The Presence of Known Biomechanical
Risk Factors for Low Back Injuries in
Junior Cricket Fast Bowlers

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

A thesis submitted in fulfilment of the requirements for the degree of
Master of Philosophy
in Exercise & Sport Science

March 2019

Herath Mudiyanselage Sajeewa Udana Bandara

B.Sc. (Hon.) Special in Sport Science and Management

School of Environmental and Life Sciences
Faculty of Science
University of Newcastle

AUSTRALIA




Statement of Originality

I hereby certify that the work embodied in the thesis is my own work, conducted under normal
supervision. The thesis contains no material which has been accepted, or is being examined,
for the award of any other degree or diploma in any university or other tertiary institution and,
to the best of my knowledge and belief, contains no material previously published or written
by another person, except where due reference has been made. I give consent to the final
version of my thesis being made available worldwide when deposited in the University’s
Digital Repository, subject to the provisions of the Copyright Act 1968 and any approved

embargo.

29 March 2019

H.M.S. Udana Bandara B.Sc. (Hon.) Special Date Signed



Acknowledgements

This is by far the most difficult part of this thesis for me. There are a number of people that I
should express my heartfelt gratitude to. When I turn back and look at the past two years it has
not been a rosy path. A number of challenges were there to be overcome. I was lucky enough
to be surrounded by wonderful people who helped me in numerous ways to overcome all the
challenges throughout this journey. This chapter in my life would not have been completed

without all of their support.

First and foremost, I would like to highly acknowledge Dr Xanne Janse de Jonge, my principal
supervisor, mainly for accepting to supervise me when I had to change my supervisory panel
halfway through my journey. It was a hard and difficult period resulting in sleepless nights, but
she was there to help me get myself back on track. With her guidance, enthusiastic
encouragement, useful critiques of this research work and more importantly, her patience. I
would like to express my gratitude to Dr Adrian Schultz, my co-supervisor for providing me
with invaluable support throughout the research study. His constructive suggestions and
guidance helped me throughout this time to research, work and write this thesis. [ am so grateful
to have such wonderful supervisors, Xanne and Adrian who were there at the most difficult
time during this journey and I have no words to express my gratitude to them. They both are

more than academics they are ‘Life Savers’. I owe a lot to both of them for where I am today.

I would also like to acknowledge Dr Andrew Schaefer, my consultant supervisor, for his
knowledge of biomechanics and tremendous support in the data collection, extraction and
analysing of cricket fast bowling. Without his support, this study would not have been
completed. My special thanks should go to Dr Kapila Rathnayake, one of my lecturers while I
was an undergraduate in Sri Lanka for his valuable support with statistics. Also, I would like
to commend Dr Suzi Edward, my former primary supervisor, for the grounding and foundation
that I received during the first year of my study, I appreciate the opportunities that she gave me

to get experience in data collection at the Australian Institute of Sports.

I greatly acknowledge The School of Environmental and Life Science, The University of

Newcastle, for giving me an opportunity to do my postgraduate research and provide me with

il



all the necessary facilities to complete my research studies. It is a great honour to study at one

of the best universities in the world.

I highly appreciated all the faculty staff at the school, as well as that of the EXSS department
for all the help throughout the past two years. Special thanks go to associate Professor Frances
Martin for her kind cooperation during the process of changing the supervisory panel. I also
would like to recognise the laboratory technician Mr Ethan for his wonderful support with

technical issues throughout my study.

Participants, the most important stakeholders in this study, my heartiest gratitude to them for

participating voluntarily and completing the allocated experimental task at their best.

I would also like to thank all the parents for giving permission to their children, for bringing

them to the testing on time and taking time to communicate and cooperate with me.

I would not forget the support I received from the clubs as well as the coaches for their kind

cooperation and for helping me to find suitable participants.

Great respect and thanks should go to the research assistants Toni and Deklan for their excellent
support with the data collection process. They exhibited skilful and professional effort with all
the process of data collection, ensuring the data collection process functioned efficiently. I
really appreciate all your hard work and commitment. I would like to express a very special
thanks to Laura from Spain who was here in Australia for an internship during her PhD, for her
invaluable help during my data collection. She was kind enough to allocate time from her tight
schedule to me, staying late afternoons and helping me with data collection. A big bow to her

for her generosity.

The one biggest blessing I had throughout these two years was my friends in the exercise and
sport science postgraduate office. All my friends were there for me, helping me in every
possible way. I would like to thank Belinda for helping me with analysing DXA scans. Special
thanks go to Tye and Meaghan for being the most wonderful and energetic pair in the office
and helping me by sharing their knowledge of Biomechanics as well as helping me to
understand Australian culture, also for keeping me motivated at all times. The assistance I
received from Jade for my writings and rephrasing was really appreciated. I admire all my other
friends Sarah, Kate, Lauren and Diana for being such wonderful friends. Also, I would like to

remember my cricket teammates, Captain Greg and all others for all the encouragement and

il



brotherhood throughout last season from the beginning to Grand finals. The time I spent with

them helped relieve my academic stress.

Thank you, all my friends, for being such wonderful people, because of you all I never felt I
was living away from my motherland. We didn’t realize we were making memories; we just

knew we were having fun.

Completing this without a scholarship was so challenging. Firstly, I would like to express my
gratitude to Mr Amrith, the owner of Metro Petroleum Tarro who offered me a job when I
came here to Australia, even though I didn’t have any experience as a console operator. Also,

for giving me reasonable shifts to cover my living expenses.

Secondly, I would like to acknowledge Mr Dharam, the owner of Metro Petroleum Ourimbah
for hiring me and arranging my roster to accommodate my university studies, also for allowing
me to do my studies at the workplace. I do really appreciate his motivation and help to complete

my academic goals.

I would like to thank all the staff members at both places, for all their help including covering
my shifts when it was needed. [ have great respect for all these people, they all gave invaluable

help to the success of this journey.

I would like to acknowledge all my housemates, Rahul, Christian, Mohamed, Gabby, Nick,
and Ashly for an enjoyable time, parties, and also the friendship.

I greatly appreciate, a wonderful lady Ms Cherie (“Achchi” my Australian grandma) who
looked after me during the last three months of the thesis. Her love, care, kindness as well as

motivation helped me a lot to concentrate on my thesis writing.

Last but not least, I would like to express my heartfelt gratitude to the most important people
in my family who were behind me throughout this journey. Heartfelt acknowledgement to my
wonderful Uncle Dr Jaime and Aunty Mrs Chandra, for the financial support by sponsoring me
and paying off my tuition fee. Without their support and motivation, this would have been only
a dream. I sincerely appreciate both of them for their love, care, and motivation. Even though
they were having a really hard time with Auntie’s health, both of them ensured I continued my
studies in a stress-free environment. They were both a dad and mom to me during my time here

in Australia.

v



I would like to extend my appreciation to my loving parents Mr Tikiri Banda Herath and Mrs
Bandara Manike for all the love, encouragement and protection they gave me since I was born.
Also, to my loving elder sister Pathibhani for being a role model and helping me in every
possible way. I thank my younger sister Samdharitha, for being there for me and motivating
me all the time and helping our parents while myself and Prathibhani are out of the country.
Also, I would like to thank my fiancée, Tharundi, for everything she did throughout past years
with a long-distance relationship, all her courage, surprises and love kept me motivated

throughout this journey.

Finally, I humbly apologise if [ have missed out anybody else who has inspired me throughout

this journey. You all know who you are, and I am grateful.



This thesis is dedicated to my loving “Punchi Amma” (mom’s younger sister), my
second mother, Mrs. Chandra who left us too early, after two years of battle with non-
smoking lung cancer. This was one of her biggest dreams. Dear “Punchi Amma”,
thank you very much for your unconditional love, care and the huge encouragement.

Without you, I could not have accomplished this.

I really miss you.

Vi



Table of Contents

Statement of OrigiNality ......ccccvveiiinissnriiniisnricssssniecsssnricsssssssesssssssssssssssssssssssssessssssssssssssssssssns i
ACKNOWICAZGEIMENLS ..cuuuerriiiiirnnrieiisnniessssnrecsssssssesssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssasss ii
LISt Of TADIES cccounreeniiiiiitiiniiciiininniecniecsntinnenssessssecsnssssnsssessssesssnssssssssassssessssssssssssassssessssses ix
LSt Of FIUI@S.cuciiueiiiiniiinnrininiinsnninssncsssncssssiessssnsssssesssssessssesssssssssssosssssssssssossssssssssssssssssssns xi
LiSt 0f ADDIevIAtions ...ccuccieecviiisenseenieecsenssninsecssnecsessssessessssecssnssssssssassssesssassssssssassssssssase xii
ADSIEACT . ueeueiiiuiiieeiiteesstecsnnissaessseessseessnssssesssessssesssnssssssssassssesssassssssssassssessssssssssssassssesssasssassss xvii
1. Chapter 1. INtrodUCHION ......cccviiiiiieciieeeeeecee ettt et ee e et e e eaee e s reeenereeens 2
L1 RAIONALE ....coiiiiiiee ettt ettt st e 2

1.2, Background..........oooiiiiiiiiiiie et 3

1.3. Risk factors associated with low back injuries in fast bowlers .............cccceevenee. 11

1.4. Significance, aims and [IMitationsS............ccceeriieiieniireriienie e 20

2. Chapter 2. Biomechanical factors associated with low back pain and lumbar spine

injury in cricket fast bowlers: a SyStematic TEVIEW ..........ccueeeveeiiieniieriienieeiieeie e eve e 23
2.1, INEEOAUCHION ...ttt ettt ettt et e st e s aee e 23
B Y, (511 1 1o T (0] (0o 2SR 25
230 RESUILS ettt et ettt ettt 28
2.4, DISCUSSION...ceutiiiiiiietieite sttt ettt et ettt et e it sb e et et e s bt e bt eatesbeeteeaeesaeeneas 40
2.5, CONCIUSION ...cuiiiiiieiieee ettt sttt ettt et et st e bt ae s 45

3. Chapter 3. A pilot study investigating biomechanical characteristics, bone health and

muscle distribution in junior cricket fast BOWIEIS.........cccoeiiiiiiiiiieiiiiieeiieeeeeeee 47
3.1 INEFOAUCTION ..ttt ettt ettt e b et e e 47
3.2, MethOAOLOZY .....uviieeiieeiee ettt ettt et e e et e e st e e e e e sabeeesnseeeenneeeas 51

vii



3.3 R ESUIES ettt e e e ————————aaaaaaraa_ 62

34, DISCUSSION. .. utteiiieiiieiie ettt ettt et et e et e e bt e et e e bt e st e e bt e eabeebeesabeebeeesbeebeesaneenne 72
3.5. Limitations Of thiS StUAY .......ccoviiiiiiiiiiiecieeceee e 78
3.6, CONCIUSION ...ttt ettt ettt st b et saeenae e 79

