics for impacts to the front of the head (n=1,736) of backs

greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(+SD), median [25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all

impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 175129 13.1[11.3-18.2] 413 74.3 10.0 to 163.2 30,451.1
PRA (rad/s?) 2,8105+42,682.7  1,921.5(1,088.0-3557.9]  8,305.7 12,8478  3.61021528.1 4,879,093.5
HIC15 13.8 £146.2 2.6[1.4-5.7] 37.2 153.5 0.7 10 5,900.4 23,964.8
GSI 0.05+0.98 0.00 [0.00-0.01] 0.08 0.65 0.00 to 40.30 87.84
HITsp 18.3+13.3 154 [14.2-18.1] 30.0 68.4 11.9to 356.8 31,7456
GAMBIT 0.077 +£0.072 0.054 [0.039-0.095] 0.200 0.293 0.014 0 1.828 133.27
ms 6.7+4.8 5.0[4.0-8.0] 16.0 26.0 2010400 11,610.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.000 0.002 0.000 t00.180 0.689
RWERtational 0.106 £0.277 0.000 [0.000-0.004] 0.983 1.000 0.000 to 1.000 184.683
RWEcr 0.033 £0.141 0.000 [0.000-0.002] 0.148 0.934 0.000 to 1.000 57.302

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 8: Summary of competition matches impact biomechanics for impacts to the back of the head (n=1,902) of backs
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all
impacts) total.
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 21.0 £15.7 15.7[12.3-23.1] 51.0 924 10.0 to 155.5 39,973.3
PRA (rad/s?) 3,797.3 £3,109.1 2,867.4 [1,663.6-4,971.9] 10,025.9 15,4488  4.81021,979.5 7,222,497.3
HIC1s 17.3 £61.3 3.9[1.9-10.0] 69.9 237.0 0.8 to 1,006.5 32,995.6
GSI 0.05 £0.30 0.00 [0.00-0.01] 0.18 0.94 0.00 t0 6.40 99.21
HITsp 133174 11.2[9.8-13.9] 26.0 452 7.3t1094.7 25,307.3
GAMBIT 0.097 +0.062 0.077 [0.054-0.121] 0.224 0.324 0.010to 0.524 180.58
ms 78457 6.0 [4.0-10.0] 19.0 29.0 2.0t040.0 14,795.0
RWELinear 0.000 £0.005 0.000 [0.000-0.000] 0.001 0.006 0.000 t0 0.130 0.946
RWERotational 0.176 £0.344 0.001 [0.000-0.070] 0.999 1.000 0.000 to 1.000 335.314
RWEcp 0.061 £0.192 0.001 [0.000-0.007] 0.481 0.989 0.000 to 1.000 116.270

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 9: Summary of competition matches impact biomechanics for impacts to the side of the head (n=3,198) of backs
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(+SD), median [25-75" interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all
impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.1 £145 14.3[11.4-20.6] 442 88.0 10.0to 144.4 61,229.7
PRA (rad/s?) 2244121546 17054 [804.5-2,9995] 66302  10521.9 0.4 10 15,763.9 7,169,929.9
HIC1s5 13.6 £563.1 3.2[1.6-8.1] 484 218.3 0.5t01,566.5 43,468.0
GSI 0.04 +£0.30 0.00[0.00-0.01] 0.11 0.88 0.00t0 10.70 133.01
HiTsp 19.1 115 16.1[14.7-19.3] 34.0 64.0 11.910 239.3 61,051.0
GAMBIT 0.070 £0.051 0.054 [0.038-0.084] 0.167 0.280 0.010t0 0.595 222.82
ms 7254 5.0 [3.0-9.0] 18.0 28.0 2.0t040.0 22,916.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.001 0.005 0.000 t0 0.078 1.263
RWERGtational 0.060 +0.211 0.000 [0.000-0.001] 0.672 1.000 0.000 to 1.000 191.421
RWEcp 0.022 £0.114 0.000 [0.000-0.001] 0.049 0.768 0.000 to 0.997 70.767

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 10: Summary of competition matches impact biomechanics for impacts to the top of the head (n=318) of backs
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(+SD), median [25-75" interquartile range], 95t percentile, 99 percentile, range and cumulative (sum of all
impacts) total.
Mean *SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 19.6 +15.1 14.8[12.1-21.1] 426 114.2 10.1t0 122.9 6,220.6

PRA (rad/s?) 2,455.1 £2,533.5 1,639.9[914.0-3,181.7]  7,2248 149278  2.5t017,346.9 780,733.3

HIC1s 15.0 £58.3 31 [1.7-7.7] 40.9 352.2 0.8t0640.3 4,768.3

GSI 0.05£0.30 0.00 [0.00-0.01] 0.09 1.02 0.00 to 3.62 14.82

HITsp 10.5+11.9 7.9[7.1-10.2] 19.7 481 5810 178.6 3,3441

GAMBIT 0.072 £0.057 0.052 [0.034-0.094] 0.188 0.303 0.014t0 0.412 22.69

ms 7050 5.0 [4.0-8.0] 17.0 276 2010370 2,234.0

RWELinear 0.000 +0.002 0.000 [0.000-0.000] 0.000 0.018 0.000 to 0.028 0.141

RWERtational 0.078 £0.242 0.000 [0.000-0.002] 0.866 1.000 0.000 to 1.000 24.818

RWEcr 0.028 £0.135 0.000 [0.000-0.002] 0.111 0.980 0.000 to 1.000 9.017

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 11: Summary of competition matches impact biomechanics for impacts to the head (n=6,530) of front row forwards
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all
impacts) total..
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.8 £+13.2 14.1[11.6-20.5] 419 77.0 10.0 to 157.9 122,609.0
PRA (rad/s?) 2,905.6 £2,774.3 2,073.9[1,066.5-3,712.8]  8,679.5 13,418.9 2.81021,619.0 18,973,666.9
HIC1s 13.8 £93.5 3.2[1.7-8.0] 414 147.8 0.6 to 3,586.1 89,819.1
GSI 0.05 £0.61 0.00 [0.00-0.01] 0.11 0.61 0.00 to 24.49 303.70
HITsp 17.3+121 15.1[13.4-18.1] 29.7 54.7 6.41t0273.3 112,928.5
GAMBIT 0.086 £0.070 0.061[0.041-0.104] 0.231 0.350 0.012t0 0.835 557.43
ms 75453 6.0 [4.0-10.0] 18.0 27.0 2.0t040.0 48,944.0
RWELinear 0.000 £0.004 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.144 2.454
RWERotational 0.113 £0.288 0.000 [0.000-0.006] 0.992 1.000 0.000 to 1.000 735.460
RWEcp 0.039 £0.156 0.000 [0.000-0.002] 0.202 0.965 0.000 to 1.000 253.673

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 12: Summary of competition matches impact biomechanics for impacts to the front of the head (n=3,004) of front
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (+SD), median [25-75" interquartile range], 95" percentile, 99 percentile, range and cumulative
(sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.2+12.9 13.9[11.5-19.5] 39.8 7.7 10.0to 157.5 54,818.9
PRA (rad/s?) 2,850.7 £2,745.4 1,989.0 [1,020.1-3,605.5] 8,606.6  13,108.5 3.81018,748.8 8,563,561.7
HIC1s 13.1£101.2 3.1[1.6-74] 38.2 135.7 0.7 to 3,586.1 39,237.6
GSI 0.04 +0.66 0.00[0.00-0.01] 0.09 0.49 0.00 to 24.49 132.50
HITsp 18.1+11.2 15.5[14.0-18.5] 30.1 54.6 114102733 54,509.2
GAMBIT 0.085 £0.070 0.059 [0.040-0.102] 0.238 0.348 0.013t0 0.604 253.82
ms 7.3£5.0 6.0 [4.0-9.0] 17.0 259 2.0t040.0 22,014.0
RWELinear 0.000 +0.004 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.141 1.166
RWERotational 0.112 +0.287 0.000 [0.000-0.005] 0.991 1.000 0.000 to 1.000 337.135
RWEcr 0.038 £0.154 0.000 [0.000-0.002] 0.153 0.963 0.000 to 1.000 112.876

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity

Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact

duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =

Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 13:

Summary of competition matches impact biomechanics for impacts to the back of the head (n=1,257) of front
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (+SD), median [25-75" interquartile range], 95" percentile, 99 percentile, range and cumulative
(sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.7 £13.7 15.1[12.2-22 4] 435 719 10.0 to 156.4 24,8213
PRA (rad/s?) 4111.0+3277.7  3,202.7[1,835.9-5429.6]  10,806.1 158129  4.91021,619.0 5,167,515.9
HIC1s 134 £51.7 3.6[1.9-8.9] 50.8 1447 0.6101,242.2 16,852.6
GSI 0.04 £0.31 0.00 [0.00-0.01] 0.13 0.62 0.00t0 7.79 52.54
HiTsp 133103 11.1[9.8-13.8] 219 46.5 7.710197.3 16,766.7
GAMBIT 0.108 +£0.077 0.083 [0.054-0.136] 0.254 0.391 0.012 10 0.588 134.88
ms 7554 6.0 [4.0-9.0] 18.0 294 2010400 9,382.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.001 0.002 0.000 to 0.134 0.551
RWERotational 0.207 £0.368 0.002 [0.000-0.156] 1.000 1.000 0.000 to 1.000 260.317
RWEcp 0.070 £0.205 0.001{0.000-0.010] 0.623 0.994 0.000 to 1.000 87.809

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 14: Summary of competition matches impact biomechanics for impacts to the side of the head (n=2,059) of front
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative
(sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.1 £13.3 14.4[11.6-21.3] 447 7.7 10.0to 157.9 39,292.5
PRA (rad/s?) 2,309.5 £2,174.8 1,812.0 [954.6-2,952.9] 6,394.3 11,2241 2.81017,086.2 4,755,263.6
HIC1s 15.2 £105.0 341[1.7-8.7] 427 172.3 0.6103,181.5 31,304.3
GSI 0.05 £0.70 0.00 [0.00-0.01] 0.12 0.81 0.00t0 21.73 111.62
HITsp 19.3+13.4 16.2 [14.5-19.6] 327 64.9 12.0 t0 252.6 39,647.6
GAMBIT 0.074 +0.060 0.057 [0.039-0.087] 0.179 0.311 0.017 10 0.835 151.39
ms 78457 6.0 [4.0-10.0] 19.0 27.0 2.01040.0 16,147.0
RWELinear 0.000 £0.003 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.144 0.681
RWERotational 0.058 +0.211 0.000 [0.000-0.001] 0.564 1.000 0.000 to 1.000 118.567
RWEcp 0.022 £0.115 0.000 [0.000-0.001] 0.041 0.802 0.000 to 0.999 44.366

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 15: Summary of competition matches impact biomechanics for impacts to the top of the head (n=210) of front row
forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for
the mean (SD), median [25-75" interquartile range], 95 percentile, 99 percentile, range and cumulative (sum
of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 175138 12.6[11.4-16.4] 43.0 97.9 10.2 t0 100.3 3,676.2
PRA (rad/s?) 2,320.6 £2,8949  1,056.1[748.8-2,808.5]  8,599.0 14,9883  189.6t0 159216 487,325.7
HIC1s5 11.5£38.9 21[14-4.2) 46.2 284.5 0.910349.2 2,4245
GSI 0.03 £0.17 0.00 [0.00-0.00] 0.12 1.51 0.00t0 1.77 7.05
HiTsp 9154 7.3[7.0-8.4] 171 431 6.4t047.1 1,908.9
GAMBIT 0.083 £0.088 0.040 [0.032-0.091] 0.280 0.448 0.018t0 0.476 17.34
ms 6.7 £5.1 5.0[4.0-7.0] 19.0 288 20t031.0 1,401.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.000 0.008 0.000 to 0.009 0.057
RWERGtational 0.093 +0.266 0.000 [0.000-0.001] 0.991 1.000 0.000 to 1.000 19.441
RWEcp 0.041 £0.172 0.000 [0.000-0.001] 0.177 0.992 0.000 to 0.999 8.622

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 16:

Summary of competition matches impact biomechanics for impacts to the head (n=7,003) of back row forwards

greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(+SD), median [25-75" interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all

impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 203154 14.7[11.5-22.7] 484 88.7 10.0 to 164.9 142,454.2
PRA (rad/s?) 3,540.6 £3,470.0  2,468.3[1,171.3-4,679.6] 10,7990  16,351.5  2.31023,397.1 24,794,704.5
HIC15 17.5£61.5 3.7[1.7-10.1] 69.8 263.9 0.5102,096.4 122,597.5
GSI 0.06 £0.34 0.00 [0.00-0.01] 0.22 1.14 0.00 to 14.32 415.52
HITsp 164 +£10.2 14.7[12.1-17 5] 288 55.1 5.910198.3 115,187.9
GAMBIT 0.091 +£0.067 0.068 [0.044-0.116] 0.235 0.317 0.010 to 0.668 627.31
ms 8.16.3 6.0 [4.0-10.0] 20.0 35.0 2010400 56,882.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.193 3.309
RWERtational 0.170 £0.345 0.001 [0.000-0.040] 1.000 1.000 0.000 to 1.000 1,191.746
RWEcr 0.069 £0.212 0.001 [0.000-0.005] 0.657 0.998 0.000 to 1.000 481.796

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 17: Summary of competition matches impact biomechanics for impacts to the front of the head (n=1,938) of back
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative
(sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.3+£13.2 13.5[11.2-19.8] 411 83.2 10.0to 141.6 35,498.7
PRA (rad/s?) 3,071.2 £2,956.2 2,292.3 [992.5-4,133.4] 9,037.0 14,4412 4.91023,228.7 5,951,944 .4
HIC1s 11.9 £39.7 3.1[1.6-74] 46.9 160.9 0.7 to 886.7 23,1379
GSI 0.03 £0.15 0.00 [0.00-0.01] 0.13 0.64 0.00 to 3.26 59.75
HITsp 18.4 £10.3 15.6 [14.0-18.8] 325 57.7 11.3t0 2116 35,658.5
GAMBIT 0.085 £0.065 0.062 [0.041-0.109] 0.226 0.309 0.015 t0 0.668 163.38
ms 72453 5.0 [4.0-9.0] 1741 276 2.01040.0 13,913.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.000 0.004 0.000 to 0.068 0.589
RWERotational 0.131 £0.306 0.000 [0.000-0.014] 0.996 1.000 0.000 to 1.000 254.844
RWEcp 0.041 £0.158 0.001 [0.000-0.003] 0.236 0.980 0.000 to 1.000 80.105

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 18: Summary of competition matches impact biomechanics for impacts to the back of the head (n=2,772) of back
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (+SD), median [25-75" interquartile range], 95" percentile, 99 percentile, range and cumulative
(sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 2294166 16.6 [12.5-26.8] 54.5 91.5 10.0 to 164.1 63,548.7
PRA (rad/s?) 47468 £3984.3  3477.3[1,887.9-64445] 134597 17,4927 2910233971 13,158,049.0
HIC1s 23.1£72.0 4.812.0-15.6] 98.9 311.8 0.7 t02,096.4 64,039.8
GSI 0.09 +£0.44 0.00[0.00-0.03] 0.38 1.72 0.00 to 14.32 247.48
HITsp 13585 11.2[9.5-14 4] 253 429 7.310 168.6 37,3346
GAMBIT 0.109 £0.071 0.086 [0.056-0.143] 0.256 0.334 0.011t0 0.537 292.78
ms 9.5+7.3 7.0 [4.0-13.0] 25.0 37.3 2.01040.0 26,306.0
RWELinear 0.001 +0.005 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.187 1.452
RWERotational 0.264 +0.407 0.004 [0.000-0.587] 1.000 1.000 0.000 to 1.000 732.550
RWEcr 0.118 £0.274 0.002 [0.000-0.026] 0.956 0.999 0.000 to 1.000 327.051

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 19: Summary of competition matches impact biomechanics for impacts to the side of the head (n=2,108) of back
row forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team
for the mean (+SD), median [25-75" interquartile range], 95" percentile, 99 percentile, range and cumulative

(sum of all impacts) total.

Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA(g) 18.7 +14.9 135[11.1-20.1] 439 90.6 10.0 to 164.9 39,371.0
PRA (rad/s?) 2350324858  1,6635[781.22,992.7] 74387 119342 2310184359 49544437
HIC1s 143 £54.9 3.2[1.6-7.4] 478 2722 0.510938.3 30,108.3
GsI 0.04 £0.26 0.00 [0.00-0.01] 0.10 0.92 0.00t0 5.76 84.45
HiTsp 19.1+12.3 15.9[14.8-18.9] 317 727 12.0t0 198.3 40,193.0
GAMBIT 0.073 +0.055 0.054 [0.038-0.088] 0.182 0.281 0.010 to 0.501 153.10
ms 71452 6.0 [4.0-9.0] 17.0 270 2.01040.0 15,048.0
RWELinear 0.001 £0.006 0.000 [0.000-0.000] 0.001 0.005 0.000 t0 0.193 1.096
RWERotational 0.079 £0.245 0.000 [0.000-0.001] 0.913 1.000 0.000 to 1.000 167.292
RWEcr 0.028 +0.132 0.000 [0.000-0.001] 0.093 0.937 0.000 to 1.000 58.483

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 20: Summary of competition matches impact biomechanics for impacts to the top of the head (n=185) of back row
forwards greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for
the mean (£SD), median [25-75% interquartile range], 95" percentile, 99t percentile, range and cumulative (sum
of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 218178 15.3[11.7-23.7] 53.0 116.1 10.0 to 152.2 4,035.8
PRA (rad/s?) 39474 £3968.9  2,727.1[1,048.3-5,350.2]  12,006.7 19,3320  2.81022,989.2 730,267 .4
HIC15 28.7£116.3 3.9[2.0-12.3] 84.1 965.7 0.8t0991.8 5311.5
GSI 0.13 £0.69 0.00 [0.00-0.02] 0.31 5.46 0.00t0 6.77 23.84
HITsp 10.5+9.0 8.3[7.2-10.2] 17.8 67.5 5910954 1,944.8
GAMBIT 0.102 £0.080 0.072[0.042-0.153] 0.274 0.367 0.011 to 0.426 18.05
ms 8.7+7.0 6.0 [4.0-10.0] 20.0 391 2.0t040.0 1,615.0
RWELinear 0.001 £0.008 0.000 [0.000-0.000] 0.001 0.028 0.000 t0 0.112 0.173
RWERtational 0.200 +0.366 0.001[0.000-0.125] 1.000 1.000 0.000 to 1.000 37.059
RWEcr 0.087 £0.244 0.001[0.000-0.012] 0.871 1.000 0.000 to 1.000 16.157

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 21: Summary of competition matches impact biomechanics forimpacts to the head (n=4,477) of inside backs greater
than 109 recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean (+SD),
median [25-75" interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts)
total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.7 £15.1 14.6 [11.6-21.0] 46.9 91.3 10.0 to 163.2 88,195.9
PRA (rad/s?) 2,705.9 £2,591.2 1,948.7[1,049.5-3,496.0] 7,9842 124370 0.41021979.5 12,106,265.9
HIC1s5 16.4 £105.4 3.3[1.6-84] 57.6 2381 0.6 t05,900.4 73,368.2
GSI 0.06 +0.68 0.00 [0.00-0.01] 0.16 0.94 0.00 to 40.30 252.92
HiTsp 124 +8.1 10.7 [9.6-12.6] 20.9 38.0 8.610374.7 55,510.6
GAMBIT 0.077 £0.060 0.059 [0.040-0.095] 0.183 0.284 0.010t0 1.828 340.29
ms 7355 5.0 [4.0-9.0] 18.0 28.0 2.01040.0 32,903.0
RWELinear 0.000 +0.005 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.180 2.134
RWERotational 0.093 £0.260 0.000 [0.000-0.004] 0.969 1.000 0.000 to 1.000 417.518
RWEcp 0.033 £0.144 0.000 [0.000-0.002] 0.146 0.941 0.000 to 1.000 149.576

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 22: Summary of competition matches impact biomechanics for impacts to the front of the head (n=980) of inside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (+SD), median [25-75" interquartile range], 951 percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean *SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.8 £14.9 13.8[11.5-19.3] 46.6 96.0 10.0 to 163.2 18,429.9
PRA (rad/s?) 2,958.7 £2,808.6  2,043.0[1,121.9-3,779.0] 88146 132866 3.6t019.878.4 2,899,495.8
HIC1s 18.9+193.1 3.0[1.6-6.9] 63.1 210.5 0.7 t05,900.4 18,526.9
GSI 0.08 £1.30 0.00 [0.00-0.01] 0.16 0.95 0.00 to 40.30 75.63
HITsp 124 8.0 10.8[9.9-12.5] 20.3 341 9.0t0218.7 12,152.0
GAMBIT 0.080 £0.081 0.057 [0.040-0.096] 0.203 0.302 0.017 t0 1.828 77.35
ms 7053 5.0[4.0-9.0] 18.0 27.0 2010400 6,903.0
RWELinear 0.001 +0.007 0.000 [0.000-0.000] 0.001 0.007 0.000 to 0.180 0.567
RWERtational 0.116 £0.288 0.000 [0.000-0.007] 0.994 1.000 0.000 to 1.000 113.662
RWEcr 0.041 £0.160 0.000 [0.000-0.002] 0.252 0.971 0.000 to 1.000 40.052

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 23: Summary of competition matches impact biomechanics for impacts to the back of the head (n=943) of inside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 216 +16.4 15.9[12.2-23.5] 54.6 93.3 10.0to 155.5 20,371.2
PRA (rad/s?) 3,660.8 £3,115.6 2,741.7 [1,588.9-4,823 4] 9,526.1 16,095.2 4.81021,979.5 3,452,172.7
HIC1s 19.6 £73.0 4.2[2.0-10.9] 742 252.8 0.8 t0 1,006.5 18,452.3
GSI 0.07 £0.39 0.00 [0.00-0.02] 0.22 1.62 0.00 to 6.40 63.04
HITsp 124 +8.7 10.2[9.0-12.5] 240 413 78101218 11,693.2
GAMBIT 0.093 +£0.059 0.074 [0.051-0.120] 0.211 0.274 0.010 t0 0.524 85.94
ms 8.0 £6.1 6.0 [4.0-10.0] 20.0 35.1 2.01040.0 7,528.0
RWELinear 0.001 £0.006 0.000 [0.000-0.000] 0.001 0.006 0.000 t0 0.130 0.560
RWERotational 0.165 £0.333 0.001 [0.000-0.053] 0.999 1.000 0.000 to 1.000 155.780
RWEcp 0.057 £0.186 0.001 [0.000-0.006] 0.470 0.998 0.000 to 1.000 53.765

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 24: Summary of competition matches impact biomechanics for impacts to the side of the head (n=2,334)of inside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (+SD), median [25-75" interquartile range], 951 percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.3+14.4 14.4[11.5-20.8] 445 87.8 10.0 to 144 4 44,955.5
PRA (rad/s?) 22410421122  1,698.4[843.7-3,0239] 6,409.3 10,5403 041013,0864  5,223,793.3
HIC1s5 13.9 £55.4 3.2[1.6-8.2] 49.3 222.2 0.6 to 1,566.5 32,385.3
GSI 0.04 +£0.33 0.00[0.00-0.01] 0.12 0.89 0.00 0 10.70 100.77
HiTsp 124 +85 104 [9.2-12.6] 22.0 471 8.210211.0 28,937.3
GAMBIT 0.070 £0.049 0.055 [0.038-0.086] 0.160 0.255 0.013t0 0.595 161.19
ms 72154 5.0[3.0-9.0] 18.0 270 2.01040.0 16874.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.078 0.882
RWERGtational 0.057 +0.204 0.000 [0.000-0.002] 0.569 1.000 0.000 to 1.000 133.442
RWEcp 0.021 £0.113 0.000 [0.000-0.001] 0.045 0.777 0.000 to 0.988 49.161

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 25:

Summary of competition matches impact biomechanics for impacts to the top of the head (n=220) of inside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (+SD), median [25-75" interquartile range], 951 percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 20.2£16.8 15.3[12.2-21.4] 424 114.2 10.3t0 122.9 4,4394
PRA (rad/s?) 24127 24596  1,552.2[936.0-3,113.8] 69264  1489.0 25t017,346.9 530,804.1
HIC1s 18.2 £69.3 34[16-7.7] 46.5 492.5 0.8 to 640.3 4,003.6
GSI 0.06 £0.35 0.00 [0.00-0.01] 0.09 2.85 0.00 to 3.62 1348
HiTsp 124 9.1 10.2[9.2-12.1] 18.2 76.6 8.51090.3 2,728.0
GAMBIT 0.073 £0.058 0.055 [0.034-0.094] 0.187 0.331 0.016 t0 0.412 15.81
ms 7353 6.0 [4.0-8.0] 17.0 33.5 2010370 1,598.0
RWELinear 0.001 +0.003 0.000 [0.000-0.000] 0.000 0.018 0.000 to 0.028 0.124
RWERotational 0.067 £0.222 0.000 [0.000-0.002] 0.789 1.000 0.000 to 1.000 14.635
RWEcp 0.030 £0.145 0.000 [0.000-0.001] 0.048 0.985 0.000 to 1.000 6.598

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 26: Summary of competition matches impact biomechanics for impacts to the head (n=2,677) of outside backs
greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the mean
(£SD), median [25-75% interquartile range], 95™ percentile, 99t percentile, range and cumulative (sum of all
impacts) total.
Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.6 £13.7 13.9[11.5-19.8] 429 84.8 10.0 to 148.0 49,787.5
PRA (rad/s?) 29725 £2,775.6 2,132.6[1,176.0-3,800.2]  8,952.4 13,1939  2.71021,528.1 7,957,455.6
HIC15 12.1 #42.0 2.9[1.5-7.1] 41.0 198.3 0.5t0803.8 32,3921
GSI 0.03 £0.17 0.00 [0.00-0.01] 0.10 0.79 0.00 to 3.47 84.70
HITsp 16.1£9.8 14.5[12.1-16.8] 215 54.3 6.510196.8 42,969.0
GAMBIT 0.082 +0.061 0.061[0.041-0.100] 0.208 0.314 0.010 to 0.452 218.87
ms 70451 5.0 [4.0-9.0] 17.0 26.0 2.01040.0 18,691.0
RWELinear 0.000 £0.003 0.000 [0.000-0.000] 0.000 0.004 0.000 to 0.092 0.976
RWERtational 0.120 £0.296 0.000 [0.000-0.007] 0.995 1.000 0.000 to 1.000 319.999
RWEcr 0.040 £0.153 0.000 [0.000-0.002] 0.232 0.956 0.000 to 1.000 105.840

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =

Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 27: Summary of competition matches impact biomechanics for impacts to the front of the head (n=756) of outside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (+SD), median [25-75" interquartile range], 951 percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 159493 12.8[11.2-16.7] 31.6 61.1 10.0t0 92.7 12,021.2
PRA (rad/s?) 2,618.5+2,498.8 1,711.3[1,015.1-3,344.3] 7,756.9  11,518.6 5.6 t0 21,528.1 1,979,597.8
HIC1s 7.2£26.6 22[14-42) 224 111.8 0.7 10 463.2 54378
GSI 0.02 +£0.13 0.00 [0.00-0.00] 0.05 0.28 0.00 to 3.16 12.21
HITsp 173104 15.1[14.1-17.2] 26.5 48.8 12,510 196.8 13,074.9
GAMBIT 0.074 £0.057 0.051[0.037-0.094] 0.191 0.288 0.014 to 0.426 55.93
ms 6.2 +4.1 5.0 [4.0-7.0] 16.0 200 2.0t039.0 4,707.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.001 0.000 to 0.006 0.122
RWERotational 0.094 +0.263 0.000 [0.000-0.003] 0.952 1.000 0.000 to 1.000 71.021
RWEcr 0.023 £0.110 0.000 [0.000-0.001] 0.082 0.768 0.000 to 1.000 17.250

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =
Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtaional = Risk Weighted Exposure Rotational accelerations; RWEcp =

Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 28: Summary of competition matches impact biomechanics for impacts to the back of the head (n=968) of outside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (+SD), median [25-75" interquartile range], 951 percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 204 £15.0 15.2[12.3-22.3] 49.3 92.6 10.0 to 148.0 19,769.6
PRA (rad/s?) 3,925.2 £3,093.3 2,987.2[1,778.2-5,046.0] 104136 152106  9.1t017,711.2 3,799,608.3
HIC1s 15.1 £46.7 3.6[1.7-9.3] 68.5 231.5 0.810803.8 14,650.0
GSI 0.04 £0.17 0.00 [0.00-0.01] 0.14 0.87 0.00 to 2.99 36.42
HiTsp 13064 11.2[9.7-13.8] 244 43.6 731076.3 12,623.7
GAMBIT 0.100 £0.064 0.079 [0.056-0.123] 0.237 0.343 0.012t0 0.380 95.32
ms 7653 6.0 [4.0-10.0] 19.0 26.0 2010400 7,329.0
RWELinear 0.000 +0.003 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.092 0.387
RWERotational 0.187 £0.354 0.001 [0.000-0.079] 1.000 1.000 0.000 to 1.000 180.661
RWEcp 0.065 £0.198 0.001 [0.000-0.007] 0.547 0.985 0.000 to 1.000 62.961

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 29: Summary of competition matches impact biomechanics for impacts to the side of the head (n=862) of outside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.9 £15.3 13.7[11.2-19.8] 443 99.6 10.0 to 1425 16,326.0
PRA (rad/s?) 2,259.2 £2,302.0 1,730.4 [700.2-2,901.3] 7,2349 10,736.1 2.7t015,763.9 1,947,458.4
HIC15 13.4 +48.6 3.3[15-7.7] 46.9 216.0 0.510667.2 11,567.4
GSI 0.04 £0.21 0.00 [0.00-0.01] 0.13 1.1 0.00 to 3.47 34.75
HITsp 19.0 £11.5 15.8 [14.6-18.8] 35.7 824 12.310135.3 16,418.5
GAMBIT 0.072 £0.058 0.052 [0.038-0.081] 0.194 0.304 0.010 to 0.452 61.32
ms 70455 5.0[3.0-9.0] 18.0 304 2.0t040.0 6,059.0
RWELinear 0.001 £0.004 0.000 [0.000-0.000] 0.001 0.009 0.000 to 0.071 0.451
RWERtational 0.069 £0.233 0.000 [0.000-0.001] 0.874 1.000 0.000 to 1.000 59.160
RWEcr 0.027 £0.126 0.000 [0.000-0.001] 0.108 0.787 0.000 to 0.997 23.318