Chapter 4. Summary and recommendations ............c.eeeeerueeriienieenienieenieenee e 82
4.1.  Summary of Major fINAINGS ......cc.eeeriiieriieeiiee et e 82
4.2.  Recommendations for future research..........c.ccoooeiiiiiiiiiiiiiine 84

RETEIENICES ...ttt ettt et 85

APPEIAICES. ...ttt eiteeite ettt e et et e et e stteebeestteeabe e teesabaenbeeenbeeseeenbeenbeeenseenaens 92
6.1.  Appendix 3.1 Injury history qUESHIONNAITE .........ccuervereerierienieienieieee e 92
6.2. Appendix 3.2 Physiotherapy asseSSMent.........c.cceccueeerieeeiieeeiieeeiieeeieeeeveeeeveeens 97
6.3.  Appendix 3.3 ConSent fOIM.......eeriiieeiiieeiieeeiee e et eve e eee e eeeeereeesreeeseaeeens 98
6.4. Appendix 3.4 Ethical committee approval. ..........ccceeeiieeiiienciienieecee e, 100
6.5. Appendix 3.5 Coronary artery disease risk factory stratification........................ 101
6.6. Appendix 3.6. Marker POSIHIONS .........cecuierieeriieriieiienie et eie e ere e sereereesenes 102

viii



List of Tables

Table 1. 1 Overview of iNjuries iN CTICKET .........couieiiieriieiieeie ettt 7
Tablel.2 Bowling action classification SYStEMS .........ccvervieriierieeniienieeiieeieesiee e eieeseeeeeeens 15
Table 2.1 Extracted INTOIMAtION ......oooeeeeeeeeieeeeeeeeeee e, 27
Table 2.2 Search results from each of the electronic databases.........cooovvvveveveeiieeeieeeeeieeeeeeeen. 28

Table 2.4 Table of numerical values for the quality assessment of the articles included in this
SYSTEIMATIC TEVIEW ..uieueiieuiieeiieetiesiteetee ettt eteessteesteessseeseesaseesseaasseenseessseenseessseenseessseenseesssesnseens 30
Table 2.5 Characteristics of the participants and methodologies of the included studies ....... 34
Table 2.6 Main findings for kinetic factors in non-injured fast bowlers and fast bowlers with a
current lumbar spine injury and/or abnormality ............ccccceerieriiiiniieniiieiieeie e 36

Table 2.7 Main findings for kinematic factors in non-injured fast bowlers and fast bowlers with

a current lumbar spine injury and/or abnormality...........cccceevieriieriieniiienierieeeece e 39
Table 3. 1 Midpoint markers to estimate JOINt CENIES.......eeruierireriieriieiieeieeriee e eiee e eeeens 56
Table 3.2 The X, y, and Z cardan SEQUENCE ...........cecvierieriieriienieeieeeteeiee e esiee e eaeesaeeeeens 57
Table 3.3 Bowling action classifiCations ...........ccceeeuieiieiiieniienie et 62
Table 3.4 Joint segment KINEMATICS ........ceiuieriieriieriieiie et eiee ettt e et seeebeessaeeeeens 64
Table 3. 5 Comparison between bowling actions for segment alignment ...............cccceeveneen. 65

Table 3.6 Comparison between bowling action for maximum joint moments (relative BM x

iX



Table 3.8 Comparison between dominant and non-dominant side for BMD.......................... 69
Table 3.9 Comparison between bowling actions for BMD of different regions of the body. .70
Table 3.10 Comparison between dominant and non-dominant side for lean mass ................. 71

Table 3.11 Comparison between bowling actions for lean mass of different regions of the body



List of Figures

Figure 1.1 Conventional alignment angle system for a right-hand bowler which is used to
measure alignment angle from the orientation of a vector running from left joint centre (LJ) to
right joint centre (RJ) with respect to the X - axis. Figure extracted from Ferdinands et al.
(20T0) ettt b et a et b ae et 13
Figure 1.2 New conventional alignment angle system for a right-hand bowler which is used to
measure alignment angle from the orientation of a vector running from right joint centre (RJ)

to left joint centre (LJ) with respect to the X - axis. Figure extracted from Ferdinands et al.

(20T0) 1ttt b bbbttt a ettt e et b 14
Figure 2.1 Summary of the literature search...........c.cocevieniiiiiiiniiiiinececeeees 29
Figure 3.1 Data collection SEQUENCE ...........ceovieiiriieriiriiiiieieeeesiteste ettt 52
Figure 3.2 Five stages of bowling action. Figure extracted from Schaefer et al. (2018)......... 59

xi



%

2D

3D

AH

ANOVA

Ant

ASIS

AV

BFA

BFC

BIC

BMC

BMD

List of Abbreviations

Degrees

Greater than

Less than

Percent

Plus or minus

Indicates significant different results
Two-dimensional
Three-dimensional

Arm horizontal

Analysis of variance
Anterior

Anterior superior iliac spine
Arm vertical

Back foot angle

Back foot contact

Back foot initial contact
Bone mineral content

Bone mineral density

xii



BR

Bul

BM

CI

CT

cm

cm

CSA

DXA

D.Degen

EMG

GRF

Fant

FFC

Flat

Fmed

F post

FTO

Ball release

Bulging

Body mass

Confidence interval

Computed tomography

Centimetre

Centimetre squared

Cross-sectional area

Cohen’s d

Duel-energy X-ray absorptiometry

Disc degeneration

Electromyography

Ground reaction force

Gram

Anterior force

Front foot contact

Lateral force

Medial force

Posterior force

Front foot-ground take off

xiil



F, Vertical force

HR High risk

ICC International cricket council
Inj Injured

kg Kilogram

km-h! Kilometres per hour

Lat Lateral

LJ Left joint

LQ Lower quarter

LF Lateral flexion

LBP Low back pain

m Metre

m? Metres squared

min Minute

mm Millimetre

m-s’! Metres per second

MRI Magnetic resonance imaging
n Sample size

N Newtons

N/AD Not addressed

X1V



N/AP Not applicable

NR Not reported

NS Not stated

NSW New South Wales

NTL No time loss

NM Newton metres

OSICS Orchard sports injury classification system
p Alpha

Post Posterior

PS Pedicle sclerosis

PSIS Posterior superior iliac spine

QL Quadratus lumborum

r Pearson’s product-moment correlation coefficient
RJ Right joint.

ROM Range of motion

SA Shoulder alignment

SCR Shoulder counter rotation

SEBT Star excursion balance test

SSA Shoulder separation angle

SLDS Single-leg decline squat

XV



Spon Spondylolisthesis

SPSA Shoulder pelvis separation angle
TL Time loss

Ver Vertical

w Watt

WL Work load

y Years

xXvi



Abstract

Introduction: Injury prevalence rates of cricket fast bowlers increase over time. Fast bowlers
lose 16% of potential playing time due to injury, while all other playing positions in cricket
lose 5% of potential playing time. Most of the injuries of cricket fast bowlers occur in the
lumbar region of the spine. Young fast bowlers have a higher risk of injury to the lower back
compared to adult cricket fast bowlers and 37% - 55% of injuries among junior fast bowlers
are in the lower back. Researchers have reported that bowling action is one of the main factors
associated with low back injuries, with the mixed bowling action identified as having the
highest-risk of injury. Hence, the first aim of this thesis is to examine biomechanical factors
associated with low back pain and injury in fast bowlers through a systematic review of the
literature. Secondly, a biomechanical analysis of junior cricket fast bowlers will be performed
to established the presence of identified risk factors among junior fast bowlers, as well as to

measure bone health and muscle symmetry.
Systematic review

Method: Seven electronic bibliographic databases including MEDLINE, EMBASE, SCOPUS,
COCHRANE LIBRARY, WEB OF SCIENCE as well as SPORTDISCUSS were used as
primary search sources. Eleven key words were used with three different combination formats
in the electronic data bases searched. Three different factors including participant
characteristics, biomechanical analysis, and the currency of the study were considered for the
inclusion criteria. Methodological quality assessment of included articles was conducted using
the McMaster University Guidelines and Critical Review Form for Quantitative Studies.

Biomechanical data were extracted from the studies and summarised.

Xvii



Results: Six articles were selected for the systematic review. All six were moderate to good
quality according to critical appraisal scores, which ranged from 9 to 11 (Mean 9.5) out of 15.
Three studies reported 3D biomechanical data and the other three studies reported 2D
biomechanical data. Only one study investigated female participants, while all other studies
investigated male participants. The mean age of the participants ranged from 13 to 27 years.
Three studies out of six investigated junior state/club level fast bowlers and the other three
investigated senior elite level fast bowlers. Out of these six included studies, only four studies
used force plates to report cricket fast bowling kinetics. Higher lumbar lateral flexion power,
lumbar lateral flexion moment, as well as lumbar flexion moments were the identified kinetic
factors associated with lower back injuries. However, some conflicting findings were noticed,
as three studies out of four which reported kinetic results did not report any association of the
above-mentioned kinetic factors with lower back injuries. Higher hip flexion, shoulder
alignment at back foot contact and at ball release, thorax lateral flexion at front foot contact
and ball release, range of thorax lateral flexion, pelvis rotation at ball release and more
importantly shoulder counter-rotation were identified kinematic factors that were associated
with lower back injuries. However, similar to kinetic factors, there were some conflicting
results reported, including one study that did not report any significant relationship between

shoulder counter rotation and low back injuries.

Conclusion: Both kinetic and kinematic factors associated with low back injuries were
identified through the systematic review. However, some conflicting findings were reported,
indicating that further research is needed to investigate the validity of the identified

biomechanical risk factors.
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Experimental study

Method: Eleven junior male representative fast bowlers (mean age 13.8 + 0.6 y, mean height
173.9 +5.3cm, mean weight 63.5 + 5.7kg) were recruited from the Central Coast and Newcastle
area, NSW, Australia. Each participant completed a spell of five overs at game pace. Three—
dimensional (3D) kinematics (500Hz) and ground reaction forces (2000Hz) of the bowling
action were recorded during the delivery stride and analysed in Visual 3D software. All
participants underwent a whole-body Dual-energy X-ray absorptiometry (DXA) scan to

examine bone health and muscle distribution.