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErataional = Risk Weighted Exposure Rotational accelerations; RWEcp =
Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 30: Summary of competition matches impact biomechanics for impacts to the top of the head (n=91) of outside
backs greater than 10g recorded by an instrumented mouthguard in a senior amateur rugby union team for the
mean (£SD), median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of
all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 184 +10.3 13.7 [11.7-20.1] 427 10.1 10 59.6 16707
PRA (rad/s?) 2,536.2 £2,703.4 1,500.0 [838.2-3,852.2] 8,822.3 3.5t015,764.2 230,791.1
HIC15 8.1+14.1 3.0[1.8-8.9] 31.9 0.8t0107.5 736.9
GSI 0.01 +0.04 0.00[0.00-0.01] 0.08 0.00t0 0.28 1.31
HITsp 92442 7.7[7.1-9.5] 15.6 6.51038.1 836.6
GAMBIT 0.070 £0.053 0.048 [0.034-0.093] 0.194 0.014 10 0.233 6.30
ms 6.544.3 5.0 [4.0-8.0] 19.0 2.0t024.0 596.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.000 to 0.001 0.015
RWERotational 0.101 £0.276 0.000 [0.000-0.007] 0.994 0.000 to 1.000 9.157
RWEce 0.025 £0.114 0.000 [0.000-0.002] 0.212 0.000 to 0.983 2.311

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI =

Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact
duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErtational = Risk Weighted Exposure Rotational accelerations; RWEce =
Risk Weighted Exposure Combined (linear and rotational) Probability.
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Total Match Impact Biomechanics

Table 1: Summary of total match impact biomechanics for impacts to the head (n=1977) greater than 10g recorded by
an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 2224158 15.9[12.4-24.6) 57.0 84.6 10.0to0 122.8 43,864.1
PRA (rad/s?) 4,0408+3391.2  2,777.3[1,785.7-5,040.5]  11,383.8 16,1058  88.9t022,928.0 7,988,660.7
HIC15 26.2 +60.2 6.3 [3.7-17.7] 125.2 319.8 1.0t0937.5 51,722.0
GSI 40.95 +91.93 10.39 [6.38-27.23] 190.28 475.33 1.611t01,311.85 80,959.12
HITsp 124 94 8.9[7.7-12.4] 30.8 55.3 6.5t0118.8 245148
GAMBIT 0.152 £0.112 0.109 [0.079-0.183] 0.396 0.565 0.034 t0 0.780 301.3
ms 10.1 8.1 8.0 [5.0-12.0] 29.0 39.0 1.0t044.0 19,879.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.027 0.655
RWERtational 0.192 £0.365 0.001[0.000-0.079] 1.000 1.000 0.000 to 1.000 3789
RWEcr 0.088 £0.237 0.001[0.000-0.008] 0.808 0.998 0.000 to 1.000 173.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact
Criterion (15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model
for Brain Injury Threshold; ms = impact duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtational =
Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of total match impact biomechanics for impacts to the front of the head (n=508) greater than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 247 £15.7 18.6 [13.8-30.4] 59.1 814 10.1t0 102.7 12,525.5
PRA (rad/s?) 49150435126  3,685.8[2,4325-64436] 11,9476 17,3040 594.1t019,603.0  2,496,833.6
HIC1s 31.5+56.9 9.3 [4.7-28.1] 147.7 290.7 15t0471.2 15,995.9
GSl 49.6 £90.7 14,6 [7.6-45.0] 228.6 438.1 2.610922.2 25,176.3
HITsp 124 9.5 8.6 [6.9-14.1] 329 53.6 5510819 6,299.2
GAMBIT 0.182 +0.117 0.139[0.097-0.232] 0.424 0.563 0.042 t0 0.729 924
ms 11.818.8 9.0 [6.0-15.0] 320 409 1.0t044.0 5,985.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 t0 0.010 0.167
RWERotational 0.261 £0.405 0.006 [0.000-0.578] 1.000 1.000 0.000 to 1.000 132.7
RWEcr 0.117 £0.265 0.002 [0.001-0.026] 0.898 0.999 0.000 to 1.000 59.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact
Criterion (15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model
for Brain Injury Threshold; ms = impact duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErational =
Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of total match impact biomechanics for impacts to the back of the head (n=498) greater than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 24.3£16.0 18.2[13.4-29.1] 57.7 85.1 10.1to 104.7 12,083.5
PRA (rad/s?) 47058 £3,697.9  3,390.9(2,075.2-6,033.0]  12,631.1 16,101.8  494.41022,9280  2,343,490.5
HIC15 32.172.9 9.6 [4.6-26.4] 129.5 328.8 1.0t0937.5 15,985.6
GSI 48.7 £105.4 14.7 [7.3-40.4] 188.8 478.9 1.6t01,311.9 24,2434
HITsp 124493 9.2[7.4-13.0] 281 50.5 6.0 to 104.1 6,175.2
GAMBIT 0.172 £0.115 0.133[0.091-0.220] 0.407 0.587 0.036 t0 0.716 85.7
ms 11.047.7 9.0 [6.0-14.0] 2841 40.0 1.0t043.0 5,483.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.011 0.173
RWERotational 0.246 +0.401 0.003 [0.000-0.376] 1.000 1.000 0.000 to 1.000 122.7
RWEcr 0.121 £0.275 0.002 [0.000-0.019] 0.914 0.998 0.000 to 1.000 60.2

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact
Criterion (15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model
for Brain Injury Threshold; ms = impact duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErational =
Risk Weighted Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of total match impact biomechanics for impacts to the side of the head (n=944) greater than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.3+15.0 13.8[11.8-19.4] 52.7 854 10.0t0 122.8 18,252.4
PRA (rad/s?) 3,122.7 £2,7980  2,161.3[1,409.4-3585.8]  8,983.7 150739 88910 19,338.3 2,947857.7
HIC1s 18.8 £52.0 4.6[3.1-9.3] 96.6 339.5 1.0t0 530.4 17,744.9
GSI 30.0 £81.1 8.2[5.5-15.6] 138.5 495.8 1.7t0785.9 28,355.2
HiTsp 12494 9.3[8.6-11.6] 30.2 64.7 7610855 11,705.6
GAMBIT 0.123 £0.098 0.089 [0.068-0.133] 0.327 0.541 0.034 t0 0.780 116.0
ms 8474 6.0 [4.0-10.0] 248 38.0 1.0t0 44.0 7944.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.027 0.294
RWERotational 0.117 £0.295 0.000 [0.000-0.005] 0.996 1.000 0.000 to 1.000 110.3
RWEcp 0.049 £0.178 0.000 [0.000-0.002] 0.389 0.996 0.000 to 1.000 458

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact
Criterion (15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model
for Brain Injury Threshold; ms = impact duration in milliseconds; RWELiear = Risk Weighted Exposure Linear accelerations; RWErational =
Risk Weighted Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of total match impact biomechanics for impacts to the top of the head (n=27) greater than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75%
interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 3714220 34.5[16.6-57.2) 86.6 - 125t097.9 1,002.8
PRA (rad/s?) 7425147114  6,104.2[3,602.9-10,795.5] 17,896.2 - 1,487.0 1018,056.2 200,478.9
HIC1s 73.9 £84.1 46.7[6.0-115.9] 258.6 - 3.0t0258.9 1,995.6
GSI 117.9 £133.5 64.0[10.1-165.6] 399.9 - 6.8 t0 400.1 3,184.2
HiTsp 124 495 10.1 [4.0-20.5] 32.3 - 3.0t0335 334.8
GAMBIT 0.268 £0.148 0.242 [0.133-0.358] 0.632 - 0.079to 0.654 7.2
ms 17.3+£10.8 13.0[8.0-28.0] 36.6 - 2.0t037.0 467.0
RWELinear 0.001 £0.002 0.000 [0.000-0.001] 0.005 - 0.000 to 0.008 0.021
RWERGtational 0.490 £0.476 0.420 [0.005-1.000] 1.000 - 0.000 to 1.000 132
RWEcp 0.299 +0.401 0.029 [0.001-0.629] 0.999 - 0.000 to 0.999 8.1

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact
Criterion (15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model
for Brain Injury Threshold; ms = impact duration in milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErtational =
Risk Weighted Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Resultant Linear Acceleration (g)

Figure 1: Resultant linear accelerations (g) by impact duration in milliseconds (ms) for all matches competed in a U11 junior rugby league team over a competitive season
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Resultant Rotational Accelerations (rad/s?)

Figure 2: Resultant rotational accelerations (rad/s?) by impact duration in milliseconds (ms) for all matches competed in a U11 junior rugby league team over a competitive
season
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Figure 3:  Cumulative distribution functions for resultant linear (left) and rotational (right) acceleration magnitudes of impacts collected during matches for junior rugby league
season 2014.
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Table 1: Summary of competition match 1 impact biomechanics for impacts to the head (n=86) greater than 10g recorded by
an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75% interquartile range], 95t
percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 20.7 +12.8 16.3 [12.4-22.5] 574 10.3 to 64.2 1,781.3
PRA (rad/s?) 3,575.3£2,710.2 2,720.7 [1,735.0-4,271.0] 9,397.7 735910 13,117.6 307,476.8
HIC1s 19.3 £32.7 8.0 [4.2-14.8] 112.7 1.4 10 166.9 1,656.5
GSI 28.7 +47.4 12.1[7.0-23.5] 173.2 28102379 2,470.8
HITsp 200 £15.4 14.3[11.6-19.5] 674 9.3t080.0 1,720.0
GAMBIT 0.140 £0.085 0.113[0.089-0.159] 0.361 0.054 t0 0.463 121
ms 10.3 £6.9 9.0 [5.0-14.0] 26.7 20t034.0 886.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.001 0.000 to 0.001 0.019
RWERGtational 0.159 £0.343 0.001[0.000-0.018] 0.998 0.000 to 1.000 13.7
RWEcr 0.057 £0.181 0.001 [0.000-0.004] 0.469 0.000 to 0.952 49

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of competition match 2 impact biomechanics for impacts to the head (N=130) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 26.0 £18.3 18.8 [13.5-31.9] 711 96.6 10.1t0 100.7 3,384.1
PRA (rad/s?) 51740441045  3,5752[2,5159-6,718.1] 14,5632 19,5209  308.6 to 19,603.0 672,617.3
HIC1s 415 183.6 9.6 [5.0-31.7] 267.0 457.3 1.5t0471.2 5,398.1
GSI 65.1£130.8 14.5[8.0-48.8] 407.7 814.1 21109222 8,463.7
HiTsp 124 £9.6 8.4[7.2-13.3] 371 58.1 5810624 1,612.0
GAMBIT 0.194 +0.140 0.140[0.101-0.234] 0.505 0.709 0.034 10 0.729 252
ms 12.6 9.4 9.0[6.0-17.0] 35.5 40.8 1.0t042.0 1634.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.002 0.008 0.000 to 0.009 0.055
RWERGtational 0.268 +0.419 0.005 [0.001-0.680] 1.000 1.000 0.000 to 1.000 34.9
RWEcp 0.138 £.299 0.002 [0.001-0.048] 0.987 1.000 0.000 to1.000 17.9

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition match 3 impact biomechanics for impacts to the head (N=190) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 233149 17.0 [13.2-28.4] 571 755 10.1t0 100.2 4,428.0
PRA (rad/s?) 4,386.7 £3,519.9 2,967.6 [1,949.6-5,431.6] 11,538.3 15,772.6 88.9 10 17,656.2 833,464.9
HIC15 264 +44.4 7.7[4.1-24.5] 138.4 242.7 1.210247.0 5,021.2
GSI 41.8 £70.2 11.4 [6.6-39.8] 182.6 399.7 2.0 t0 400.1 7,943.0
HITsp 124 +£9.5 8.0[6.8-13.4] 34.7 496 551t053.3 2,356.0
GAMBIT 0.162 £0.111 0.110[0.086-0.212] 0.375 0.547 0.040 to 0.598 30.9
ms 11.349.0 9.0 [6.0-14.0] 359 40.2 1.0t042.0 2153.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.009 0.056
RWERotational 0.227 £0.396 0.001 [0.000-0.125] 1.000 1.000 0.000 to 1.000 431
RWEce 0.109 £0.255 0.001[0.000-0.016] 0.836 0.998 0.000 to 0.999 20.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of competition match 4 impact biomechanics for impacts to the head (N=136) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 24.1+16.8 17.4[13.4-25.9] 60.1 89.8 10.1t090.9 3,280.7
PRA (rad/s?) 44912433203  34674[21741-5466.0] 12,9430 149756  951.7t0 154219 610,806.7
HIC15 29.8 +53.6 8.0 [4.4-20.8] 138.0 3115 1.5t0372.1 4,055.9
GSl 4891922 13.6[8.0-33.6] 248.6 593.9 31t0722.8 6,652.9
HITsp 20.0 £15.3 13.8[11.2-19.2) 56.0 91.8 9.910108.3 2,720.0
GAMBIT 0.172 £0.119 0.128 [0.090-0.205] 0.487 0.630 0.049 to0 0.648 235
ms 11.319.2 8.0 [5.0-14.0] 372 433 1.0t0 44.0 1534.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.006 0.048
RWERotational 0.211 £0.375 0.004 [0.000-0.161] 1.000 1.000 0.000 to 1.000 28.7
RWEcr 0.111 £0.268 0.002 [0.000-0.011] 0.930 0.991 0.000 to 0.997 15.1

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition match 5 impact biomechanics for impacts to the head (N=138) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 31.1£224 22.3[14.1-41.1] 77.2 110.7 10.2to0 116.4 4,296.8
PRA (rad/s?) 5433.7 £3863.7  4,084.3[2,407.3-8,031.9] 125999 19,9285  627.31021,891.3 749,849.9
HIC1s 50.4 +85.1 12.8 [6.3-50.9] 273.7 438.0 1.4 t0449.4 6,949.5
GSI 78.8 £133.0 20.8[8.7-89.9] 420.6 7232 3.3t0778.9 10,871.4
HiTsp 19.0 +14.3 13.4[9.6-23.1] 55.9 78.0 7810799 2,622.0
GAMBIT 0.208 +0.137 0.156 [0.105-0.274] 0.472 0.706 0.044 10 0.710 28.7
ms 122 8.6 9.0 [6.0-16.0] 311 376 1.0t038.0 1682.0
RWELinear 0.001 +0.002 0.000 [0.000-0.000] 0.003 0.016 0.000 to 0.020 0.100
RWERotational 0.337 £0.439 0.013 [0.000-0.966] 1.000 1.000 0.000 to 1.000 46.6
RWEcp 0.168 £0.311 0.004 [0.001-0.112] 0.954 1.000 0.000 to 1.000 232

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 6: Summary of competition match 6 impact biomechanics for impacts to the head (n=193) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 216+154 14.7[12.0-23.2] 59.1 80.7 10.0to0 88.4 41775
PRA (rad/s?) 4,160.5+3,650.2  2,649.4[1,6058-5,650.9] 12,1747 16,0972  500.2to 17,245.7 802,984.6
HIC1s 27.5 +56.7 5.6 [3.7-18.1] 149.2 339.1 1.2t0376.6 5,302.7
GSI 433 £88.7 10.1[6.0-26.5] 246.5 509.5 2.210606.7 8,355.0
HiTsp 124 96 8.3 [7.4-12.0] 344 59.8 6.6 t063.5 2,393.2
GAMBIT 0.155 +£0.122 0.101[0.074-0.188] 0.413 0.598 0.042 10 0.780 29.9
ms 10.549.0 8.0 [5.0-12.0] 33.6 43.0 1.0t043.0 2032.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.005 0.053
RWERGtational 0.220 +0.385 0.001 [0.000-0.222] 1.000 1.000 0.000 to 1.000 424
RWEcp 0.109 £0.268 0.001[0.000-0.011] 0.889 0.996 0.000 to 0.999 21.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 7:

Summary of competition match 7 impact biomechanics for impacts to the head (n=255) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 19.9+15.2 14.5[12.1-20.5] 47.0 101.3 10.0t0 122.8 5,066.4
PRA (rad/s?) 3,146.0 £2,9284  2,010.6[1,300.8-3,776.1]  9,6149 14,8930  504.5t017,592.4 802,238.4
HIC1s 18.9 £47.0 491[3.4-11.2] 102.5 338.2 1.2t0354.2 48152
GSI 29.3 £67.6 9.1[6.5-17.8] 146.6 458.8 1.7t0504.3 7,468.5
HiTsp 124 9.5 9.1[8.3-11.8] 30.2 68.3 7410742 3,162.0
GAMBIT 0.124 +0.096 0.086 [0.067-0.139] 0.353 0.515 0.037 to0 0.561 317
ms 8.617.0 6.0 [5.0-10.0] 26.0 353 1.0t042.0 2205.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.001 0.010 0.000 to 0.027 0.097
RWERGtational 0.132 £0.315 0.000 [0.000-0.006] 0.999 1.000 0.000 to 1.000 33.6
RWEcp 0.056 £0.190 0.000 [0.000-0.002] 0.528 0.987 0.000 to 1.000 144

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Table 8:

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Summary of competition match 8 impact biomechanics for impacts to the head (n=114) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA(g) 222+17.3 14.8 [11.8-27.7] 65.2 100.4 10.1t0 103.8 25324
PRA (rad/s?) 4,199.5 £3,577.2 2,776.9[1,670.5-5,135.6] 12,599.5 15,865.0  857.6 to 16,209.0 478,744.4
HIC1s 28.3+64.4 5.9[2.8-22.5] 137.7 437.7 1.0t0457.0 3,2315
GSI 424 +98.0 9.1[4.6-33.4] 191.9 692.8 1.6t0731.4 4,830.5
HITsp 20.0 £15.0 14.0[12.3-21.2] 46.6 103.1 11.0to 105.9 2,280.0
GAMBIT 0.152 £0.112 0.100 [0.074-0.200] 0.371 0.643 0.040 to 0.667 17.3
ms 9.88.3 7.0 [4.0-14.0] 26.0 431 1.0t044.0 1114.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.002 0.010 0.000 to 0.011 0.043
RWERGtational 0.211 £0.387 0.001 [0.000-0.086] 1.000 1.000 0.000 to 1.000 241
RWEcp 0.110 £0.266 0.001 [0.000-0.010] 0.917 0.996 0.000 to 0.998 125

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 9: Summary of competition match 9 impact biomechanics for impacts to the head (n=148) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.
Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 184 +11.8 13.6 [11.9-20.0] 421 78.1 10.1t0 81.7 2,723.8

PRA (rad/s?) 35304 £2,8379  2,4749[1,948.3-3,722.0] 9,7219 164591 735610 18,923.2 522,504.0

HIC1s 13.9£27.8 4.6[3.0-10.8] 59.0 174.0 1.310176.3 2,051.5

GSI 2164429 7.3[5.0-16.9] 87.0 2738 2410283.8 3,194.8

HiTsp 124 £9.7 8.9[7.9-12.5] 286 65.3 6.7t067.8 1,835.2

GAMBIT 0.125 £0.083 0.097 [0.076-0.128] 0.318 0.444 0.043 to 0.459 18.6

ms 8.16.8 6.0 [4.0-9.0] 21.6 38.6 1.0t041.0 1206.0

RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.003 0.000 to 0.003 0.029

RWERotational 0.130 £0.306 0.001 [0.000-0.006] 0.999 1.000 0.000 to 1.000 19.3

RWEcr 0.052 +0.185 0.001[0.000-0.002] 0.416 0.991 0.000 to 1.000 7.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 10: Summary of competition match 10 impact biomechanics for impacts to the head (n=220) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 25.0+16.8 18.1[13.1-31.0] 59.8 89.1 10.1t0 104.7 5,496.2
PRA (rad/s?) 4,475.4 +3,668.1 3,545.3[1,882.0-5,861.7] 11,4613 18,679.9  494.41022,928.0 984,591.1
HIC1s 354 +95.8 8.2 [4.1-29.5] 130.1 672.5 11109375 7,796.0
GSI 55.6 £+138.7 14.5[6.8-45.7] 2475 934.8 171013119 12,235.7
HiTsp 124 9.3 9.4 [7.7-13.4] 271 65.7 6.4 to 86.1 2,728.0
GAMBIT 0.173 £0.125 0.138[0.080-0.223] 0.448 0.680 0.036 t0 0.716 38.08
ms 11287 8.0 [5.0-14.8] 33.0 412 1.0t042.0 2469.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.011 0.081
RWERGtational 0.232 +0.387 0.004 [0.000-0.259] 1.000 1.000 0.000 to 1.000 51.1
RWEcp 0.096 £0.242 0.002 [0.000-0.020] 0.851 1.000 0.000 to 1.000 211

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 11: Summary of competition match 11 impact biomechanics for impacts to the head (n=173) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 20.5+14.2 15.4[12.0-22.4] 50.7 89.6 10.2t0 102.7 3,546.4
PRA (rad/s?) 3,772.8£3,2626  2,655.5([1,580.7-4,545.6]  10,033.3 18,5586  597.3t0 18,973.3 652,687.6
HIC1s 21.0+45.6 6.1[3.6-12.6] 11.7 299.4 1.0to 314.1 3,624.5
GSI 3224709 9.3[6.4-19.2] 156.6 467.3 1.91t0496.7 5,577.5
HiTsp 124 9.6 9.0([7.8-11.7] 31.3 66.3 6.81067.0 2,145.2
GAMBIT 0.138 +£0.098 0.103 [0.074-0.154] 0.322 0.549 0.039 to 0.698 23.9
ms 8.916.7 7.0 [5.0-10.0] 213 38.8 1.0t041.0 1538.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.010 0.048
RWERGtational 0.169 £0.343 0.001[0.000-0.030] 0.999 1.000 0.000 to 1.000 29.2
RWEcp 0.061 £0.193 0.001[0.000-0.004] 0.481 1.000 0.000 to 1.000 10.6

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 12: Summary of competition match 12 impact biomechanics for impacts to the head (n=194) greater than 10g recorded
by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 16.2+7.0 14.1[11.8-18.5] 314 445 10.0 t0 62.3 3,150.5
PRA (rad/s?) 29417421210  2,391.2[1,539.7-3,738.2] 6,489.3 13,000.1  95.1to 14,007.8 570,695.0
HIC15 9.4 £173 461[3.2-8.8] 26.9 100.8 1.6 t0 190.6 1,819.5
GSI 14.9 245 8.2 [6.0-14.1] 498 171.7 24102451 2,8955
HITsp 12494 9.6 [7.9-13.6] 25.7 61.2 6.11093.1 2,405.6
GAMBIT 0.112 +£0.060 0.095 [0.076-0.130] 0.242 0.410 0.036 to 0.417 217
ms 74451 6.0 [4.0-9.0] 19.0 26.5 1.0t035.0 1426.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.001 0.000 to 0.001 0.027
RWERtational 0.063 £0.207 0.000 [0.000-0.006] 0.610 1.000 0.000 to 1.000 123
RWEcr 0.024 £0.128 0.001[0.000-0.002] 0.026 0.915 0.000 to 0.959 4.6

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Male, Female and Player Positional Group Impact

Biomechanics
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Table 1: Summary of competition match impact biomechanics of male participants for impacts to the head (n=1,579) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA(9) 217 156 15.4[12.3-24.2) 555 83.2 10.0t0 122.8 34,300.6
PRA (radls?)  39489+3368.1  2674.9[1,699.8-4,8775 112248 159637 88.91021,891.3  6,235,351.8
HIC1s 25.0 £56.5 6.0 [3.6-16.7] 120.8 3114 1.0t0710.3 39,410.2
Gsl 3924875 10.1[6.3-26.1] 182.4 4753 16109743 61,897.7
HITsp 124 9.4 8.8[7.7-12.3] 30.6 575 6.7t097.2 19,579.6
GAMBIT 0.149 £0.111 0.106 [0.076-0.180] 0.383 0.563 0.034 0 0.780 2357
ms 9.9+8.0 7.0 [5.0-12.0] 29.0 38.0 1.0t044.0 15566.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.027 0514
RWERotational 0.188 £0.364 0.001 [0.000-0.058] 1.000 1.000 0.000 to 1.000 297.0
RWEce 0.086 +0.235 0.001 [0.000-0.007] 0.807 0.998 0.000 to 1.000 136.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of competition match impact biomechanics of male participants for impacts to the front head (n=389)
greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-
75" interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean #SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 2454157 18.4[13.6-30.3] 59.0 789 10.1t0 102.7 9,534.2
PRA (radls?)  4946.2+3,547.3  3,585.0(2423.0-6,6045] 128173 17,3659 594.1t019,603.0  1,924,070.9
HIC1s 31.0457.0 9.1 [4.5-27 4] 1414 2926 15t0471.2 12,076.2
Gsl 495 +93.1 14.1 [7.6-44.5] 2238 440.8 26109222 19,2416
HITsp 124495 8.6[7.0-14.1] 327 539 5.6t081.1 4,8236
GAMBIT 0.183 £0.119 0.138 [0.097-0.232] 0418 0.588 0.042 t00.729 710
ms 11.7 9.1 8.0 [6.0-15.0] 325 411 1.0t044.0 45420
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 t0 0.010 0.129
RWERtational 0.270 +0.409 0.005 [0.000-0.661] 1.000 1.000 0.000 to 1.000 105.0
RWEcp 0.119 +0.267 0.002 [0.001-0.036] 0.916 0.999 0.000 to 1.000 464

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition match impact biomechanics of male participants for impacts to the back of the head (n=398)
greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-
75" interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 2424158 17.9[13.3-29.9] 55.7 84.0 10.1t0 103.8 9,639.0
PRA (rad/s?) 4,692.3 +3,653.1 3,524.7 [2,020.5-6,172.9]  12,515.9 16,049.6  615.2t021,891.3 1,867,549.7
HIC15 31.0 £62.8 9.4 [4.5-29.0] 122.3 3288 1.0t0710.3 12,343.3
GSI 4724920 14.2[7.1-42.8] 184.5 478.9 1.6t0974.3 18,782.3
HITsp 12494 9.0[7.1-13.6] 29.0 54.4 5.71090.2 4,935.2
GAMBIT 0.172 £0.115 0.133 [0.089-0.228] 0.392 0.587 0.036 to 0.700 68.5
ms 109475 9.0 [6.0-14.0] 271 39.0 1.0t042.0 4357.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.011 0.133
RWERotational ~ 0.254 £0.407 0.004 [0.000-0.444] 1.000 1.000 0.000 to 1.000 101.2
RWEce 0.123 +0.274 0.002 [0.000-0.026] 0.909 0.994 0.000 to 1.000 489

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of competition match impact biomechanics of male participants for impacts to the side of the head (n=772)
greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (SD), median [25-
75M interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 18.7 £145 13.6[11.8-18.2] 485 83.8 10.0t0 122.8 14,404.8
PRA (rad/s?) 2,986.4 +2,752.8  2,034.5[1,373.1-3,420.6] 89055 14,9017 88910189733 23054625
HIC1s 17.6 £50.6 4.5[3.1-8.5] 85.5 335.7 1.0t0530.4 13,599.5
GSI 28.0£78.6 8.1[5.6-14.2] 128.8 4985 1.7t0785.9 21,6473
HiTsp 124194 9.4[8.8-11.5] 21.7 65.8 7.81088.0 9,572.8
GAMBIT 0.118 £0.094 0.086 [0.068-0.123] 0.310 0.530 0.034 0 0.780 91.1
ms 82171 6.0 [4.0-9.0] 240 37.3 1.0t042.0 6334.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.027 0.235
RWERGtational 0.106 £0.285 0.000 [0.000-0.003] 0.995 1.000 0.000 to 1.000 81.7
RWEcp 0.046 £0.175 0.000 [0.000-0.001] 0.348 0.995 0.000 to 1.000 354

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition match impact biomechanics of male participants for impacts to the top of the head (n=20)
greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-
75" interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99t Range Cumulative
PLA (g) 36.6 £22.7 34.1[15.3-54.6] 96.3 - 12510 97.9 7316
PRA (rad/s?) 6,913.4 £4,473.1 5,782.5[3,372.5-9,886.7]  17,510.8 - 1,487.0 to 17,656.2 138,268.7
HIC15 69.6 +82.6 40.5[5.8-107.3] 258.8 - 4.510258.9 1,391.1
GSI 111.3 £129.7 59.9 [10.5-164.5] 398.8 - 7.310399.7 2,226.5
HITsp 12494 9.6 [4.4-19.8] 33.9 - 3410342 248.0
GAMBIT 0.253 +£0.133 0.242[0.131-0.352] 0.589 - 0.079 t0 0.598 5.1
ms 16.7 £11.0 12.5[7.3-27.8] 36.9 - 2010370 333.0
RWELinear 0.001 +0.002 0.000 [0.000-0.001] 0.008 - 0.000 to 0.008 0.016
RWERtational 0.458 £0.468 0.293 [0.005-0.999] 1.000 - 0.000 to 1.000 9.2
RWEcr 0.262 £0.387 0.024 [0.001-0.523] 0.998 - 0.000 to 0.999 52

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability. * = unable to calculate
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Table 6: Summary of competition match impact biomechanics of female participants for impacts to the head (n=398) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 240+16.8 176 [13.1-27 4] 63.1 85.0 10.1t0 104.7 9,554.6
PRA (rad/s?) 4,4053+3461.8  3,2622[2,129.0-5487.4] 11,6372 18,064.9 494410229280  1,753,308.9
HIC1s 30.9+72.9 8.2 [4.2-21.4] 165.3 372.3 14109375 12,311.9
GSI 47.9 £107.6 12.8[6.6-34 4] 255.1 4952 25101,311.9 19,061.4
HiTsp 124 9.3 9.0[7.6-12.3] 31.8 52.7 6.3t0103.4 4,935.2
GAMBIT 0.165 +£0.115 0.128 [0.089-0.196] 0.429 0.648 0.040t0 0.716 65.6
ms 10885 8.0 [5.0-15.0] 28.0 420 1.0t044.0 4313.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.011 0.141
RWERGtational 0.206 +0.368 0.002 [0.000-0.169] 1.000 1.000 0.000 to 1.000 81.8
RWEcp 0.095 +£0.247 0.001[0.000-0.011] 0.814 0.999 0.000 to 1.000 377

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 7: Summary of competition match impact biomechanics of female participants for impacts to the front of the head
(n=119) greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD),
median [25-75" interquartile range], 95! percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 25.1£15.6 19.3[14.6-31.1] 60.4 82.3 10.1t0 82.5 2,9914
PRA (rad/s?) 4813.1+£3409.5  3,870.7[2,457.7-5577.8] 11,6221 18,560.8  885.1t0 18,923.2 572,762.7
HIC1s 329 +57.0 9.5[5.4-32.7] 170.4 369.2 1.7t0407.4 3,919.7
GSI 499 +82.6 15.1[8.3-60.8] 258.0 507.0 32105485 5,934.7
HiTsp 124 96 8.6 [6.8-14.0] 349 59.8 5.3 t064.1 1,475.6
GAMBIT 0.180 £0.109 0.142[0.102-0.240] 0.442 0.558 0.065 to 0.564 21.39
ms 12179 9.0 [7.0-16.0] 28.0 412 2010420 1443.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.004 0.038
RWERotational 0.232 £0.391 0.008 [0.000-0.200] 1.000 1.000 0.000 to 1.000 27.7
RWEcp 0.111 £0.260 0.002 [0.001-0.018] 0.796 1.000 0.000 to 1.000 133