Results: The majority (63.6%) of the junior fast bowlers used the mixed bowling action and
the only other action used was the semi-open bowling action (36.7%). Biomechanical risk
factors for lower back injuries, as identified in the systematic review, were observed in the
entire study cohort. Greater shoulder counter rotation, shoulder alignment at back foot contact
and ball release, thorax lateral flexion at front foot contact and ball release, range of thorax
lateral flexion, pelvis rotation at ball release and hip flexion are identified kinematic factors,
which were significantly higher in the mixed bowling action group compared to the semi-open
bowling action group. Furthermore, higher lumbar lateral flexion power, lumbar lateral flexion
moment and lumbar flexion moment are identified kinetic factors, which were significantly
higher in the mixed bowling action group compared to the semi-open bowling action group.
No significant differences were observed for bone mineral density or lean mass between
bowling action groups in any region of the body. Furthermore, no differences in bone mineral

density and lean mass were found between the dominant and non-dominant side of the body.

Conclusion: Although several studies identified the mixed bowling action as a high-risk
bowling action for low back injuries, the majority of the junior fast bowlers in this study used

the mixed action. These junior bowlers also demonstrated several identified kinematic and
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kinetic risk factors for lower back injuries. It is alarming that 63.6% of junior fast bowlers
select the mixed bowling action, as this may lead to minor to severe injuries and potentially
early dropout. It appears better education is needed for coaches and athletes to alert them to

higher risk of lower back injuries for bowlers using the mixed action.

XX



Chapter 1

Introduction



1. Chapter 1. Introduction

1.1. Rationale

The game of cricket is considered a low injury risk sport with only 5% of elite athletes being
unavailable for match play due to an injury at any given time (Johnson, Ferreira, & Hush, 2012;
Worthington, King, & Ranson, 2013). Nevertheless, the fast bowling action performed by
cricketers within the game has been identified as one of the non-contact activities most likely
to lead to injury (Bartlett, Stockill, Elliott, & Burnett, 1996). A recent review of the literature
concludes that the prevalence rate of low back injuries in all fast bowlers ranged from 11% to
67% (Johnson et al., 2012). A study conducted over a 10-year period (1995-2005) with
Australian fast bowlers in national and state teams reported that injury prevalence rate
increased over time and that fast bowlers lost 16% of potential playing time due to injury,
which was much higher than the 5% of playing time lost for all other playing positions
(Orchard, James, & Portus, 2006). Like their adult counterparts, adolescent fast bowlers are
also vulnerable to low back injuries (Bayne, Elliott, Campbell, & Alderson, 2016). It is a
serious cause for concern when such injuries are diagnosed among junior cricketers, especially
during the critical period of growth and musculoskeletal maturation (Logsdon, 2007; Schaefer,
O'Dwyer, Ferdinands, & Edwards, 2018). It is important to note that 24% of junior bowlers
(mean age 13.3y) have lumbar spinal abnormalities on magnetic resonance imaging (MRI)
(Elliott & Khangure, 2002; Schaefer et al., 2018), many of which may be linked to recurring
clinical symptoms and ultimately, in the worst cases, may be career ending. Given the high
prevalence of low back injuries in physically developing youth cricketers further research is
needed investigating risk factors in cricket fast bowling to facilitate early correction of

technique in an attempt career to avoid future injury consequences.



1.2. Background

1.2.1. Injuries in cricket

The game of cricket is characterised by highly complex and vigorous activities such as batting,
bowling, and running, throwing, catching, as well as jumping and diving. These actions are
physically demanding and it is therefore not surprising to see overuse and impact injuries
among cricketers (Pardiwala, Rao, & Varshney, 2018). Numerous studies have investigated
injuries in cricket (see Table 1.1). According to Stretch (2003) cricket cannot be regarded as a
sport with only “moderate injury risk”, as cricketers are vulnerable to a wide variety of injuries
at all stages of the season. Cricket has been identified as the 5™ ranked sport for seniors (at
7.3%) and 8" ranked sport for juniors (at 3.7%) presenting with injuries to hospital emergency
departments in Australia (Finch, Ozanne, & Williams, 1995; Orchard, James, Alcott, Carter, &
Farhart, 2002). Injuries in cricket consist primarily of concussions, contusions, and lacerations
(Stretch, 2003). In modern day cricket, hamstring strain has been identified as one of the most
common injuries, while the lumbar stress fracture in fast bowlers is recognised as the most
severe injury (Pardiwala et al., 2018). Fast bowlers have the highest number of time-loss
injuries, while batters have the highest number of non-time loss injuries (Ranson, Hurley,
Rugless, Mansingh, & Cole, 2013). The relatively higher injury incidence in fast bowlers was
also shown by Stretch (2003), who reported that within 812 injuries sustained by 436 cricketers
41.3% resulted from bowling, 28.6% from fielding and wicket-keeping, and only 17.1% from
batting. Moreover, it is critical to state that nearly 50% of injuries in cricketers occurred during
matches and out of those injuries nearly 50% happened while bowling (Orchard et al., 2006).
A review by Elliott (2000) cited that injury risk in fast bowling is higher in school-age
cricketers (47.4%) (Stretch, 1995) compared with senior A-grade or provincial-level cricketers
(42%) (Stretch, 1992). These findings indicate that bowlers in cricket are more prone to injuries

compared to all other playing positions and that injuries start from a young age.



1.2.2. Prevalence of lower back injuries in fast bowlers

Lower back injuries have been identified as the injury causing the greatest time loss among
professional fast bowlers in cricket (Ferdinands, Stuelcken, Greene, Sinclair, & Smith, 2010a;
Orchard et al., 2002; C. A. Ranson, A. F. Burnett, M. King, N. Patel, & P. B. O'Sullivan, 2008).
Orchard et al. (2006) showed that fast bowlers lost about 16% of potential playing time due to
injuries, while this was less than 5% for all other playing positions. Several studies have
identified that lumbar spine injuries are most prevalent among cricket fast bowlers, with a
reported prevalence rate of between 11% - 67% (Elliott, Hardcastle, Burnett, & Foster, 1992;
Gregory, Batt, & Kerslake, 2004; C. A. Ranson et al., 2008). Epidemiological studies
conducted in major cricket playing countries, such as Australia (Orchard et al., 2006), South
Africa (Stretch, 2003) and the West Indies (Mansingh, Harper, Headley, King-Mowatt, &
Mansingh, 2006), all highlight that fast bowlers have a high risk of lower back injuries and that
they are most vulnerable to not only traumatic but also overuse injuries (Glazier, 2010;
Hecimovich, 2017). For example, it was reported that out of 26 elite Australian female fast
bowlers more than half (n= 14, 54%) reported a history of low back pain (Stuelcken,

Ferdinands, & Sinclair, 2010).

Compared to adult cricketers, young fast bowlers have a higher risk of injury to the back
(Hecimovich, 2017). According to Dennis, Finch, and Farhart (2005), 25% of junior fast
bowlers were diagnosed with overuse injuries during the season and 63% of these overuse
injuries were back injuries. Overall it has been reported that 37% to 55% of injuries among
junior fast bowlers are in the lower back (Crewe, Elliott, Couanis, Campbell, & Alderson, 2012;

Davies, Randt, Venter, & Stretch, 2008).

1.2.3. Types of lumbar spinal injuries in fast bowlers.
Of all overuse injuries, lumbar spinal injuries have been identified as the greatest cause of lost
playing time for cricket fast bowlers compared to all other injuries (Bayne et al., 2016). Due to

4



the nature of the fast bowling action, bowlers repetitively laterally flex the spine to the non-
dominant side to the bowling arm at the delivery stride. Hence a lumbar stress fracture on the
non-dominant side to the bowling arm is the most prevalent injury among fast bowlers (Crewe,
Campbell, Elliott, & Alderson, 2013a; Orchard et al., 2006; Worthington et al., 2013). The
prevalence rate of lumbar stress injuries in cricket fast bowlers is up to 67% (Johnson et al.,
2012). Several injuries that impact the lumbar spine have been identified in fast bowlers, such
as spondylolysis, spondylolisthesis, pedicel sclerosis as well as intervertebral disc degeneration

(Crewe et al., 2013a; Elliott et al., 1992; Portus, Mason, Elliott, Pfitzner, & Done, 2004).

In junior cricket fast bowlers some prospective studies report a high prevalence of lumbar
spondylolysis at the rate of 11% within a season (Foster, John, Elliott, Ackland, & Fitch, 1989)
and 24% over a four-year period of time (Engstrom & Walker, 2007). Junior fast bowlers are
also at risk of developing intervertebral disc degeneration (Crewe et al., 2012). In a cohort with
a mean age of 13.6 years, 25% demonstrated at least one lumbar radiographic disc abnormality
following MRI imaging. Surprisingly within the same cohort, the incidence of abnormality had
increased up to 58% two and half years later (Burnett et al., 1996). Moreover, an observational
study conducted by Crewe et al. (2012) in 46 asymptomatic fast bowlers aged 13 to 18 years
showed that 33% (n = 15) of fast bowlers presented with at least one pars interarticularis
abnormality and at least one lumbar degeneration was observed within 35% (n = 16) of
participants. Moreover, the rate of prevalence increased with each of the following age
categories (29% - U15, 33% - U17, and 43% U-19) and out of the 16 participants with disc

degeneration 12 participants presented a disc bulge.

Several studies have investigated the consequences of these low back injuries among cricket
fast bowlers, especially among junior fast bowlers. The continued loading on the spine due to
fast bowling actions throughout the adolescent developing years may cause serious
consequences for juniors, such as long-term injuries like spondylolysis, spondylolisthesis, as
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well as pedicle sclerosis, and these fast bowlers may end up with thoracolumbar degenerative
diseases in later life (Annear, Chakera, Foster, & Hardcastle, 1992). Out of the different types
of spondylolysis, dysplastic congenital lesions and isthmic lesions, which present as chronic
injuries resulting from repetitive loading of pars interarticularis, have been identified as most
commonly occurring among young fast bowlers (Crewe et al., 2012; Standaert & Herring,
2000). To address the serious negative health consequences resulting from repeated fast
bowling, cricketing governing bodies have implemented prevention strategies, such as
managing bowling work-load by restricting the numbers of balls bowled in a bowling spell
(Schaefer et al., 2018) and coaching interventions that emphasize the importance of proper
bowling technique and physical preparation, as well as encouraging bowlers to adopt a more

front-on or side-on bowling action (Elliott & Khangure, 2002).