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 8: Summary of competition match impact biomechanics of female participants for impacts to the back of the head
(n=100) greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD),
median [25-75" interquartile range], 95! percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 244 £16.7 19.0 [14.3-27.7] 61.7 104.5 10.2to 104.7 24445
PRA (rad/s?) 47594 +3889.8  3,300.5[2,1714-5,624.5] 13,863.3 22,859.5 494.41022,928.0 475,940.9
HIC1s 36.4 £104.1 11.0[5.1-21.7] 168.2 931.3 14109375 3,642.3
GSI 54.6 £147.6 15.8[7.9-36.8] 2824 1,303.3 25101,311.9 5,461.1
HiTsp 12494 9.6 [8.1-12.0] 2941 81.5 6.610819 1,240.0
GAMBIT 0.171 £0.117 0.134 [0.099-0.190] 0.457 0.714 0.040t0 0.716 17.1
ms 11.385 9.0 [6.0-14.0] 35.7 43.0 1.0t043.0 1126.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.011 0.000 to 0.011 0.040
RWERGtational 0.216 +0.376 0.003 [0.000-0.208] 1.000 1.000 0.000 to 1.000 21.6
RWEcp 0.113 £0.280 0.001[0.000-0.012] 0.979 1.000 0.000 to 1.000 1.3

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 9: Summary of competition match impact biomechanics of female participants for impacts to the side of the head
(n=172) greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (£SD),
median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 224 £17.1 15.0[12.2-25.1] 66.3 88.7 10.11091.0 3,847.6
PRA (rad/s?) 37349429230  2,764.1[1,741.0-49432] 10,209.7 16,479.3  636.6 t0 19,338.3 642,395.1
HIC15 241 +57.6 5.4[3.4-14.2) 120.9 3784 14103955 4,1454
GSl 39.0 £91.1 9.1[5.3-24 4] 238.0 556.2 2510722.8 6,707.9
HITsp 124 9.3 8.9[7.9-12.4] 33.0 62.7 6.9t067.8 2,132.8
GAMBIT 0.145 +0.109 0.104 [0.072-0.172] 0.410 0.653 0.040 to 0.664 249
ms 9.4 485 7.0 [4.0-11.0] 26.7 433 1.0t044.0 1610.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.002 0.005 0.000 to 0.006 0.059
RWERotational 0.166 £0.332 0.001 [0.000-0.060] 1.000 1.000 0.000 to 1.000 28.6
RWEcr 0.060 £0.191 0.001 [0.000-0.007] 0.573 0.998 0.000 to 1.000 104

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 10: Summary of competition match impact biomechanics of female participants for impacts to the top of the head (n=7)
greater than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-
75" interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] g5th*  ggth* Range Cumulative

PLA (g) 38.7£21.5 36.3 [16.9-63.2] - - 13.31069.7 27112
PRA (rad/s2) 8,887.245427.9  9,008.7 [3,602.9-12,584.3] - - 3,288.2 to 18,056.2 62,210.2
HIC 86.4 £93.8 50.6 [7.5-213.6] - - 3.010226.8 604.5
GSI 136.8 £153.0 76.0 [9.4-302.6] - - 6.8 t0 400.1 957.6
HiTsp 124 9.7 9.4[3.4-23.9] - - 2810276 86.8
GAMBIT 0.310 £0.189 0.293[0.134-0.429] - - 0.117 t0 0.654 22
ms 19.1 £10.7 20.0[10.0-28.0] - - 5.01036.0 134.0
RWELinear 0.001 +0.001 0.000 [0.000-0.001] - - 0.000 to 0.002 0.005
RWERotational 0.580 £0.523 0.996 [0.005-1.000] - - 0.003 to 1.000 4.1
RWEcp 0.403 £0.450 0.218 [0.001-0.795] - - 0.001 to 0.999 2.8

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability. * = unable to calculate
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Table 11: Summary of competition match impact biomechanics of forwards for impacts to the head (n=1,511) greater than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25th-75t] 95th 99th Range Cumulative
PLA (g) 218 +15.7 15.5[12.3-24.0] 56.8 84.7 10.0to 116.4 32,9343
PRA (rad/s?) 3,888.8+3,368.5  2,642.0[1,668.0-4,773.8] 11,1894 16,0149 88910229280 5,876,035.9
HIC15 256 +61.9 6.1[3.6-16.0] 122.6 335.7 1.0t0937.5 38,725.6
GSl 40.1 £94.6 10.1[6.4-25.3] 187.5 43848 16t01,311.9 60,638.2
HITsp 20.0 £15.1 14.4[12.7-19.8) 492 90.0 11.0to 188.4 30,220.0
GAMBIT 0.148 +£0.112 0.105[0.076-0.175] 0.392 0.569 0.034 t0 0.780 224.2
ms 9.948.0 8.0 [5.0-12.0] 28.0 40.0 1.0t044.0 14,931.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.020 0.483
RWERotational 0.181 £0.359 0.001[0.000-0.047] 1.000 1.000 0.000 to 1.000 2739
RWEcr 0.084 £0.232 0.001 [0.000-0.006] 0.804 0.998 0.000 to 1.000 126.4

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 12: Summary of competition match impact biomechanics of forwards for impacts to the front of the head (n=341) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75
interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 248 £15.6 18.3[14.2-31.1] 60.4 77.8 10.1t0 100.7 8,463.0
PRA (rad/s?) 4877535094  3,577.2[2,401.1-6,614.6] 11,7295 16,855.2 594.1t019,603.0  1,663,220.2
HIC1s 31.6+57.3 9.4 [4.7-31.1] 151.3 276.8 1.5t0471.2 10,790.7
GSI 50.0 £94.0 14.7 [7.7-46 4] 230.7 426.6 2610922.2 17,064.8
HiTsp 20.0 £15.2 13.8[11.3-23.2] 53.0 75.7 8.810130.3 6,820.0
GAMBIT 0.183 £0.119 0.138 [0.095-0.246] 0.426 0.584 0.042 10 0.729 62.3
ms 11788 9.0 [6.0-15.0] 32.8 420 1.0t044.0 3,974.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.009 0.109
RWERotational 0.267 £0.410 0.005 [0.000-0.666] 1.000 1.000 0.000 to 1.000 91.0
RWEcp 0.118 £0.263 0.002 [0.001-0.036] 0.885 0.998 0.000 to 1.000 40.3

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 13: Summary of competition match impact biomechanics of forwards for impacts to the back of the head (n=394) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 243 £16.3 18.2[13.3-28.9] 58.0 91.3 10.2 to 104.7 9,568.4
PRA (rad/s?) 4,709.7 £3,741.3  3,390.9[2,050.2-5,907.1]  12,967.3 16,2024 615210229280  1,855,602.3
HIC1s 33.8+79.3 9.6 [4.5-24.3] 140.3 350.3 1.0t0937.5 13,303.9
GSI 51.1£114 4 14.6[7.4-38.0] 202.0 553.0 16t01,311.9 20,123.6
HiTsp 20.0 £15.1 15.0[12.1-20.5] 451 80.2 10.0 to 158.0 7,880.0
GAMBIT 0.172 £0.117 0.133[0.091-0.215] 0.418 0.589 0.036 t0 0.716 67.8
ms 112479 9.0 [6.0-15.0] 29.0 41.0 1.0t043.0 4,394.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.011 0.143
RWERGtational 0.240 +0.397 0.003 [0.000-0.319] 1.000 1.000 0.000 to 1.000 94.7
RWEcp 0.124 £0.285 0.002 [0.000-0.018] 0.929 0.998 0.000 to 1.000 48.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 14: Summary of competition match impact biomechanics of forwards for impacts to the side of the head (n=760) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.0 £15.1 13.6[11.7-18.2] 54.3 86.7 10.0t0 116.4 14,4341
PRA (rad/s?) 2,975.7 £2,795.1 2,005.3[1,336.8-3,361.0) 88726 157276 8891019,3383  2,261518.3
HIC1s 18.4 £52.5 4.5[3.1-8.5] 97.3 346.7 1.0t0530.4 13,985.5
GSI 2934815 8.2[5.6-14.0] 138.0 4954 1.91t0785.9 22,244 4
HiTsp 20.0 £15.1 15.1[14.1-18.3] 475 107.3 12.7t0 137.6 15,200.0
GAMBIT 0.119 +£0.098 0.085[0.068-0.124] 0.326 0.559 0.034 0 0.780 90.5
ms 83173 6.0 [4.0-10.0] 24.0 384 1.0t0 44.0 6,327.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.005 0.000 to 0.020 0.226
RWERGtational 0.107 £0.287 0.000 [0.000-0.003] 0.995 1.000 0.000 to 1.000 81.6
RWEcp 0.046 £0.173 0.000 [0.000-0.001] 0.359 0.998 0.000 to 1.000 347

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 15: Summary of competition match impact biomechanics of forwards for impacts to the top of the head (n=16) than 10g
recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] g5th*  ggth* Range Cumulative

PLA (g) 29.3+13.9 30.2 [14.2-40.3] - - 12.5t058.0 468.7
PRA (rad/s?) 59809 £3,764.5  4,668.7 [2,959.8-8,740.4] - - 1,487.0 to 14,747.6 95,695.1
HIC1s 40.3 £39.6 40.5[5.8-55.2] - - 3.0t0154.5 645.5
GSI 753 £98.5 59.9[9.2-93.1] - - 6.8 10 399.7 1,205.3
HiTsp 20.0 £15.3 20.6 [6.3-27.0] - - 5.01063.2 320.0
GAMBIT 0.231 £0.137 0.222[0.113-0.285] - - 0.079 t0 0.598 37
ms 14.8 £10.5 11.5[7.3-21.5] - - 2010370 236.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] - - 0.000 to 0.001 0.005
RWERotational 0.412 £0.479 0.042 [0.001-0.973] - - 0.000 to 1.000 6.6
RWEcp 0.168 £0.292 0.008 [0.001-0.181] - - 0.000 to 0.988 2.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability. * = unable to calculate
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Table 16: Summary of competition match impact biomechanics of backs for impacts to the head (n=466) greater than 10g

recorded by an instrumented patch in a junior rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 23.5+16.1 17.2[13.0-26.4] 57.2 85.2 10.1t0 122.8 10,929.9
PRA (rad/s?)  4,5335+3421.5  3,343.5[2,207.2-5802.1] 11,626.8 17,6874 95.1t021,891.3  2,112,624.9
HIC15 2794545 7.9[3.9-21.6] 130.4 2871 11104074 12,996.4
GSl 436827 12.5[6.2-35.3] 2144 450.6 1.7t0548.5 20,320.9
HITsp 124 95 8.8 [7.2-12.6] 32.1 57.1 5710655 57784
GAMBIT 0.166 +£0.111 0.128 [0.090-0.208] 0.409 0.568 0.036 to 0.700 77.2
ms 106 +84 8.0 [5.0-13.0] 30.7 38.0 1.0t043.0 4,948.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.027 0.172
RWERotational 0.225 +0.382 0.003 [0.000-0.275] 1.000 1.000 0.000 to 1.000 105.0
RWEcr 0.102 £0.251 0.001[0.000-0.015] 0.849 0.999 0.000 to 1.000 474

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 17: Summary of competition match impact biomechanics of backs for impacts to the front of the head (n=167) greater

than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75
interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th g9th Range Cumulative

PLA (g) 243+15.9 18.9[13.2-27.9] 56.4 92.5 10.1to0 102.7 4,062.5
PRA (rad/s?)  4,991.7+3,528.3  3,693.5[2,487.2-6,017.4] 13,2234 17,962.7 885.1t018,412.9 833,613.4
HIC15 31.2+56.4 8.9[4.7-25.9] 151.9 328.9 1.6 t0 407 .4 5,205.2
GSI 48.6+83.9 14.0 [7.6-40.6] 238.2 4739 2.810548.5 8,111.5
HITsp 124 96 8.7[6.9-12.4] 32.9 59.2 5810639 2,070.8
GAMBIT 0.181 +£0.113 0.142[0.102-0.226] 0.432 0.568 0.058 to 0.586 30.2
ms 120489 8.0 [6.0-16.0] 32.0 38.0 1.0t038.0 2,011.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.006 0.000 t0 0.010 0.058
RWERtational 0.250 £0.395 0.006 [0.001-0.360] 1.000 1.000 0.000 to 1.000 417
RWEcr 0.116 £0.270 0.002 [0.001-0.018] 0.954 1.000 0.000 to 1.000 194

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 18: Summary of competition match impact biomechanics of backs for impacts to the back of the head (n=104) greater

than 10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75%
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 2424148 18.1[13.6-31.4] 54.0 83.6 10.1t0 84.0 2,515.0
PRA (rad/s?)  4,6912+35462  3,371.3[2,171.8-6,762.8] 11,108.8 21,4172 494.41021,891.3 487,888.3
HIC15 25.8+39.8 9.3 [4.7-32.1] 106.7 277.3 1.3t0284.8 2,681.7
GSI 39.6 £59.7 15.2[7.1-49.2) 161.6 397.9 24104073 4,119.8
HITsp 124 95 8.4[6.6-15.1] 32.0 64.2 4710656 1,289.6
GAMBIT 0.172 £0.111 0.137[0.091-0.244] 0.376 0.686 0.040 t0 0.700 179
ms 10.5+7.0 8.5[6.0-14.0] 235 39.9 1.0 t0 40.0 1,089.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.004 0.030
RWERotational 0.269 +0.417 0.003 [0.000-0.656] 1.000 1.000 0.000 to 1.000 28.0
RWEcr 0.110 £0.235 0.002 [0.000-0.037] 0.726 0.994 0.000 to 1.000 115

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 19:

Summary of competition match impact biomechanics of backs for impacts to the side of the head (n=184) greater
than 10g recorded by an instrumented patch in a junior rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.
Mean SD Median [25th-75t] 95th 99th Range Cumulative
PLA (g) 20.8 +14.9 15.8 [12.1-23.1] 519 874 10.11t0 122.8 3,818.3
PRA (rad/s?) 3,730.1 £2,734.6 2,837.8[1,927.2-4536.4] 10,2776 13,2373  95.1t013,915.7 686,339.4
HIC15 20.4 +£50.3 5.4 1[3.2-13.3] 103.3 3401 1.110367.3 3,759.4
GSI 332+79.8 9.3[5.2-22.4] 152.4 505.9 1.7t0514.8 6,110.8
HITsp 124 +£9.3 9.2[8.0-12.3] 30.7 64.4 7.0t068.8 2,2816
GAMBIT 0.139 £0.097 0.102 [0.079-0.164] 0.359 0.522 0.036 to 0.599 256
ms 88178 6.0 [4.0-10.8] 26.8 38.8 1.0t043.0 1,617.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.001 0.007 0.000 to 0.027 0.069
RWERotational 0.156 £0.323 0.001 [0.000-0.030] 0.999 1.000 0.000 to 1.000 28.7
RWEce 0.060 £0.199 0.001[0.000-0.005] 0.741 0.958 0.000 to 0.984 1141

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 20: Summary of competition match impact biomechanics of backs for impacts to the top of the head (n=11) greater than
10g recorded by an instrumented patch in a junior rugby league team for the mean (+SD), median [25-75"
interquartile range], 951 percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] g5th*  ggth* Range Cumulative
PLA (g) 48.6 +26.9 57.2 [16.6-66.7] - 1361097.9 5341
PRA (rad/s?)  9,625.8 £5,316.5  9,555.7 [4,474.9-12,584 3] - 3,086.6 to 18,056.2 104,783.8
HIC1s 122.7 £107.7 115.9 [8.6-226.8] - 4.510258.9 1,350.1
GSI 179.9 £157.0 161.0 [15.8-348.8] - 9.4 t0 400.1 1,978.8
HiTsp 124 95 15.0[1.8-21.1] - 0910255 136.4
GAMBIT 0.320 £0.153 0.333[0.202-0.413] - 0.130 to 0.654 35
ms 21.0£10.5 22.0[11.0-30.0] - 6.01036.0 231.0
RWELinear 0.001 +0.002 0.001[0.000-0.001] - 0.000 to 0.008 0.016
RWERotational 0.603 £0.470 0.999 [0.027-1.000] - 0.002 to 1.000 6.6
RWEcp 0.489 £0.471 0.609 [0.004-0.960] - 0.001 to 0.999 5.4

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability; * = unable to calculate
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Total Match Impact Biomechanics

Table 1: Summary of total match impact biomechanics for impacts to the head (n=greater than 10g recorded by an
instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75! interquartile range],
95! percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Impact biomechanics of total competition matches impacts
(n=13,895 impacts)

Mean SD Median [25t-75t] 95% Range Cumulative
PLA (g) 23.1+15.6 17.1[12.2-28.0] 55.6 10.0 to 165.9 321,078.9
PRA (rad/s?) 4,0975+3668.7  3,071.6[1,661.1-5466.0] 11,7341 4.1t032,7204  56,934,631.1
HIC15 29.3 +63.5 8.0 [4.8-24.6] 124.0 1.0t0 1,086.8 407,065.9
GSI 46.3 £95.3 14.8[8.5-38.9] 197.2 1.5t01,494.6 643,235.8
HITsp 20.0 £15.0 14,6 [11.8-21.4] 417 6.310201.5 277,891.3
GAMBIT 0.155 +0.118 0.120[0.073-0.201] 0.397 0.015t0 0.987 2,155.8
(ms) 12.9 9.1 10.0[6.0-18.0] 33.0 1.0t0 46.0 178,869.0
CERLinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.000 to 0.074 47
CERRotational 0.210 £0.372 0.002 [0.000-0.168] 1.000 0.000 to 1.000 2,914.1
CERce 0.091 £0.242 0.001[0.000-0.013] 0.848 0.000 to 1.000 1,267.9

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEce = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of total match impact biomechanics for impacts to the front of the head greater than 10g recorded by an
instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.
Impact biomechanics of total competition matches impacts to the front of the head
(n=3,664 impacts)

Mean £SD Median [25t-75t] 95% Range Cumulative
PLA (g) 26.2 £16.6 20.5[14.5-32.3] 60.9 10.0t0 1274 95,861.0
PRA (rad/s?) 49259 +35446  3,802.4[2,547.7-6,103.0] 12,5334 2991028,8826  18,048,591.6
HIC1s 36.4 £70.6 12.1[5.6-34.9] 154.3 1.0t0 1,086.8 133,349.5
GSI 57.0 £107.4 19.9 [9.6-54.5] 2439 1.7t01,371.7 209,013.2
HiTsp 224 +16.4 16.5[13.3-24.5] 534 10.0t0 187.8 81,958.1
GAMBIT 0.187 £0.117 0.151[0.107-0.230] 0.432 0.019t0 0.909 685.3
(ms) 134 +8.6 11.0[7.0-18.0] 320 1.0t0 44.0 48,941.0
CERLinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.000 to 0.034 15
CERRotational 0.250 £0.392 0.007 [0.001-0.419] 1.000 0.000 to 1.000 917.1
CERcr 0.109 £0.263 0.002 [0.001-0.025) 0.930 0.000 to 1.000 400.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of total match impact biomechanics for impacts to the back of the head greater than 10g recorded by an
instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75! interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Impact biomechanics of total competition matches impacts to the back of the head
(n=3,694 impacts)

Mean *SD Median [25t-75t] 95% Range Cumulative
PLA (g) 253+15.9 20.1[13.8-31.3] 57.5 10.0 to 124.1 93,403.4
PRA (rad/s?) 47584 37225  3,592.0[2,124.6-6,268.0] 12,087.8 104.31032,7204  17,577,4984
HIC15 343713 10.9 [4.5-32.3] 132.5 1.1t0879.5 126,559.1
GSI 52.9 £+104.3 17.7[7.4-51.8] 217.0 1.6t01,316.2 195,320.1
HITsp 21.6 £16.1 16.1[12.6-24.1] 50.4 6.310175.9 79,910.7
GAMBIT 0.174 £0.122 0.135[0.087-0.225] 0.418 0.026 to 0.987 641.3
(ms) 123186 10.0 [6.0-17.0] 31.0 1.0t0 44.0 45,381.0
CERLinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.000 to 0.029 14
CERRotational 0.259 +0.397 0.005 [0.000-0.501] 1.000 0.000 to 1.000 955.8
CERce 0.110 £0.261 0.002 [0.000-0.029] 0.891 0.000 to 1.000 408.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HICs = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of total match impact biomechanics for impacts to the side of the head greater than 10g recorded by an
instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75! interquartile range],
95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Impact biomechanics of total competition matches impacts to the side of the head
(n=6,131 impacts)

Mean *SD Median [25t-75t] 95% Range Cumulative
PLA (g) 19.6 +14.1 134 [11.5-21.6] 493 10.0 to 165.9 120,161.5
PRA (rad/s?) 3,088.1£3,4412  2,079.9[636.9-4,055.8] 10,4869 4.11030,270.0  18,933,173.6
HIC1s 212 +52.0 5.8 [4.6-13.4] 934 1.0to 1,052.5 129,800.4
GSI 34.7 £79.7 14.1[8.2-22.1] 148.8 1.5101,494.6 212,688.2
HiTsp 17.3+13.0 125[11.4-171] 412 9.810201.5 106,084 .4
GAMBIT 0.122 +0.108 0.085 [0.044-0.152] 0.343 0.018 t0 0.956 745.0
(ms) 12.8 9.6 10.0 [5.0-18.0] 33.0 1.0t046.0 78,173.0
CERuLinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.000 to 0.074 1.7
CERRotational 0.146 £0.327 0.000 [0.000-0.012] 1.000 0.000 to 1.000 892.4
CERcr 0.064 +£0.207 0.000 [0.000-0.003] 0.630 0.000 to 1.000 393.6

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of total match impact biomechanics for impacts to the top of the head greater than 10g recorded by an
instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75! interquartile range],
95! percentile, 99 percentile, range and cumulative (sum of all impacts) total.

Impact biomechanics of total competition matches impacts to the top of the head
(n=406 impacts)

Mean *SD Median [25t-75t] 95% Range Cumulative
PLA (g) 28.7 £15.1 24.8[17.4-36.3] 59.6 10.2t0 117.0 11,653.0
PRA (rad/s?) 5850.7 £3,715.6  4,732.6[3,120.5-7,834.9] 12,9340 283910199954  2,375,367.6
HIC15 428 £61.5 19.1[9.1-52.6] 170.2 1.6t0501.4 17,356.9
GSl 64.6 £90.6 29.6[14.0-78.4] 255.7 2.510686.0 26,214.3
HITsp 245+14.8 19.3[14.9-29.1] 56.9 9.91t0112.2 9,938.1
GAMBIT 0.207 +£0.112 0.180 [0.125-0.268] 0.425 0.0151t0 0.720 84.2
(ms) 15.7 9.3 14.0[9.0-20.0] 35.0 1.0t042.0 6,374.0
CERLinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.000 to 0.021 0.162
CERRotational 0.366 +0.436 0.045[0.002-0.958] 1.000 0.000 to 1.000 148.7
CERce 0.163 £0.303 0.006 [0.001-0.098] 0.952 0.000 to 1.000 66.3

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted
Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.
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Figure 1: Resultant linear accelerations (g) by impact duration in milliseconds (ms) for all matches competed in a senior amateur rugby league team over a competitive season
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Figure 2: Resultant rotational accelerations (rad/s2) by impact duration in milliseconds (ms) for all matches competed in a senior amateur rugby league team over a competitive season
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Table 1:

Summary of preseason match 1 impact biomechanics for impacts to the head (n=768) greater than 10g recorded by

an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75" interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 13617.0 11.6[11.3-12.2] 25.6 481 10.0 to 165.9 17,212.5
PRA (rad/s?) 1,800.4 £3,064.6  419.8[175.1-2,196.9] 18,2216 15528.7 14.2t022,987.2  2,273,867.6
HIC15 7.3 4137 5.5[5.1-5.8] 151 66.5 0.9 t0 268.3 9,174.6
GSl 14.6 +18.5 14.1[9.9-14.7] 23.0 90.2 1.6 t0 360.1 18,390.0
HITsp 20.0 £14.3 17.7[17.1-18.3] 34.2 87.6 10.5 to 258.1 25,260.0
GAMBIT 0.081 +£0.088 0.041[0.037-0.092] 0.250 0.461 0.034 t0 0.935 102.7
ms 14.3+10.3 12.0[5.0-22.0] 35.0 37.0 1.0t039.0 18,020.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.000 0.001 0.000 to 0.009 0.164
RWERotational 0.079 £0.252 0.000 [0.000-0.000] 0.980 1.000 0.000 to 1.000 100.2
RWEcr 0.033 £0.154 0.000 [0.000-0.000] 0.084 0.989 0.000 to 1.000 411

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury

Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 2: Summary of preseason match 2 impact biomechanics for impacts to the head (n=961) greater than 10g recorded by
an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 245 +15.7 19.8 [14.1-28.3] 56.2 95.0 10.0t0 165.9 23,778.3
PRA (rad/s?) 47249 36666  3,656.7[2,351.2-5,885.6] 12,036.6 18,739.1  66.2t030,270.0  4,578,449.8
HIC1s 32.873.0 11.2[5.3-24.9] 128.3 4371 1.210801.2 31,793.3
GSI 50.9 £112.4 17.419.2-37.7] 2121 597.8 2.0t01,232.0 49,3219
HITsp 20.0 £15.2 15.2[12.3-20.5] 46.2 88.0 6.2 t0 155.1 19,368.3
GAMBIT 0.172 £0.122 0.135[0.094-0.209] 0.419 0.676 0.041 t0 0.956 166.4
ms 122 +8.2 10.0[7.0-16.0] 30.0 39.0 1.0t044.0 11,819.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.007 0.000 t0 0.015 0.352
RWERotational 0.234 +0.382 0.005 [0.000-0.319] 1.000 1.000 0.000 to 1.000 2264
RWEcr 0.096 £0.248 0.002 [0.001-0.018] 0.882 1.000 0.000 to 1.000 934

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition match 1 impact biomechanics for impacts (n=489) to the head greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 220£17.2 15.6 [12.0-24.3] 55.7 97.6 10.0 to 165.9 10,743.7
PRA (rad/s?) 4386.3+3,7855  3,125.5[1,993.0-5184.2] 12,6951 18,863.6 250.6t021,458.6  2,144,919.9
HIC15 30.5+88.4 6.2 [3.2-17.1] 123.2 598.7 09t0771.5 14,918.4
GSI 46.9 £131.0 11.5[5.1-28.8] 186.4 883.4 1.5101,343.8 22,909.7
HITsp 17.2+13.8 13.6 [12.0-17.2] 37.0 923 6.910136.3 8,419.5
GAMBIT 0.158 £0.126 0.11510.079-0.185] 0.420 0.592 0.0321t00.973 77.2
ms 99483 7.0[4.0-13.0] 28.0 38.0 1.0t041.0 4,854.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.001 0.008 0.000 t0 0.020 0.206
RWERtational 0.191 £0.361 0.002 [0.000-0.103] 1.000 1.000 0.000 to 1.000 93.6
RWEcr 0.097 £0.263 0.001[0.000-0.009] 0.931 1.000 0.000 to 1.000 474

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of competition match 2 impact biomechanics for impacts to the head (n=388) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 205+15.2 14.8 [11.9-22.7] 52.3 83.0 10.0 to 165.9 7,953.8
PRA (rad/s?) 3,655.1 £3,390.4 2,552.7[1,482.8-4,195.3] 11,1811 179757 21521t020,0145 1,418184.7
HIC15 23.8+68.4 5.3[2.9-14.0] 100.7 350.1 1.310688.6 9,236.4
GSI 36.3 £95.6 10.1 [4.2-23.1] 144.6 590.5 1.710947.4 14,076.9
HITsp 17.2 £13.0 13.9[12.4-17.1] 38.3 751 7.6 10 140.1 6,665.9
GAMBIT 0.136 £0.114 0.092 [0.065-0.162] 0.395 0.599 0.032100.726 52.7
ms 9.347.6 7.0 [4.0-12.0] 25.0 38.1 1.0t041.0 3,625.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.034 0.136
RWERotational 0.154 £0.332 0.001 [0.000-0.016] 1.000 1.000 0.000 to 1.000 59.8
RWEce 0.066 £0.216 0.001 [0.000-0.004] 0.779 1.000 0.000 to 1.000 25.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC+s = Head Impact Criterion
(15 ms); GSI = Gadd Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury
Threshold; ms = impact duration in milliseconds; RWELnear = Risk Weighted Exposure Linear accelerations; RWERrotatonal = Risk Weighted

Exposure Rotational accelerations; RWEcr = Risk Weighted Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition match 3 impact biomechanics for impacts to the head (n=840) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 19.0 +14.4 13.2[11.2-20.2] 478 80.6 10.0 to 165.9 15,974.8
PRA (rad/s?) 3,087.5+3,475.0  2,332.7[244-42612) 108712 17,0952 4610213935 25904384
HIC1s 20.5+55.4 5.1[4.4-11.6] 88.5 276.9 1.0t0 735.7 17,240.6
GSI 33.5+82.3 12.9[7.6-18.5] 1451 425.2 1.7t01,061.7 28,076.1
HiTsp 171129 13.5[12.7-17.1] 39.7 82.6 6.9t0121.4 14,335.3
GAMBIT 0.121 £0.112 0.091[0.036-0.147] 0.372 0.593 0.020 to 0.796 101.8
ms 9.9+7.2 8.0 [5.0-12.0] 25.0 38.0 1.0t044.0 8,267.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.023 0.249
RWERotational 0.131£0.310 0.000 [0.000-0.018] 1.000 1.000 0.000 to 1.000 110.3
RWEcp 0.064 £0.215 0.000 [0.000-0.003] 0.710 0.998 0.000 to 1.000 54.1

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Table 6:

Exposure Combined (linear and rotational) Probability.