Table 1. 1 Overview of injuries in cricket

Author (Year) Participant details Study duration Injury definition Injury surveillance Injury incidence Injury Injury prevalence
mechanism
7 reported with 9 injuries.
Muscle Strain and
n=12 A condition that affected L Stress Fractures
o Recurrence injuries = 0 .
. availability for team The risk of
Dennis, Farhart, . .. .. .. ..
Gender = male selection, limited  Sports Medicine .. sustaining injury
Clements, and 1 year . . The frequency of bowling is ;
. performance during a  Professionals o . was 4.5 times
Ledwidge (2004) significantly higher among

Mean age =25 (21-37 y)

Country: Australia

major match or required
surgery.

injured people than non-
injured people (p<0.01)

higher for bowlers
who bowled 5 or
more days in any 7
days.

Hulin et al. (2014)

n=28

Gender = male

Completed 48 individual 6 years of data

seasons over 6 years.
Mean age 26 + 5y

Country: Australia

Any non-contact injury
that resulted in a loss of
either match-time or
greater than one training
session over a l-week
period.

Medical Staff.

The relationship between
external workloads in the
current week and Injuries is
significant (p=0.0001)

No relationship between
acute external workload and
injury (p=0.172)

Higher Chronic external
workload in both current
week (p=0.002) and
subsequent week(p=0.017)
was associated with lower
injury risk




Author (Year)

Participant details

Study duration

Injury definition

Injury surveillance

Injury incidence

Injury
mechanism

Injury prevalence

National n =33
Domestic n =162
First Class n = 128

Any injury or other
medical condition that

Either: (1) prevents a
player from being fully
available for selection in
a match or (2) during a
major match, causes a

Injuries = 79

Missed part of match = 50
First time injuries- 8-%
Recurrent injuries - 10%
Sustained injuries — 10%

Lumbar area — 20%

Mansingh et al. 18 h player to be unable to Medical  Staff or Phalanx - 22%
(2006) Gender = male months bat, bowl or keep wicket ~ Physiotherapist Fast bowlers injuries - 40%
Age=18-37y when required by either Muscle strain — 26% 57% of injuries of fast bowlers
the mles or the team’s Ligament strain — 12% were in the lumbar area
) captain. Stress fractures -12%
Country: West Indies Other fracture -10%
(The definition of cricket
injury)
Previous sustained
during bowling =
64%
Sustained previous injuries -
. e _ Sustained during  Previous sustained ;
' LQ injury” - bowlers 88% (n=28) the season One area — 32% (9)
n = 32 Injury free fast who sustained a lower during bowling =  Two areas —39% (11)
bowlers quarter (LQ) (low back Sustained low back injury - 4% Three of more 02 9% (8)
A _
Olivier, Stewart, and lower limb) injury 14% (n=4) °
Olorunju, and  Gender = male N/S N/S Sustai . .
. . o . ) ustained during the season:
McKinon (2015) “No LQ injury” - who Injuries sustained during the SEBT osterior  One area — 41% (7)
Mean age =21.8+ 1.8y did not sustain an injury cricket season 53% (n=17). medial P reach  Two areas — 29% (5)

Country: South Africa

is referred to as “no LQ
injury.”

24% (n = 4) sustained a low
back injury

direction was poor
for the LQ injury
group.

Three or more — 29% (5)




Injury

Author (Year) Participant details Study duration Injury definition Injury surveillance Injury incidence mechanism Injury prevalence
Gender = male Ten years 1995-2005 Identified injuries — 886
S ds (n=25 Retrospectively 3 First time injuries — 818 Low back region :0.8% - 3.1%
Orchard et al. o o Sduacs @ = P years (1995-1998) The definition of cricket Medical — Staff or (92%) Groin/Buttock/Thigh:0.7%-2%
squad) including six from .. . . oo . .
(2006) . injury physiotherapist Injuries during bowling —
states and National team. . .
Prospectively 7 years 209 (25.5%) Neck region: 0.0%-0.1%
Country: Australia (1999-2005)
Workload effect:
Tendon (High
Risk) — High
Acute Workload ( Muscles: Hamstring,
N/S > 50 overs) and quadriceps, calf, adductor, side
n=235 High Previous  strains
Based definiti ¢ Muscle injuries — 336 Season WL ( >
" .
a'se (.m. ehnition o Inqurles were  coded 400 overs) Tendon: Rotator cuff, patellar,
Orchard et al.  Gender =male 5 to 28 days Cricket injury. with OSICS-V.9 Tendon injuries — 131 Bone ~ (HR) - Achilles and groin tendon
(2015) Y Injuries which happen  system . Medium term WL iniuries &
Experience of over 15 during batting or fielding  Subcategories of (=150 overs) J
. S Bone stress — 120 Muscle — no effect
seasons were not considered. injuries: Muscle/ Bone R ) .
. .. Joint injuries — 78 Bone: lumbar, shin and foot
Country: Australia Stress/ Tendon or joint . .
injuries Joints (HR) - High
J ’ previous  season Joint: knee, ankle and lumbar
WL (=400 Overs) joint pathologies
and high career
WL (= 3000)
Highest TL injured area is thigh
. 0,
New injuries - 120 5 (21%) then hand and lumbar
n=76 . S -4 (17%)
_ Time loss injuries - 23
Gender = male (19%) Highest TL—acute ) o )
. None time loss injuries -97 ~ SPrain or strain 10 Highest NTL 1;1 jured area 18
Ranson et al. four test playing nations 3 months (Feb — April . . . o (43%) lumbar — 16 (16%) then thigh —
. . Both time loss and non- ICC trained medical (81%) ) o
(2013) and one associate nation  2011) . . S Highest NTL - 14(15%)
. . time loss injuries staff, Injuries to fast bowlers- 41 ) - .
(Sri Lanka, South Africa, (19%) cumulative micro- Tournament injury prevalence
Bangladesh Pakistan, and trauma 32 (33%) for fast bowlers — 5.2%

Zimbabwe)

Time loss injuries 10 (43%)

None time loss injuries 31
(40%)

Match injury prevalence for fast
bowlers — 4.6 %




Injury

Author (Year) Participant Details Study Duration ) ) . L. . .
Injury Definition Injury Surveillance Injury incidence Mechanism Injury prevalence
Any pain that occurred
which prevented the o )
player from completing injuries sustained — 285
n=160 2 year (2 seasons) that particular match, 1.61 injuries per player Lower limbs 49.9%
Stretch (2001) Gender = male Si-Season 1 practice or training Medical staff  or Acute — 60.3% Back and trunk 24.7%
Country: South Africa S,-Season 2 session and caused the  physiotherapist Chronic 16.6% Upper limbs 20.4%

player to seek medical

. Acute on chronic 23.1% Head, neck and face 5%
attention.

First-time injuries 61%

BFC: Back foot contact, FFC: Front foot contact, HR: High risk, ICC: International cricket council, LQ: Lower quarter, N/S: Not stated, NTL: No time loss , OSICS: Orchard sports injury classification system, ROM:
Range of motion, SCR: Shoulder counter rotation, SEBT: Star excursion balance test, TL: Time loss, WL: Workload
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1.3. Risk factors associated with low back injuries in fast bowlers

As shown in the previous sections lumbar spine injuries are prevalent in fast bowlers and may
have severe career ending consequences, so it is important to investigate the risk factors
associated with low back injuries in fast bowlers in order to implement necessary programming
that lowers injury risk in this population. A review by Johnson et al. (2012) showed moderate
evidence for overuse as a risk factor for low back injuries. Furthermore, as also shown in
section 1.2, it was suggested that younger fast bowlers (under the age of 20 years) may be at
higher risk than adults (Johnson et al., 2012). The strongest evidence, however, was shown for
the bowling action, with the mixed action, in particular, strongly associated with low back
injuries. The fundamental bowling movement plays a major role in kinetics and kinematics of
the particular technique. Hence numerous studies have identified certain bowling actions as
dominant factors that place fast bowlers at high risk of low back stress injuries (Bayne et al.,
2016; Ferdinands et al., 2010a; Portus et al., 2004; Stuelcken et al., 2010) due to different
kinetic and kinematic factors. At the same time, the mechanical loading associated with the
fast bowling action may have a positive effect on bone health, including bone mineral density
(Micklesfield, Gray, & Taliep, 2012). Finally, it has been suggested that future research should
focus on the association between lumbar muscle asymmetries and low back injuries in adults
(Johnson et al., 2012). The following sections will, therefore, provide further detail on bowling

actions, bone health and muscle symmetry in fast bowlers.

1.3.1. Fast bowling technique

Fast bowlers in cricket have been categorized into two subcategories (fast and medium-fast)
based on their bowling velocity (Johnstone et al., 2014). Bowlers who can manage an average
bowling speed in excess of 145 km.h™! are classified as fast and those who bowl with speeds
between 129 km.h™ to 145 km.h! are classified as medium fast (Glazier, Paradisis, & Cooper,

2000). To restrict the reaction time of the batsman, all adult fast bowlers attempt to deliver the
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ball at a speed greater than 145 km.h™! (Schaefer et al., 2018; Worthington et al., 2013).
Bowling action classification is an important aspect to consider when discussing the
biomechanics of cricket fast bowling. The fast bowling action has been classified into four
categories as front-on, semi-on, side-on and mixed action types (Portus et al., 2004). This
classification of bowling actions has been mainly based on shoulder and pelvis kinematics
across the transverse plane at the delivery stride (Ferdinands, Kersting, & Marshall, 2014;
Portus et al., 2004), such as shoulder girdle alignment at the back foot contact (Worthington,
King, & Ranson, 2013a). Many studies have shown that there is a significant impact of bowling
action on the risk of lower back injuries (Burnett et al., 1996; Hardcastle, 1991; Portus et al.,
2004). To classify the bowling action researchers have used different threshold criteria (Table
1.2). An early convention system introduced by Elliott, Davis, Khangure, Hardcastle, and
Foster (1993a) included shoulder alignment, back foot angle and shoulder counter rotation.
Later a similar convention system was proposed by Burnett, Elliott, and Marshall (1995)
without the back foot angle criterion, but this system included the new parameters of shoulder
alignment, pelvis shoulder separation angle and shoulder counter rotation. Portus et al.(2000)
used similar criteria to Elliott et al. (1993a) in their first study, but slightly changed the
threshold criteria of back foot angle and shoulder counter rotation. In their next study Portus et
al. (2004) included shoulder alignment, pelvis shoulder separation angle and shoulder counter
rotation, but excluded back foot angle criteria (see Table 1.2). Figure 1.1 demonstrates the
angle convention system used by Portus et al. (2004) to classify action types, where shoulder
and hip alignment angles are measured with respect to a vector running from the front to rear
shoulder and hip joint starting from 180°to 270°. Ferdinands, Kersting, Marshall, and Stuelcken
(2010) proposed a new alignment angle system, which defines shoulder and hip alignment from
the orientation of a vector running rear to front shoulder and hip joint resulting in measurements

from 0° to 90° (Figure 1.2).
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Figure 1.1 Conventional alignment angle system for a right-hand bowler which is used to
measure alignment angle from the orientation of a vector running from left joint centre (LJ) to
right joint centre (RJ) with respect to the X - axis. Figure extracted from Ferdinands et al.