Summary of competition match 4 impact biomechanics for impacts to the head (n=633) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.
Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 20.8 £15.0 14.4[11.5-241] 56.3 83.8 10.0t0 165.9 13,142.0
PRA (rad/s?) 3,623.3+3,3896  2,4704[1,3804-4,742.6] 11,1886 153541 4.71t021,103.8  2,293,542.1
HIC1s 242 +58.8 5.2[3.7-17.1] 126.0 3571 1.0 t0 659.9 15,316.8
GSI 38.8 £+88.4 11.7[6.3-26.8] 1921 543.3 1.610867.8 24,561.3
HiTsp 16.9 £12.6 13.0 [11.8-17.7] 436 78.9 6.9t0 106.8 10,723.2
GAMBIT 0.140 £0.115 0.099 [0.065-0.174] 0.400 0.567 0.031t0 0.646 88.4
ms 9.7 84 7.0 [4.0-13.0] 30.0 38.0 1.0t043.0 6,126.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.009 0.174
RWERotational 0.176 £0.348 0.001 [0.000-0.045] 1.000 1.000 0.000 to 1.000 111.2
RWEcp 0.078 £0.227 0.001 [0.000-0.006] 0.805 0.996 0.000 to 1.000 495

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 7: Summary of competition match 5 impact biomechanics for impacts to the head (n=1,128) greater than 10g recorded

by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 255+15.8 20.1[13.4-34.0] 57.3 76.3 10.0to 165.9 28,811.8
PRA (rad/s?) 5,087.0£3,810.5  3,955.8[2,1294-7,173.7] 12,8931 164074 221.2t023,219.2  5,738,119.2
HIC15 35.1+61.0 11.7 [4.4-39.1] 148.7 3244 1.1t0656.4 39,602.8
GSl 54.5+96.4 19.2 [7.4-60.0] 2294 466.1 1.71t01,369.5 61,530.9
HITsp 20.0 £15.1 14.5[10.4-24.0] 486 78.1 8.0to0 183.1 22,560.0
GAMBIT 0.178 £0.123 0.140 [0.082-0.249] 0.421 0.559 0.029 t0 0.925 201.2
ms 126 +9.0 10.0 [6.0-18.0] 32.0 387 1.0t044.0 14,237.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 t0 0.019 0.392
RWERotational 0.312 £0.424 0.010 [0.000-0.860] 1.000 1.000 0.000 to 1.000 351.9
RWEcr 0.137 £0.284 0.003 [0.000-0.064] 0.936 0.997 0.000 to 1.000 154.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 8: Summary of competition match 6 impact biomechanics for impacts to the head (n=523) greater than 10g recorded

by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 19.9+12.3 15.1[11.5-22.7] 48.7 65.8 10.0 to 165.9 10,392.4
PRA (rad/s?) 37713429547  2916.7[1,798.0-4,886.9] 10,5684 14,1180 4.11016,751.2  1,972,383.2
HIC1s 17.3 £31.0 6.4 [3.7-15.5] 74.0 164.5 1.0 t0 235.1 9,048.6
GSI 2724442 12.3[5.8-26.7] 11141 2438 1.6 t0 339.1 14,248.2
HiTsp 17.7£13.8 12.9[10.8-18.7] 43.7 85.9 4.310103.5 9,274.5
GAMBIT 0.137 +0.088 0.109[0.071-0.180] 0.328 0.426 0.030 to 0.497 714
ms 9.847.3 8.0 [4.0-14.0] 25.0 30.8 1.0t039.0 5,102.0
RWELinear 0.000 +0.000 0.000 [0.000-0.000] 0.001 0.002 0.000 to 0.003 0.108
RWERGtational 0.171 +£0.335 0.001 [0.000-0.060] 1.000 1.000 0.000 to 1.000 89.5
RWEcp 0.061 £0.193 0.001 [0.000-0.007] 0.662 0.975 0.000 to 0.998 320

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 9: Summary of competition match 7 impact biomechanics for impacts to the head (n=539) greater than 10g recorded

by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 23.5%15.1 18.2[13.0-28.2] 54.3 814 10.0 to 165.9 12,688.1
PRA (rad/s?) 4,1543 £3,553.3  3,148.9[1,806.6-5411.7]  11,550.0 19,0729 8310217911  2,239,146.4
HIC1s 28.2£58.5 8.7 [4.6-25.5] 119.1 319.2 0.910613.1 15,199.4
GSI 446 £92.0 15.4[8.0-39.4] 177.2 525.8 1.4t0998.3 24,0229
HiTsp 16.9£12.6 12.9[10.7-18.4] 39.1 81.7 5410125.9 9,089.8
GAMBIT 0.158 +£0.120 0.122[0.082-0.198] 0.377 0.619 0.018 t0 0.987 85.0
ms 11.5+8.1 10.0 [6.0-16.0] 29.0 36.0 1.0t044.0 6,219.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.029 0.183
RWERGtational 0.199 +0.361 0.002 [0.000-0.153] 1.000 1.000 0.000 to 1.000 107.3
RWEcr 0.085 +0.236 0.001[0.000-0.012] 0.824 1.000 0.000 to 1.000 458

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotational = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 10: Summary of competition match 8 impact biomechanics for impacts to the head (n=407) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 214 £136 16.3[12.3-24.6] 50.7 67.7 10.0 to 165.9 8,721.2
PRA (rad/s?) 3,701.5+3,1256  2,883.0[1,764.8-4,668.5] 19,8949 16,496.2 92.61022,2394  1,506,502.7
HIC1s 21.7 £55.7 7.7[3.9-18.6] 92.3 216.2 1.3t0908.5 8,849.7
GSI 342777 13.7[7.1-29.5] 143.8 329.0 1.8t01,157.9 13,902.2
HiTsp 176 +13.2 14.3[11.8-19.0] 39.1 66.5 5.710195.1 7,1494
GAMBIT 0.139 +£0.092 0.114[0.075-0.178] 0.330 0.522 0.030 to 0.552 56.7
ms 11.318.2 9.0 [5.0-15.0] 29.6 36.9 1.0t042.0 4,580.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.002 0.000 to 0.016 0.108
RWERGtational 0.149 £0.316 0.001 [0.000-0.039] 0.999 1.000 0.000 to 1.000 60.8
RWEcp 0.057 £0.197 0.001 [0.000-0.006] 0.552 0.996 0.000 to 1.000 234

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 11: Summary of competition match 9 impact biomechanics for impacts to the head (n-=1,209) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 254 £16.1 20.2 [14.5-30.4] 57.9 86.1 10.0 to 165.9 30,732.6
PRA (rad/s?) 35343428875  2,8006(1,759.1-4297.6] 86866 150576 155310288826  4,273,005.1
HIC15 32.1+60.7 12.4 [6.0-31.0] 1218 344.5 1.0t0 858.9 38,852.6
GSI 49.1 £89.4 20.8[10.5-49.0] 179.6 489.5 1.6t01,316.2 59,357.0
HITsp 19.5+14.6 14.6 [11.7-21.4] 452 89.2 5.510186.2 23,569.1
GAMBIT 0.156 +0.096 0.129[0.091-0.193] 0.336 0.538 0.029 t0 0.708 188.9
ms 14.1 8.7 12.0[8.0-19.0] 31.0 38.0 1.0t042.0 17,048.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.026 0472
RWERotational 0.121 +0.286 0.001 [0.000-0.019] 0.992 1.000 0.000 to 1.000 146.4
RWEcr 0.047 £0.171 0.001[0.000-0.005] 0.289 0.993 0.000 to 1.000 57.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 12: Summary of competition match 10 impact biomechanics for impacts to the head (n=444) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 211 £14.0 15.5[12.0-25.1] 51.0 78.9 10.0to 165.9 9,379.5
PRA (rad/s?) 3,616.8 £3,325.4  2,559.0 [1,466.4-4,357.5] 10,7589 16,899.9 7.91021,092.7  1,605845.0
HIC1s 25.6 +63.9 6.7 [3.7-19.7] 112.9 316.6 11108535 11,3774
GSI 40.0 £89.7 12.5[6.3-32.4] 195.8 429.5 1.9t01,055.4 17,743.2
HiTsp 1731124 13.4[11.7-18.2] 39.0 77.3 6.5t0101.8 7,698.2
GAMBIT 0.145 +0.111 0.110[0.073-0.175] 0.386 0.562 0.022 to 0.806 64.4
ms 11.6 9.2 9.0 [5.0-16.8] 33.8 39.6 1.0t045.0 5,169.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.014 0.120
RWERGtational 0.157 £0.336 0.001[0.000-0.022] 1.000 1.000 0.000 to 1.000 69.5
RWEcp 0.069 £0.214 0.001 [0.000-0.004] 0.689 0.998 0.000 to 1.000 30.7

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.
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Table 13: Summary of competition match 11 impact biomechanics for impacts to the head (n=815) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 2154149 15.8[12.1-24.2] 51.7 84.9 10.0to 165.9 17,489.6
PRA (rad/s?) 3,798.7 £3,630.8  2,681.1[1,534.5-46436] 11,7611 17,1679 1221t030,333.2  3,095929.4
HIC15 25.7 +65.2 6.3 [3.7-18.1] 108.1 360.6 1.2t01,086.8 20,943.0
GSl 40.2 £93.5 12.7 [5.7-29.5] 172.5 4785 1.81t01,371.7 32,738.2
HITsp 17.6 £13.4 13.6[12.0-17.8] 417 75.8 6.110181.2 14,353.5
GAMBIT 0.141 £0.110 0.101[0.067-0.171] 0.381 0.532 0.015t0 0.841 114.5
ms 111485 8.0 [5.0-16.0] 31.0 37.0 1.0t041.0 9,085.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 to 0.008 0.232
RWERotational 0.170 £0.347 0.001[0.000-0.038] 1.000 1.000 0.000 to 1.000 138.4
RWEcr 0.080 £0.235 0.001[0.000-0.006] 0.796 0.999 0.000 to 1.000 64.9

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 14: Summary of competition match 12 impact biomechanics for impacts to the head greater (n=301) than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75" interquartile
range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 20.8 £14.1 15.6 [12.1-24.7] 51.0 80.0 10.0 to 165.9 6,261.3
PRA (rad/s?) 3484830373  2,619.7[1,634.8-4,3124] 93351 155035 3541020,331.8  1,048,933.7
HIC1s 23.3 +64.1 7.1[4.2-15.8] 101.4 272.8 1.1t0879.5 7,013.0
GSI 36.2 £89.3 134 [7.0-27.1] 139.7 4119 1.9t01,092.4 10,909.7
HiTsp 20.0 £15.0 15.6 [13.0-20.6] 453 82.6 11410 176.0 6,020.0
GAMBIT 0.133 +£0.092 0.106 [0.074-0.156] 0.308 0.525 0.033 t0 0.676 39.9
ms 11.1 8.6 8.0 [5.0-15.0] 32.0 39.0 1.0t043.0 3,343.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 t0 0.018 0.087
RWERGtational 0.134 +0.303 0.001 [0.000-0.020] 0.998 1.000 0.000 to 1.000 405
RWEcp 0.050 £0.186 0.001 [0.000-0.005] 0.317 0.997 0.000 to 1.000 15.1

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 15: Summary of competition match 13 impact biomechanics for impacts to the head (n=556) greater than 10g recorded
by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 212 %146 15.6[12.0-25.2] 53.7 88.1 10.0to 165.9 11,144.0
PRA (rad/s?) 4,0205+3,675.7  2,865.1[1,678.1-5053.5] 11,597.3 17,8183 7910327204  2,110,746.7
HIC1s 23.3+60.4 6.7 [3.5-16.2] 91.7 350.5 11107430 12,226.3
GSI 37.2£941 12.4[6.2-28.0] 146.8 597.6 1.8t01,173.1 19,515.9
HiTsp 16.9+12.6 13.5[11.7-18.0] 36.3 67.5 6.5 10 146.9 8,897.3
GAMBIT 0.148 £0.114 0.111[0.070-0.179] 0.375 0.646 0.026 t0 0.911 77.8
ms 104 7.8 8.0 [5.0-15.0] 26.0 37.0 1.0t042.0 5,481.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.005 0.000 t0 0.013 0.153
RWERGtational 0.179 £0.350 0.001 [0.000-0.081] 1.000 1.000 0.000 to 1.000 94.1
RWEcp 0.079 £0.232 0.001 [0.000-0.007] 0.777 0.999 0.000 to 1.000 417

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.
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Table 16:

Summary of competition match 14 impact biomechanics for impacts to the head (n=983) greater than 10g recorded

by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median [25-75% interquartile
range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 274 £18.0 21.2[13.3-36.2] 61.5 91.6 10.0to 165.9 25,797.4
PRA (rad/s?) 52105+4,0785  3919.7[2,144.1-74859] 13,468.6 17,6018 26.8t022,535.7 4,913505.5
HIC15 439 +73.0 12.5[4.9-50.3] 2011 354.0 1.0t0559.9 41,408.5
GSl 67.2 £108.0 21.1[9.5-74.5] 2849 533.0 16107828 63,361.6
HITsp 17.7 £14.2 12.5[9.2-20.5] 474 76.8 4910103.8 16,720.3
GAMBIT 0.189 +0.127 0.155[0.090-0.259] 0.440 0.597 0.029 to 0.693 178.0
ms 139497 11.0[7.0-20.0] 35.0 40.6 1.0t044.0 13,080.0
RWELinear 0.000 +£0.002 0.000 [0.000-0.000] 0.001 0.006 0.000 to 0.025 0.439
RWERotational 0.317 £0.431 0.009 [0.000-0.920] 1.000 1.000 0.000 to 1.000 298.6
RWEcr 0.158 £0.308 0.003 [0.000-0.086] 0.965 0.999 0.000 to 1.000 148.6

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 17: Summary of competition match Semi-Final 1 impact biomechanics for impacts to the head (n=681) greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 18.5+14.2 12.0[11.4-19.1] 479 79.1 10.1to0 165.9 21,4370
PRA (rad/s?) 2,646.7 £3517.8  1,779.9(8.1-3,720.8] 10,0584 16,0300 4.41020,112.2 3,067,528.6
HIC1s 19.7 £56.3 5.7[5.3-10.2] mnr 258.3 1.310699.5 22,854.7
GSI 32.7 +£80.5 14.4 [11.2-17.9] 117.2 359.1 2.5t0984.6 37,917.6
HITsp 18.0+134 14.3[14.0-16.8] 36.1 814 7.11t0 158.6 20,807.7
GAMBIT 0.109 +0.108 0.074 [0.035-0.138] 0.335 0.530 0.0311t00.783 126.3
ms 14.2 £101 11.0 [6.0-20.0] 36.0 37.0 1.0t041.0 16,513.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.003 0.000 to 0.016 0.324
RWERotational 0.125 +0.308 0.000 [0.000-0.006] 0.999 1.000 0.000 to 1.000 144.7
RWEcr 0.060 +0.210 0.000 [0.000-0.002] 0.551 0.996 0.000 to 1.000 70.0

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 18: Summary of competition match Semi-Final 2 impact biomechanics for impacts to the head (n=1,212) greater than
10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 29.3£16.4 25.3[15.7-38.6] 61.0 83.5 10.0t0 165.9 35,492.6
PRA (rad/s?) 5,704.8 £3,520.9 4,871.8[3,008.3-7,893.6] 11,9894 16,701.9 673.2t021,161.1  6,914,252.3
HIC15 440 £65.3 20.5[6.8-54.2] 168.2 363.6 1110 649.4 53,305.1
GSI 68.7 £98.0 32.9[11.0-85.1] 266.5 487.9 1.610839.5 83,270.3
HITsp 16.0 £13.2 11.6 [7.7-19.6] 39.7 729 3.2t0114.5 19,448.6
GAMBIT 0.205 £0.117 0.1851[0.117-0.271] 0.426 0.558 0.031t0 0.767 248.4
ms 149499 12.0 [8.0-21.0] 36.0 39.0 1.0t046.0 18,088.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.004 0.000 t0 0.020 0.497
RWERotational 0.370 £0.436 0.058 [0.001-0.963] 1.000 1.000 0.000 to 1.000 448.3
RWEcr 0.150 £0.279 0.007 [0.001-0.131] 0.902 0.998 0.000 to 1.000 181.4