(2010)
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Figure 1.2 New conventional alignment angle system for a right-hand bowler which is used to
measure alignment angle from the orientation of a vector running from right joint centre (RJ)
to left joint centre (LJ) with respect to the X - axis. Figure extracted from Ferdinands et al.

(2010)
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Tablel.2 Bowling action classification systems

Side-on Front-on Semi-open Mixed
SCR SA SPSA BFA SCR SA SPSA BFA SCR SA SPSA BFA SCR SA SPSA BFA
Elliott et al (1993) N/AP <190° N/AP <280° N/AP >190° N/AP BFA>280° N/AP N/AP N/AP N/AP  SCR>10° SA>190° N/AP N/AP
Burnett et al (1995) N/AP <200° N/AP N/AP N/AP >200° N/AP N/AP N/AP N/AP N/AP N/AP  SCR>20° SA>190° SPSA>20° N/AP
Portus et al (2000) N/AP <190° N/AP <290° N/AP >190° N/AP BFA>290° N/AP N/AP N/AP N/AP  SCR>40° SA>190° N/AP N/AP
Portus et al (2004) <30° <210° <30° N/A <30° >240° N/AP N/AP SCR<30°  210°<SA<240°  N/AP N/AP  SCR>30° N/AP SPSA>30° N/AP
Ferdinands (2010) <30° <25° N/AP N/A <30° >50° N/AP N/AP SCR<30° 25°<SA<50° N/AP N/AP  SCR>30° N/AP SPSA>30° N/AP

BFA: Back foot angle, N/AP: Not applicable SA: Shoulder alignment, SCR: Shoulder counter rotation, SPSA: Shoulder pelvis separation angle, (Both SA and BFA is at back foot contact)

e Shoulder alignment: The angle that is created from the line running between rear to front shoulder joint centres in respect to the x axis.
e Pelvis alignment: The angle that is created from the line running between rear to front hip joint centres in respect to the x axis.

e SPSA: SA minus PA

e SCR: The SA angle at the BFC minus the minimum SA angle between BFC to FFC (most side-on position).

e BFA: The angle that is created from the line running from heel to toe of the back-foot in respect to the global X axis.
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According to a review by Bartlett et al. (1996), the side-on bowling action is considered as the
most effective and correct action by researchers and coaches. The run-up speed is relatively
slow at the beginning of the delivery stride. The back foot is placed parallel to the popping
crease with the shoulder pointed down towards the wicket, which creates an angle of
approximately 180° between the wickets and the line joining the shoulders (Bartlett et al.,
1996). Unlike the side-on action, the front-on action has a higher run-up speed, the back foot
is placed pointing in the same direction as the ball travels, and the chest opens more with the
shoulder at an angle which significantly exceeds 180°. Most of the West Indian fast bowlers
use this front on bowling action (Bartlett et al., 1996; Elliott et al., 1992). As the name suggests,
the mixed action bowling technique is a combination action of both side-on and front-on
bowling actions. In the mixed action, bowlers demonstrate front-on characteristics in the foot
and shoulder alignments at the back foot contact and then during the delivery stride the shoulder
alignment changes to the more side-on position (Bartlett et al., 1996; Elliott, Hardcastle,

Khangure, & Burnett, 1993).

Among all bowling action types, the mixed action has been recognized as the most common
action used by fast bowlers (Ferdinands et al., 2010). Although the majority use the mixed
action, it has an inverse effect on performance as mixed action bowlers show a lower level of
accuracy compared to both front-on and side-on bowlers (Ferdinands et al., 2014; Portus,
Sinclair, Burke, Moore, & Farhart, 2000). Due to the association of the mixed bowling action
with bony and soft tissue injuries in the lumbar spine, numerous biomechanical studies have
examined the mixed action bowling (Burnett et al., 1996; Ferdinands et al., 2014; Portus et al.,
2000). Kinematic properties that relate to the bowling actions, such as stride alignment, elbow
alignment, shoulder alignment, as well as counter rotation, in each of the bowling action
subgroups demonstrate a range of different behaviours (Ferdinands et al., 2014). The extreme

level (>30°) (Ferdinands et al., 2010) of shoulder counter rotation is a significant factor of the
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mixed bowling action and has repeatedly been associated with low back injuries of both junior
level (Burnett et al., 1996; Elliott et al., 1992; Foster et al., 1989) and senior level fast bowlers
(Portus et al., 2004). When compared to bowlers using other types of action, bowlers with
mixed bowling action demonstrate hyperextension and lateral flexion (non-dominant side) of
the lumbar spine at front foot contact (Burnett, Barrett, Marshall, Elliott, & Day, 1998; Zhang,
Ma, & Liu, 2016). Furthermore, fast bowlers diagnosed with low back injuries demonstrate a

higher range of lateral flexion of the lumbar spine (Portus et al., 2007).

High peak ground reaction force at front foot contact is another major factor associated with
low back injuries in cricket fast bowlers (Bartlett et al., 1996; Worthington et al., 2013). The
group of fast bowlers who previously suffered from low back stress fractures displayed a higher
rate of peak force development during front foot contact (Portus et al., 2004). The bowlers with
a flexed front knee at the front foot contact generate less ground reaction force compared to
those with an extended front knee (Elliott, 2000). This finding was confirmed by Portus et al.
(2004), who also reported knee extension during front foot contact was linked to higher peak
braking force. Therefore, bowlers with an extended front knee at the front foot contact are more
prone to low back injuries than front knee flexed bowlers. Greater shoulder pelvis separation
angle is also a major kinematic factor that contributes to the increased risk of lumbar spinal

injuries of cricket fast bowlers (Ferdinands et al., 2010; Stuelcken et al., 2010)

1.3.2. Bone health

Bone mineral density (BMD) and bone mineral content (BMC) are two main parameters to
evaluate bone health (Scerpella, Buehring, Hetzel, & Heiderscheit, 2018). Dual-energy X-ray
absorptiometry (DXA) is a highly accepted and widely used method to measure bone health
(Li, Ford, Zhao, Balluz, & Giles, 2009). DXA scans provide information on the regional
distribution of bone area, bone mineral content and bone density (Micklesfield et al., 2012). A
positive relationship has been identified between bone health and physical activity which
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generates mechanical loading and muscle force (Frost, 2001; Micklesfield et al., 2012). It has
been shown that athletes have a higher BMD than non-athletic populations (Andreoli et al.,
2001; Heinonen et al., 1995). Micklesfield et al. (2012) showed that BMD at the lumbar spine
and hip regions was significantly greater in cricketers compared to the physically active general
public and suggested that the mechanical loading associated with cricket is beneficial for BMD.
Micklesfield et al. (2012) also found a higher whole body BMD in fast bowlers compared to
spin bowlers. Furthermore, Lees, Bansil, and Hind (2016) showed that BMC in the arm region
and the trunk of cricket fast bowlers was significantly higher compared to the non-athletic
population. In racquet sports higher bone mass and bone size has been observed in the dominant
arm compared to the non-dominant arm of athletes (Haapasalo et al., 1998; Kontulainen,
Sievdnen, Kannus, Pasanen, & Vuori, 2003). As cricket fast bowling is a unilateral activity,
there may also be differences between the dominant and non-dominant side of the body in
reference to the bowling arm. Furthermore, the different bowling actions may also affect BMC
and BMD of different regions of the body. To our knowledge, this has not been investigated to
date and may provide useful information towards a better understanding of the potential effects

of bowling action on bone health.

1.3.3. Muscle asymmetry

When considering low back muscle morphology, some studies have demonstrated spinal
muscle asymmetry as a potential risk factor for low back injuries in cricket fast bowlers
(Kountouris, Portus, & Cook, 2013; Ranson, Burnett, O'Sullivan, Batt, & Kerslake, 2008a).
Research has identified that increasingly large quadratus lumborum (QL) musculature
asymmetries are associated with an increased risk of lumbar spinal stress fractures (Crewe et
al., 2013a; Engstrom, Walker, Kippers, & Mehnert, 2007a). Engstrom et al. (2007a) showed
asymmetries in QL, favouring larger QL muscles on junior fast bowler’s dominant side.

Kountouris et al. (2013) in contrast, showed asymmetries on both the dominant and non-
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dominant side in junior fast bowlers with 65% showing greater proportion of asymmetries on

their dominant side, while 35% showed non-dominant side asymmetries.

The above studies were conducted using MRI images of specific muscle groups. MRI scans
are quite expensive, while recently DXA scans have become more affordable and easily
accessible. DXA scans have been used in some recent cricket research to provide an overview
of bone health, as well as body composition (Lees et al., 2016; Micklesfield et al., 2012). DXA
scans can provide information on the regional distribution of fat mass and lean mass
(Micklesfield et al., 2012) and may identify asymmetries between body regions (e.g. left arm
versus right arm). It appears DXA scans may provide a useful screening tool for cricket fast

bowlers to provide an indication of potential muscle asymmetry.

19



1.4. Significance, aims and limitations

1.4.1. Aims

The primary aims of this thesis were to first identify biomechanical risk factors associated with
lumbar spine injuries in cricket fast bowlers through a systematic review of the literature and
secondly establish the presence of those identified risk factors among junior fast bowlers.
Investigating these risk factors will provide a better understanding and more information about
injury risk for lumbar spinal injuries in junior fast bowlers. These findings can then be used to
inform more optimal injury prevention and injury management practices. Therefore, this thesis
will consist of two studies.

e Manuscript 1 — Systematic review of the research literature

o Aim- To conduct a systematic review of the biomechanical factors associated

with lumbar spine injuries among cricket fast bowlers.

e Manuscript 2 — A pilot study into the presence of biomechanical lower back injury risk
factors in junior fast bowlers.

o Primary aim - To examine the bowling action of junior cricket fast bowlers in
order to identify the presence of identified biomechanical risk factor for lower
back injuries.

o Secondary aim — To examine bone health and potential muscle asymmetries in

junior cricket fast bowlers.
1.4.2. Significance
This research will provide an overall picture of biomechanical factors of cricket fast bowling
and their associations with lower back injuries. Furthermore, this study will establish the
presence of the identified risk factors and bowling actions among junior cricket fast bowlers.
Finally, this study will explore bone health and presence of muscle asymmetries in junior fast

bowlers using DXA.
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1.4.3.

Limitations.

It is acknowledged that the following factors may have limited the results of the present study.

1.4.4.

The sample would not represent the whole population as it is restricted to junior male
representative cricketers willing to participate.

All participants were tested in a laboratory environment and had to bowl with reflective
markers attached to their body. Therefore, participants, being in an unfamiliar
environment, may have changed their bowling rhythm and action.

Adhesiveness of the retro-reflective markers was problematic, and certain markers for
some participants became unstuck, meaning some data was lost.

As participants were bowling at the stumps without a batsman present, they might not
put their full effort into bowling.

As participants intentionally attempted to land their front foot on a force platform, their

bowling actions may have been slightly altered.

Delimitations.

The below mentioned factors were delimitations of this study

1.

The eligibility criteria for the participants in this study were decided by the research
team and limited to junior male NSW representative cricket fast bowlers only. Hence
the results of this study only reflect Australian junior elite male cricket fast bowlers’

populations.
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Chapter 2

Systematic Review



2. Chapter 2. Biomechanical factors associated with low back pain
and lumbar spine injury in cricket fast bowlers: a systematic

review

2.1. Introduction

Fast bowlers in cricket are more likely to suffer lost match time due to injury compared to all
other playing positions (Ranson et al., 2013), with injury to the lumbar spine region being the
most common and accounting for 40% of injuries in adult fast bowlers (Mansingh et al., 2006).
Furthermore, the lumbar spine is the second most injured body region resulting in loss of match
time (17%), after the thigh region (21%), and the most injured body region for no-time loss
injury (16%) (Ranson et al., 2013). These findings indicate that injury to the lumbar spine
region represents a significant challenge to health and availability of fast bowlers and as such,

merits further investigation.

It has been shown that fast bowling exposes the lumbar spine to large loads (approximately six
times body mass), in all planes of motion, including mean peak torque loads during spinal
flexion, rotation and lateral flexion (Ferdinands, Kersting, & Marshall, 2009; Schaefer et al.,
2018). Glazier (2010) emphasises the ‘crunch factor’, which is known as the instantaneous
product of lateral trunk flexion and axial trunk rotational velocity of the lumbar spine (Sugaya,
Morgan, Banks, Cook, & Moriya, 1997), as instrumental in the aetiology of contralateral
lumbar spine injury and intervertebral disc degeneration in cricket fast bowlers. Furthermore,

specific bowling actions have been identified as predisposing athletes to a lumbar spine injury.

Traditionally, three fast bowling actions are described; front-on, side-on and mixed action
(Bartlett et al., 1996; Elliott et al., 1992; Worthington et al., 2013a). More recently, however,
the bowling action is described using a four-category classification; front-on, semi-on, side-on,

and mixed action types (Ferdinands et al., 2014; Portus et al., 2004; Ranson, Burnett, King,
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Patel, & O'Sullivan, 2008). Bowling actions are classified based on the shoulder and pelvis
kinematics in the transverse plane during the delivery stride (Ferdinands et al., 2014), with
specific reference to shoulder girdle and shoulder alignment at the back foot contact
(Worthington et al., 2013a). Due to the high incidence of lumbar spine injury in cricket fast
bowlers, research has been conducted into the mechanisms related to these injuries focussing
particularly on the associations between injury and the fast bowling action. In early studies, the
mixed bowling action was identified as increasing the risk of lumbar spine injury, due to the
misalignment between the shoulder and pelvis when bowling (Bartlett et al., 1996). This
bowling action was associated with higher levels of disc degeneration and a higher incidence
of low back pain (Burnett et al., 1996). Extreme shoulder counter rotation is also a significant
factor of the mixed bowling action and has repeatedly been associated with low back injury
incidence in junior and adult bowlers (Bartlett et al., 1996; Elliott et al., 1992; Foster et al.,
1989). In more recent studies, the mixed action has therefore been sub-classified based on both
shoulder counter rotation, as well as shoulder alignment and pelvis shoulder separation at back
foot contact (Ferdinands et al., 2014). Each sub-category in the mixed action (front-on mixed,
side-on mixed, and semi-open mixed) demonstrates differences between the kinematic

characteristics of the bowling action (Ferdinands et al., 2014).

This manuscript aims to systematically review the biomechanical kinematic and kinetic risk
factors associated with low back pain and lumbar spine injuries in cricket fast bowlers. A better
understanding of findings published to date will assist sports scientists and coaches to identify
gaps in the current knowledge, in order to direct future research. Moreover, this knowledge
alone can assist in identifying high-risk athletes and develop strategies targeting know risk

factors.
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2.2. Methodology

2.2.1. Information sources and search strategy

The electronic bibliographic databases MEDLINE, EMBASE, SCOPUS, COCHRANE
LIBRARY, WEB OF SCIENCE as well as SPORTDISCUSS were used as primary search
sources. The search was conducted during May 2018, using only English language and studies

published within the last 26 years (1992 -2018).

The keywords used in the electronic bibliographic database searches included;

1. back pain OR back injur* OR spin* patho* ORspin* abnormal*
2. AND cricket OR fast bowl*

3. AND biomech* OR kinematic* OR kinetic*

2.2.2. Eligibility criteria
This review focussed only on experimental quantitative studies, including both cross-sectional
and longitudinal studies. Please see below for the inclusion and exclusion criteria of this

systematic review.

Inclusion criteria

1. Participant characteristics:
a. Age and sex of the subjects: male or female adult (17 + y) or junior (12-16 y)
male or female cricket fast bowlers.
b. Injury definition and diagnosis method: Diagnosed with a lumbar spine injury(s)
by a medical practitioner(s) OR asymptomatic with the presence of a lumbar
spine abnormality on diagnostic imaging (MRI) OR no lower back injuries to

the best knowledge of the participants and capable to bowl without limitation.
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2. Biomechanical analysis:
a. Studies which investigated either 3D or 2D biomechanical factors in relation to
lower back injuries of cricket fast bowling only.
3. The currency of the study:

a. Only studies conducted within the last 26 years were included in the review.

Exclusion criteria

1. Studies that investigated the effect of an intervention, such as different coaching
methods or use of back braces.

2. Studies that investigated bowling action, technique and performance only without
reporting injury details.

3. Studies with 3D or 2D biomechanics investigating the spin bowling action.

4. Conference papers and review papers.

2.2.3. Study selection

The first (UB) and second (XJ) reviewers conducted the review independently and selected
studies based on titles and abstracts. Any discrepancies were resolved by the third reviewer
(AS) to ensure consensus between reviewers. The selected articles were then reviewed based
on the full-text article by both reviewers independently, with the third reviewer consulted to
resolve any disagreements. When additional information/data regarding the study was required
the corresponding authors of the respective studies were contacted. The reasons for the

exclusion of articles were recorded.

2.2.4. Data collection process
Data were collated using a customised spreadsheet that included the participant’s demographic
data, methodologies, injury status, and kinematic as well as kinetic details as shown below in

Table 2.1. Descriptive statistics, including mean and standard deviation, for kinetic and
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kinematic variables were extracted from included articles. Kinematic and kinetic factors were

classified based on the type of lower back injury and bowling action classifications.

Table 2.1 Extracted information

Demographic/ Players

Profile Methodologies Trials Injury Status Kinematic Kinetic
Gender Study design Recorded trials. Definition Joints angles GRF

Age 3D Biomechanics Selected for analysis. Diagnosed by whom Alignments angles Joint forces
Height 2D Biomechanics Types of injuries Angular velocity Joint moment
Mass Fast bowling Approach speed  Joint power
Playing level Stride length Joint work

Bowling action types

GRF — Ground reaction force

2.2.5. Methodological quality assessment

Two reviewers (UB and AX) independently performed quality and risk of bias assessments on
each included article using the McMaster University Guidelines and Critical Review Form for
Quantitative Studies (Law et al., 1998). This assessment tool has previously been used in
systematic reviews in exercise and sports science (Pressick, Gray, Cole, & Burkett, 2016) and
was chosen because all selected studies utilised quantitative methods. As shown in Table 2.3
the questions in the McMasters tool were answered as ‘yes’, ‘no’, ‘not applicable (N/AP)’ or
‘not addressed (N/AD)’. Any discrepancies between initial answers were discussed and
resolved between all three reviewers. Based on these sets of the checklist, the critical appraisal
scoring system (Table 2.4) (Anaf & Sheppard, 2007) was used to allocate the numerical scoring
system under the given eight sets of criteria. The methodological scores for the reviewed
studies were given a score out of a maximum of 15 and were defined into three levels of
quality/risk of bias according to the obtained scores, as high quality/low bias (score > 10),
moderate quality/moderate bias (10 > score > 7) and low quality /high bias (score < 7) based

on previous studies (Pressick et al., 2016).
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2.3.

Results

2.3.1. Study selection / Literature search

Figure 2.1 provides a summary of the literature search. A total of 176 articles were found in

the electronic databases searched (Table 2.2). After excluding duplicates, 76 articles remained

from searched electronic databases including, MEDLINE (14), EMBASE (14), SCOPUS (13),

COCHRANE LIBRARY (4), WEB OF SCIENCE (16) and SPORTDISCUSS (15). Out of

these articles, 23 were excluded after screening the title and out of the remaining 53 articles, a

further 31 were excluded upon screening of the abstracts. Twenty-two full-text articles were

reviewed and 16 of these were excluded due to eight different reasons, including, conference

paper (1), intervention (1), no 3D/2D biomechanical data presented (2), published more than

26 years ago (1), as well as no injury data (11). These exclusions resulted in a total of six

articles being included in this systematic review.