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 19: Summary of competition Grand Final match impact biomechanics for impacts to the head (n=1,018) greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean *SD Median [25t-75t] 95% 99% Range Cumulative
PLA (g) 23.2+15.6 17.5[12.0-28.3] 56.0 87.3 10.0to 165.9 23,4253
PRA (rad/s?) 42652 +34224  3,295.0[1,969.7-5,589.5] 11,4588 15840.1 11.81021,780.8  4,312,126.3
HIC15 30.2 +60.7 8.3 [4.2-27.6] 129.9 338.3 1.0t0582.0 30,552.4
GSl 51.6 £+104.8 14.6[7.1-42.2] 2441 516.9 15t01,025.3 52,172.9
HITsp 18.5+14.7 13.3[10.7-19.7] 479 82.5 5.61t0137.3 18,727.8
GAMBIT 0.166 +0.128 0.125[0.077-0.208] 0.441 0.634 0.025 0 0.763 167.7
ms 127499 9.0 [5.0-18.0] 34.0 39.0 1.0t044.0 12,837.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.005 0.000 t0 0.012 0.318
RWERotational 0.221 +0.381 0.003 [0.000-0.206] 1.000 1.000 0.000 to 1.000 2236
RWEcr 0.090 £0.236 0.001[0.000-0.014] 0.838 0.998 0.000 to 1.000 914

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.
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Table 1: Summary of competition match impact biomechanics of forwards for impacts to the head (n=9,875) greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25th-75t] 95th 99th Range Cumulative
PLA (g) 24.6 £16.2 18.9[12.9-30.4] 574 574 10.0 t0165.9 242,504.3
PRA (rad/s?) 42872+3651.0  3,171.1[1,820.5-5,706.2] 11,7888 11,788.8  4.11032,720.4  42,336,421.6
HIC15 334 +68.8 10.3 [4.8-30.9] 138.5 138.5 0.9 t01,086.75 330,221.2
GSl 41.0 £80.6 13.6[7.1-38.5] 1731 1731 1.0 t01,206.19 395,792.5
HITsp 52.0 £+102.6 16.9[8.8-49.1] 220.7 220.7 0.0 to1,494.60 513,557.8
GAMBIT 0.163 £0.119 0.127 [0.080-0.212] 0.403 0.403 0.015 t00.987 1610.353
ms 12.9 9.1 10.0[6.0-18.0] 322 322 1.0t046.0 127803.0
RWELinear 0.000 £0.002 0.000 [0.000-0.000] 0.001 0.001 0.000 t00.202 3.842
RWERotational 0.223 +0.382 0.002 [0.000-0.246] 1.000 1.000 0.000 t01.000 2,205.0
RWEcr 0.098 +0.248 0.001[0.000-0.017] 0.866 0.866 0.000 to 1.000 964.8

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 2: Summary of competition match impact biomechanics of forwards for impacts to the front of the head (n=2,869)
greater than 10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD),
median [25-75" interquartile range], 95! percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 26.9 £16.6 21.3[14.9-33.6] 61.0 61.0 10.0 to 127 4 77,040.8
PRA (rad/s?) 4748735459  3,675.4[2,347.0-5980.8] 12,335.0 12,3350 29910288826  13,624,065.1
HIC1s 38.6 £72.5 13.7 [6.0-38.7] 163.1 163.1 0.9 t0 1,086.75 110,764.0
GSI 41.0 £80.6 13.6 [7.1-38.5] 1731 17341 1.0t0 1,206.19 395,792.5
HiTsp 59.6 £109.1 22.2[10.0-59.3] 2517 251.7 0.0101,371.70 170,861.8
GAMBIT 0.184 +0.117 0.149[0.104-0.230] 0.424 0.424 0.019 t0 0.909 526.934
ms 14.0 8.9 11.0[7.0-19.0] 320 32.0 1.0t0 44.0 40137.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.034 1.158
RWERGtational 0.241 +0.387 0.006 [0.000-0.361] 1.000 1.000 0.000 to 1.000 691.6
RWEcp 0.104 £0.256 0.002 [0.001-0.023] 0.914 0914 0.000 to 1.000 298.4

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.

Table 3: Summary of competition match impact biomechanics of forwards for impacts to the back of the head (n=2,733)
greater than 10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (£SD),
median [25-75% interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 26.4 +16.1 21.5[14.4-33.3] 58.3 58.3 10.0to 1214 72,082.8
PRA (rad/s?) 4796937102  3,590.0[2,152.0-6,501.0]  12,030.5 12,0305 104.3t032,720.4  13,110,042.8
HIC15 3754741 13.5[4.9-37.8] 142.0 142.0 0.9t0 879.49 102,512.4
GSl 41.0 £80.6 13.6[7.1-38.5] 1731 1731 1.0t0 1,206.19 395,792.5
HITsp 57.6 £109.6 21.1[7.7-59.5) 235.2 2352 0.0t01,316.15 157,508.7
GAMBIT 0.177 £0.123 0.141[0.087-0.231] 0.422 0.422 0.026 to 0.987 485.079
ms 13.2 9.1 11.0[7.0-18.0] 33.0 33.0 1.0t044.0 36082.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.026 1.088
RWERotational 0.270 +0.404 0.005 [0.000-0.616] 1.000 1.000 0.000 to 1.000 7379
RWEcr 0.115 £0.263 0.002 [0.000-0.035] 0.888 0.888 0.000 to 1.000 313.2

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability.
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Table 4: Summary of competition match impact biomechanics of forwards for impacts to the side of the head (n=3,963) greater

than 10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (£SD), median
[25-75" interquartile range], 95t percentile, 99t percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g9) 213+155 15.0 [11.4-24.5] 53.4 534 10.0 to 165.9 84,320.8
PRA (rad/s?) 3,486.1 £3,5326  2,397.2[1,221.0-4,379.4] 11,0032 11,0032 4.1t030,270.0  13,815,286.4
HIC1s 26.0 +61.7 6.4 [4.4-18.1] 115.2 115.2 1.0 to 1,052.52 102,951.2
GSI 41.0 £80.6 13.6[7.1-38.5] 1731 1731 1.0t0 1,206.19 395,792.5
HiTsp 4144923 13.5[8.3-29.1] 180.4 180.4 0.0 to 1,494.60 164,058.7
GAMBIT 0.135+0.112 0.096 [0.064-0.164] 0.366 0.366 0.018 t0 0.956 534.654
ms 11.7 £9.1 9.0 [5.0-16.0] 32.0 320 1.0t046.0 46447.0
RWELinear 0.000 +£0.004 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.202 1.483
RWERGtational 0.166 £0.347 0.000 [0.000-0.022] 1.000 1.000 0.000 to 1.000 658.9
RWEcp 0.076 £0.225 0.001[0.000-.004] 0.770 0.770 0.000 to 1.000 302.8

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 5: Summary of competition match impact biomechanics of forwards for impacts to the top of the head (n=310) greater

than 10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99™ percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th g9th Range Cumulative
PLA (g) 29.2£14.6 26.4 [17.6-38.1] 58.2 58.2 10.2 to 107.9 9,059.8
PRA (rad/s?) 5,764.6 £3,583.1  4,758.4[3,039.9-8,051.6] 122174 122174 283.91t017,900.1  1,787,027.4
HIC15 45.1£60.0 22.9[9.6-57 4] 175.2 175.2 1.0 to 501.42 13,993.6
GSI 41.0 £80.6 13.6 [7.1-38.5] 17341 1731 1.0t0 1,206.19 395,792.5
HITsp 68.2 £89.4 35.2[14.1-86.4] 259.9 259.9 0.0 to 686.02 21,1285
GAMBIT 0.205 +0.111 0.182[0.121-0.272] 0.419 0.419 0.015 t0 0.620 63.687
ms 16.6 £9.7 15.0[9.0-23.0] 35.0 35.0 1.0t042.0 5137.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 t0 0.013 0.113
RWERotational 0.376 +0.440 0.047 [0.002-0.973] 1.000 1.000 0.000 to 1.000 116.6
RWEcr 0.163 £0.294 0.007 [0.001-0.150] 0.927 0.927 0.000 to 0.999 50.4

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability. * = unable to calculate

Table 6: Summary of competition match impact biomechanics of backs for impacts to the head (n=4,020) greater than 10g

recorded by an instrumented patch in a senior amateur rugby league team for the mean (SD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 19.8 £13.7 14.5[11.6-22.0] 482 48.2 10.0 to 124.1 79,545.9
PRA (rad/s?) 3,705.7 £3267.0  2,804.9[1,564.0-4,814.6] 10,7285 10,7285 115t025,1088  14,897,001.2
HIC15 24.7 £59.4 5.2[2.8-13.6] 79.6 79.6 0.6 to 735.65 76,126.6
GSI 284 £73.7 7.7[3.7-18.4] 101.6 101.6 0.9t0773.25 86,092.6
HiTsp 18.7 £14.0 8.0 [3.6-20.7] 124.3 124.3 0.0101,173.10 114,354.6
GAMBIT 0.134 +£0.103 0.103 [0.065-0.166] 0.341 0.341 0.01910 0.925 537.842
ms 9.1471 7.0[4.0-11.0] 24.0 24.0 1.0t044.0 36387.0
RWELinear 0.000 £0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.029 1.075
RWERGtational 0.000 +0.000 0.001[0.000-0.052] 1.000 1.000 0.000 to 1.000 647.9
RWEcp 0.000 £0.000 0.001 [0.000-0.006] 0.678 0.678 0.000 to 1.000 266.9

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 7: Summary of competition match impact biomechanics of backs for impacts to the front of the head greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 21.8£14.9 16.2 [12.7-24.6] 544 544 10.0t0 119.2 25,710.2
PRA (rad/s?) 4,509.4 £3,213.3 3,507.1[2,445.8-5460.7]  11,903.9 119039 161.9t021,715.0  5,307,590.8
HIC15 24.7 £59.4 7.0[3.7-17.5] 103.4 103.4 0.9 t0 538.55 26,736.0
GSlI 35.2£80.5 7.7[3.7-18.4] 101.6 101.6 0.91t0773.25 86,092.6
HITsp 19.1 £14.1 11.5[6.0-27.2) 149.8 149.8 0.0t01,173.10 41,484.7
GAMBIT 0.161 £0.108 0.130 [0.092-0.193] 0.395 0.395 0.019t00.763 189.000
ms 103474 8.0 [5.0-13.0] 26.0 26.0 1.0t044.0 12166.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 t0 0.023 0.362
RWERtational 0.000 £0.000 0.004 [0.000-0.167] 1.000 1.000 0.000 to 1.000 235.6
RWEcr 0.000 £0.000 0.002 [0.001-0.011] 0.846 0.846 0.000 to 1.000 102.9

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd

Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotational = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 8: Summary of competition match impact biomechanics of backs for impacts to the back of the head (n=1,062) greater
than 10g recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median
[25-75M interquartile range], 95™ percentile, 99™ percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 21.0+14.5 15.7[12.1-23.9] 49.8 498 10.0 to 124.1 22,3153
PRA (rad/s?) 4,289.3 £3,662.0 3,148.4[1,727.2-5564.1 11,7134 11,7134 432110251088  4,555,285.6
HIC1s 24.7 £59.4 5.9[3.3-15.1] 87.7 87.7 0.910735.65 24,262.6
GSI 34.14£91.6 7.7[3.7-18.4] 101.6 101.6 0.91t0773.25 86,092.6
HITsp 19.1¢15.2 9.0[5.0-23.2] 135.4 1354 0.0 t0 1,061.65 36,223.9
GAMBIT 0.144+0.112 0.107[0.073-0.178] 0.361 0.361 0.033 t0 0.925 153.383
ms 9.06.9 7.0 [4.0-11.0] 240 240 1.0t044.0 9608.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.029 0.327
RWERotational 0.000 +0.000 0.002 [0.000-0.197] 1.000 1.000 0.000 to 1.000 2215
RWEcr 0.000 £0.000 0.001[0.000-0.011] 0.855 0.855 0.000 to 1.000 92.1

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotationa = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.

Table 9: Summary of competition match impact biomechanics of backs for impacts to the side of the head greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (+SD), median [25-75
interquartile range], 95" percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean £SD Median [25t-75t] 95th 99th Range Cumulative
PLA (g) 172116 12411.2-18.1] 39.3 39.3 10.0 to 103.7 28,8347
PRA (rad/s?) 2,693.0+2,6984  1,898.6([1,013.7-34995] 79800 79800 115t019,9564  4,521544.6
HIC1s 24.7 £59.4 3.6[2.3-9.0] 52.5 52.5 0.6 t0470.33 21,7217
GSI 18.8 +49.9 7.7[3.7-18.4] 101.6 101.6 0.910773.25 86,092.6
HITsp 18.2+12.8 4.4[24-143] 76.7 76.7 0.0 t0 597.80 31,581.6
GAMBIT 0.105 £0.085 0.072 [0.048-0.133] 0.285 0.285 0.028 to 0.702 176.963
ms 79+6.7 6.0 [3.0-10.0] 220 220 1.0t042.0 13319.0
RWELinear 0.000 +0.001 0.000 [0.000-0.000] 0.000 0.000 0.000 to 0.011 0.336
RWERtational 0.000 £0.000 0.000 [0.000-0.004] 0.969 0.969 0.000 to 1.000 164.9
RWEcr 0.000 £0.000 0.000 [0.000-0.002] 0.145 0.145 0.000 to 1.000 59.6

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s= Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWErttona = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted

Exposure Combined (linear and rotational) Probability.
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Table 10: Summary of competition match impact biomechanics of backs for impacts to the top of the head greater than 10g
recorded by an instrumented patch in a senior amateur rugby league team for the mean (xSD), median [25-75%
interquartile range], 95t percentile, 99" percentile, range and cumulative (sum of all impacts) total.

Mean +SD Median [25t-75t] 95th 99th Range Cumulative

PLA (g) 26.3+16.5 21.3[15.8-30.5] 63.7 63.7 10.1t0 117.0 2,685.8
PRA (rad/s?) 5,025.3+£3,566.7  3,876.5[2,740.0-6,405.3) 12,1909 12,1909  832.4to 18,907.1 512,580.2
HIC15 24.7 594 13.1[6.9-26.5] 138.0 138.0 1.3t0471.17 3,400.3
GSl 497 £92.3 7.7[3.7-18.4] 101.6 101.6 0.9t0773.25 86,092.6
HITsp 21.1+16.2 18.9[10.3-40.7] 212.0 212.0 0.0 t0 633.95 5,064.4
GAMBIT 0.181 +0.112 0.152[0.112-0.217] 0.381 0.381 0.023t0 0.720 18.496
ms 12777 11.0[7.0-17.0] 29.9 29.9 1.0t040.0 1294.0
RWELinear 0.000 +0.002 0.000 [0.000-0.000] 0.001 0.001 0.000 to 0.021 0.050
RWERtational 0.000 +0.000 0.008 [0.001-0.569] 1.000 1.000 0.000 to 1.000 259
RWEcr 0.000 +0.000 0.002 [0.001-0.027] 0.962 0.962 0.000 to 1.000 123

PLA (g) = peak linear acceleration; PRA (rad/s?) = peak rotational acceleration in radians/second/second (rad/s?); HIC1s = Head Impact Criterion (15 ms); GSI = Gadd
Severity Index; HITsp = Head Impact Telemetry severity profile; GAMBIT = Generalised Acceleration Model for Brain Injury Threshold; ms = impact duration in
milliseconds; RWELinear = Risk Weighted Exposure Linear accelerations; RWERrotational = Risk Weighted Exposure Rotational accelerations; RWEce = Risk Weighted
Exposure Combined (linear and rotational) Probability; * = unable to calculate
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