Table 2.2 Search results from each of the electronic databases

Keywords

MEDLINE

EMBASE

SCOPUS

COCHRANE

LIBRARY

WEB OF
SCIENCE

SPORTDISCUSS

Total

Search 1:
back pain
back injur*
spin*
patho*
spin*
abnormal*
Search 2
Cricket
fast bowl*
Search 3
biomech*
kinematic*
kinetic*
Search
1&2&3

OR

OR

OR

AND

Duplicate removed

72919 382218 83147

5922 7080 23080

687604 386853 831251

33 30 39
14 14 13

17353

884

7222

133254

21097

577515

38
16

10308

10924

76425

32

699199

68987

25666870

176
76
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Figure 2.1 Summary of the literature search
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2.3.2. Quality assessment

Table 2.3 Results of the quality assessment of the articles included in this systematic review

Check List Studies Bayne et al Burnett et al. Elliot et al Elliot et al Portus et al. Stuelcken et
(2016) (1996) (1992) (1993) (2004) al. (2010)
Study purpose yes yes yes yes yes yes
Literature yes yes yes yes Yes yes
Study design Cohort Cohort Cohort Cohort Cohort Cohort
Sample size 25 19 20 24 42 26
Sample described yes yes yes yes yes yes
Sample justified N/AD N/AD N/AD N/AD N/AD N/AD
Outcome measures reliable N/AD N/AD N/AD N/AD N/AD N/AD
Outcome measures valid yes yes yes yes yes yes
Intervention described yes yes yes yes yes yes
Contamination avoided N/AP N/AP N/AP N/AP N/AP N/AP
Co-intervention avoided N/AP N/AP N/AP N/AP N/AP N/AP
Statistical significance
reported yes yes yes yes yes yes
Appropriate analysis yes yes yes yes yes yes
Relevance reported yes N/AD N/AD yes N/AD N/AD
Drop-outs reported? yes no no no no no
Conclusion appropriate yes yes yes yes yes yes

N/AP — Not Applicable; N/AD — Not Addressed

Table 2.4 Table of numerical values for the quality assessment of the articles included in this
systematic review

Criteria Max Bayne et al Bumett Elliot et al Elliot et al Portus et al. Stuelcken et al
Score (2016) (1996) (1992) (1993) (2004) (2010)
Study 1 1 1 1 1 1 1
purpose
Literature 1 1 1 1 1 1 1
Design 1 1 1 1 1 1 1
Sample 2 1 1 1 1 1 1
Outcome 2 1 1 1 1 1 1
Intervention 3 1 1 1 1 1 1
Results 4 4 2 2 3 2 2
Conclusions 1 1 1 1 1 1 1
Total 15 11 9 9 10 9 9
Quality High Moderate Moderate High Moderate Moderate
Bias Low Moderate Moderate Low Moderate Moderate
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2.3.3. Study characteristics

The included studies were published between 1992 and 2016. Three out of the six studies
reported 3D biomechanical data (Bayne et al., 2016; Portus et al., 2004; Stuelcken et al., 2010),
while the three older studies reported only 2D biomechanical data (Burnett et al., 1996; Elliott
et al., 1993a; Elliott et al., 1992). All but one of the six articles included male participants only
(Bayne et al., 2016; Burnett et al., 1996; Elliott et al., 1993a; Elliott et al., 1992; Portus et al.,
2004), while only a single study investigated female participants (Stuelcken et al., 2010). The
mean age of the study participants (n=156) ranged from 13 to 27 years. According to the quality
assessment through McMaster University Guidelines and Critical Review Form for
Quantitative Studies (Law et al., 1998), two out of six studies were categorised as high-quality
low-bias studies while the remaining studies were categorised as moderate-quality moderate-

bias studies.

2.3.4. Statistical methodology

All included studies conducted different types of statistical tests to analyse the data. To
determine existing differences, relationships, or correlations between different variables,
independent, dependent, and paired t-tests were utilised in two studies (Bayne et al., 2016;
Stuelcken et al., 2010). Correlational analyses were utilised in three studies (Bayne et al., 2016;
Portus et al., 2004; Stuelcken et al., 2010). To further investigate significant differences three
studies utilised various post hoc tests, including the Tucky, Mann-Witney U rank test,

Bonferroni and Scheffe tests (Burnett et al., 1996; Elliott et al., 1993a; Elliott et al., 1992).
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2.3.5. Synthesis of results

2.3.5.1. Participant characteristics

A summary of the characteristics of the study participants is provided in Table 2.5. A total of
156 participants (n=130 males, n=26 females) with a mean age range of 13 to 27 years
participated in the six studies included in the review. The playing level of the participants
ranged from junior district-level up to elite international level. All the included studies were
conducted in Australia. At the time of measurement of biomechanical data, all participants
were deemed to be free of lumbar spine injury and low back pain. Some studies assessed
eligibility of study participants via MRI scanning, in order to confirm the absence of any bone
abnormalities, (Bayne et al., 2016), while others relied on assessment by a sports physician or
physiotherapist to indicate the absence of back pain or injuries prior to testing (Portus et al.,
2004; Stuelcken et al., 2010), or the absence of spinal abnormalities to the participant’s best

knowledge (Burnett et al., 1996; Elliott et al., 1993a; Elliott et al., 1992).

The prospective study design was implemented over one competitive playing season in three
studies (Bayne et al., 2016; Elliott et al., 1993a; Elliott et al., 1992) and over two seasons in
one study (Burnett et al., 1996). Two studies featured a retrospective study design, one was
conducted over a four-year period of time (Portus et al., 2004), and one over a single

competitive playing season (Stuelcken et al., 2010).

Some studies distinguished between bowling actions based on the classification of kinematic
factors at either back foot initial contact, or foot flat or impact (Burnett et al., 1996; Elliott et
al., 1992; Stuelcken et al., 2010). The mixed action was identified as the most common bowling
action in several studies with a percentage of 49% to 78%, followed by semi-open and front-
on with a percentage of 14% to 40% and 3% to 17% respectively (Burnett et al., 1996; Elliott
et al., 1993a; Elliott et al., 1992; Portus et al., 2004; Stuelcken et al., 2010). The number of

bowling trials investigated varied between studies. One study used four trials delivered at
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maximum bowling speed (Bayne et al., 2016), while trials landed on ‘good length areas’ were
used by another study (Stuelcken et al., 2010). Three studies used only one bowling trial out of
two maximum velocity trials (Burnett et al., 1996; Elliott et al., 1993a; Elliott et al., 1992). One
study did not report details about the number of bowling trials (Portus et al., 2004). To capture
the bowling action, customised full-body passive reflective marker sets ranging from 31 to 86
markers were used in all studies reporting 3D biomechanical data (Bayne et al., 2016; Portus
et al., 2004; Stuelcken et al., 2010). The studies reporting 2D biomechanical data captured the
bowling action from both the sagittal plane and transverse plane at 200 Hz and 100 Hz

respectively (Burnett et al., 1996; Elliott et al., 1993a; Elliott et al., 1992).
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Table 2.5 Characteristics of the participants and methodologies of the included studies

Participants
Reference Age/Height/ . lncl.usicl)n Study design/cohort Bowling action No. of trials Marker set Comments
Playing Level/ Criteria
No. Body Mass/ country
Gender
Bayne et al. (2016) 25 Non-injured: Junior District / Free of low back pain for at A prospective study over one season, MRI ~ N/R 4 trials with highest ball UWA full body No significant difference between groups in age,
16.0+£1.2 y State least 3 months preceding data pre- and post-season release speed were marker set (Dempsey height and body mass.
13 non-inj. 180.7+5.8 cm collection. analysed out of 18 et al., 2007)
71.5+9.1 kg Australia Post-season: deliveries (3 overs) Increased lateral flexion of the trunk during bowling
12 inj Injured: No appearance of acute or 13 non-injured and greater lumbar loads are associated with low back
15514 y chronic lumbar bone stress 12 injured (3 asymptomatic bone stress, 3 injury incidence in adolescent fast bowlers.
175.94+9.0 cm abnormalities during MRI symptomatic bone stress, 6 not bone related
67.0£10.0 kg screening back injury)
Gender: Male
Burnett et al. (1996) Seasonl-19 Season 1: School/ No spinal abnormalities to the A prospective study over two seasons and Season 1: One from the two N/ A, filmed inthe ~ The progression of disc degeneration was found to be
13.6+£0.6y Club bowlers’ knowledge at the start MRI follow up study. 78% mixed (n=15) maximum velocity trials sagittal plane at related to those bowlers who used mixed bowling
Season2-19 161 +11.1 cm of the testing 11% side on (n=2) 200Hz and transverse action
51.2+7.5kg Australia Season 1 11% front on (n=2) plane at 100Hz.
Season 2: Back pain and disk degeneration — n=4
163+0.6y Season 2 Season 2:
180+ 7.1 cm Back pain and disk degeneration — n=11 63% mixed (n=12)
68.4+10 26% side on (n=5)
Gender: Male 11% front on (n=2)
Elliot et al. 1992 20 179y State No spinal abnormalities to the A prospective study over one season, CT and 80% mixed (n=16) One from the two N/ A, filmed inthe ~ Bowlers who used mixed bowling action more likely
bowlers’ knowledge at the start MRI scan at the beginning. 20% side on (n=4) maximum velocity trials sagittal plane at to present radiological abnormalities.
Gender: Male Australia of the testing No abnormal radiologic features- n=3 200Hz and transverse Bowlers who have higher ball release height relative to
Disc degeneration or bulging — n=6 plane at 100Hz. their standing height more likely to present bony
Spondylolysis, Spondylolisthesis, pedicle abnormalities.
sclerosis —n= 11
Elliot et al. 1993 24 137405y School/ Club ~ No spinal abnormalities to the A prospective study over one season, MRI  62.5% mixed (n=15) One from the two N/ A, filmed inthe ~ Higher shoulder counter rotation is displayed by fast
158 £0.1 cm bowlers’ knowledge at the start scans at the beginning. 16.7% side on (n=4) maximum velocity trials sagittal plane at bowlers with disk abnormalities.
51+6.8kg Australia of the testing 20.8% front on (n=7) 200Hz and transverse
Gender: Male Normal radiological features- n =19 plane at 100Hz.
Abnormal radiological features- n =5
Portus et al. (2004) 42 224+35 High- History of injuries suffered by A longitudinal retrospective study over the ~ 74% mixed (n=31) N/R N/R Shoulder counter rotation is significantly higher in
performance  bowlers was assessed by sports four year period of time. 5% side on (n=2) bowlers who reported lumbar spine stress fractures.
Gender: Male fast bowlers  physicians Trunk injury history - n=30 7% front on (n=3)
Trunk injury reported - n=27 14% semi-open (n=6) Bowlers suffering lower back injuries exhibited the
Stress fractures of the lumbar spine pars typical characteristic of mixed bowling action.
interarticularis — n=9
Back sprain, Injury to disc, facet joint or
ligaments — n=11
Muscle side strain — n=7
No trunk injury —n=35
Stuelcken et al. (2010) 26 225+45y Elite Female ~ No reported back pain or Retrospective study over the season. 73% mixed (n=19) 4 from 25 with high 48 marker (Plug-in — Female fast bowlers who have higher shoulder counter
171.5+5cm injuries at the start of the 4% side-on (n=1) accuracy target by Gait Market set) rotations no more likely to have a history of low back
66.2 + 7.5 kg testing with the assessed by ~ History of LBP — n=14 0% front on landing good length (Salter, Sinclair, &  pain than others.

Gender: Female

sports physicians.

23% semi-open (n=6)

Portus, 2007)

Bowlers with LBP positioned the thorax in more left
lateral flexion relative to the pelvis.

CT — Computed tomography; Inj.: Injured; LBP: Low back pain; MRI: Magnetic resonance imaging; N/A: Not applicable; N/R: Not reported, UWA: University of western Australia, y: Years



2.3.5.2. Kinetic risk factors of fast bowling associated with low back injuries.

The peak lumbar lateral flexion power of injured junior male fast bowlers (25.8 = 16.2 Nm kg
"m™) was significantly higher than that of non-injured fast bowlers (14.4 = 7.7 Nm kg' m™)
(t=2.292, p=0.043) (Bayne et al., 2016). Furthermore, significant differences in joint moments
between injured and non-injured fast bowlers were also found. Injured junior male fast bowlers
(10.5+4.9/12.5+ 2.6 Nm kg m™) had significantly higher joint moment in both peak lumbar
flexion (t =2.29, p = 0.04) and peak lumbar lateral flexion (t =2.08, p=0.05), than non-injured

fast bowlers (6.9 £2.5/10.6 = 1.9 Nm kg m™) (Bayne et al., 2016).

Apart from the above-mentioned kinetic factors that were significantly different between
injured and non-injured fast bowlers, some articles reported an association between Ground
Reaction Force (GRF) and ball release speed. According to Portus et al. (2004), the peak
posterior GRF at Front Foot Contact (FFC) was moderately and positively correlated with ball
release speed (r=0.43, p<<0.01) for both injured and non-injured athletes. In contrast, several
studies reported no significant relationship between peak posterior GRF at FFC and
kinetic/kinematic variables (Bayne et al., 2016; Elliott et al., 1993a; Elliott et al., 1992).
Similarly, these studies reported no significant differences between injured and non-injured
groups in posterior GRF. Moreover, Portus et al. (2004) found a large negative correlation of
time (s) to peak vertical GRF during FFC with ball release speed (r = -0.65, p <0.001) and a
moderate negative correlation of time (s) to peak posterior GRF during FFC with ball release
speed (r=-0.32, p < 0.01) in non-injured as well as injured groups. A summary of the kinetic

factors is presented in Table 2.6.
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Table 2.6 Main findings for kinetic factors in non-injured fast bowlers and fast bowlers with a current lumbar spine injury and/or abnormality

Kinetic factors

. No-Injury/
Description All Injured Control  Main findings Reference
Joint power (W kg m™)
Peak lumbar LF power 25.8+16.2 14.4+7.7 Injured had higher peak lateral flexion power than non-injured (t=2.203, p=0.43) Bayne et al. (2016)
Joint moment (Nm kg m™)
Peak lumbar flexion 10.5+4.9 6.9+2.5 Injured had higher peak lumbar flexion moment than non-injured (t = 2.292, p = 0.036)
Bayne et al. (2016)
Peak lumbar lateral flexion 12.5+£2.6 10.6+£1.9  Injured had higher peak lumbar lateral flexion moment than non-injured (t = 2.079, p = 0.049)
Bayne et al. (2016)
Ground reaction force
Frost at FFC (BW) 45+1 Moderate positive correlation with ball release speed (r=0.43, p <0.01)
Portus et al. (2004)
Fpost during FFC (BM) 3.4+0.5 3.3+0.7 No significant differences /correlation
Bayne et al. (2016)
Frost at FFC (BM) 52+09 4.8+1.4 No significant differences /correlation .
Elliot et al (1993)
Stress fractures - 2+0 L . . -
9+ A
Frost at FFC (BM) 1.9+1 Back Strain - 20 1.9 No significant differences /correlation Elliot et al (1992)
Stress fractures - 0.06+0.04
Time to Fy during FFC (s) Back Strain - 0.08 +0.02 0.09+£0.01 Large negative correlation with ball release speed (r=-0.65, p <0.01) Portus et al. (2004)
Side Strain - 0.08 +0.02
Stress fractures - 0.07+0.03
Time to Fpost during FFC (s) Back Strain - 0.08+0.02  (.11+£0.06 Moderate negative correlation with ball release speed (= -0.32, p < 0.01) Portus et al. (2004)

Side Strain - 0.08 +0.02

Body Mass (BM), Front-foot contact (FFC), Lateral flexion (LF), Peak vertical ground reaction force (Fv), Peak posterior ground reaction force (Fposr)
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2.3.5.3. Kinematic risk factors of fast bowling associated with low back injuries.

A summary of the kinematic factors is presented in Table 2.7. When considering joint angles
during the delivery stride, Bayne et al. (2016) found that non-injured junior male fast bowlers
displayed significantly larger hip flexion at FFC compared to injured junior male fast bowlers
(t=2.076, p=0.049). However, in contrast to these findings, Portus et al. (2004) found no
significant difference in hip flexion angle between non-injured and in fast bowlers with an
injury history of stress fractures, back strain or side strain. Furthermore, in respect to joint
angle, knee extension range during FFC (10° = 9), as well as knee angle (150° &+ 20 ) at ball
release, showed moderate positive correlations with peak braking impact force (r=0.33, p<0.05
/1=0.38, p<0.05) regardless of injury status of the fast bowlers (Portus et al., 2004). Similarly,
knee angle at ball release displayed a moderate positive correlation with peak vertical impact
force (r= 0.31, p<0.05), while knee extension range during FFC displayed a moderate positive
correlation with ball release speed (r=0.37, p=0.02) (Portus et al., 2004). However, no
significant differences or correlations between injury status and knee angle were found in the

study conducted by Elliott et al. (1993a).

For findings related to segment alignments, the alignment of the shoulders (on the transverse
plane towards to anticlockwise from the direction of bowling), as well as minimum shoulder
alignment, in non-injured fast bowlers were found to be significantly lower compared to injured
fast bowlers (Elliott et al., 1992). In contrast, Elliott et al. (1993a) reported no significant
differences for shoulder segment alignment between injured and non-injured fast bowlers.
Although these two studies reported contrasting findings, comparisons between these studies
are difficult given the age and the playing level of the study participants in each of the studies.
In Elliott et al. (1993a) study participants were aged 13.5 + 0.7 years and were state-level
players, while the participants in Elliott et al. (1992) were aged 17.9 £+ 1.6 years and played

school and club-level cricket.
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When considering body segment angles, a significant difference was found in thorax lateral
flexion between injured fast bowlers and non-injured fast bowlers at both FFC and ball release
(Bayne et al., 2016; Stuelcken et al., 2010). The injured group displayed significantly greater
lateral flexion (19.9 £ 6 /49.8 + 5.9) away from the bowling arm compared to the non-injured
group (15 £5.1/40.2 £7.8) at both FFC (p=0.04) and ball release (, p=0.002) (Bayne et al.,
2016). Similar results were shown in a study conducted on female fast bowlers with injured
female fast bowlers displaying a significantly greater range of thorax lateral flexion compared
to non-injured female fast bowlers (p = 0.004, d = 1.25) (Stuelcken et al., 2010). Moreover,
Bayne et al. (2016) identified significant differences in pelvis rotation toward the non-dominant

side at ball release between injured and non-injured fast bowlers (t=2.408, p=0.024).

According to Portus et al. (2004), shoulder counter rotation was significantly higher in fast
bowlers with stress fractures than in non-injured fast bowlers (p=0.01). However, a recent study
by Bayne et al. (2016), did not highlight any significant differences in shoulder counter rotation

between injured and non-injured fast bowlers.

38



Table 2.7 Main findings for kinematic factors in non-injured fast bowlers and fast bowlers with a current lumbar spine injury and/or abnormality.

s *
Description Reference All Injured No-Injury/  D-.Degen  Spon*, PS Stress Back Strain Side Strain Comments
Control Fracture
Joint Angles (°)
Knee extension range during FFC  Portus et al. (2004) 10+ 9 Moderate positive corrc_latlon with peak braking impact force (r= 0.33, p<0.05) and ball
release speed (r=0.37, p=0.02)
Moderate positive correlation with peak vertical impact force (= 0.31, p<0.05) and peak
Knee angle at BR Portus et al. (2004) 150+ 20 braking impact force (r=0.38, p<0.05) during FFC
Knee angle at BR Ellior et al (1993) 153.2+ 23.6 152.6+ 23.8
Hip flexion angle at FFC Portus et al. (2004) 121+ 16 130+ 12 125+ 14 125+ 9
. . The non-injured group displayed significantly larger hip flexion at FFC compared to injured
Hip flexion angle at FFC Bayne et al. (2016) 46.1+ 5.6 50.7+ 5.5 group (=2.076, p=0.049)
Segment Alignment (°)
179 206 Non-injured No-b by ity) displayed significantly 1 houlder ali t
Alignment of the shoulders BFC  Elliott et al (1992) 206.3+ 32 197 on-injured group (No-bone abnormity) displayed significantly lower shoulder alignmen
compared to bone abnormality groups.
Alignment of the shoulders BFC Elliott et al (1993) 218.6+ 144 1219+ 12.2
.. . . Non-injured group (No-bone abnormity) displayed significantly lower minimum shoulder
Minimum Shoulder alignment at BR Elliott et al (1992) 1874 + 13 179 181 193 . .
alignment compared bone abnormality group
Minimum Shoulder alignment at BR Elliott et al (1993) 188.6+ 8.1 194.0+ 10.1
Segment Angles (°)
. The injured group displayed significantly greater lateral flexion away from the bowling arm
Thorax lateral flexion at FFC Bayne et al. (2016) 19.9+ 6 15+ 5.1 at FFC compared to non-injured group (t=2.187, p=0.039)
. The injured group displayed significantly greater lateral flexion away from the bowling arm
Thorax lateral flexion at BR Bayne et al. (2016) 49.8+ 5.9 40.2+ 7.8 at BR compared to non-injured group (t=3.396, p=0.002)
The range of thorax lateral flexion  Stuelcken et al. (2010) 486+ 5.7 4t 47 The 1n_]ureq group dlsplayedia Slgl’llﬁCiintly greater range of thorax lateral flexion compared
to the non-injured group. (p=0.004, d=1.25)
Pelvis rotation at BR Bayne ct al. (2016) 2873+ 108 276.6+ 11.4 Thc injured grollp dlsplazcd significantly greater pelvis rotation at BR compared to non-
injured group (t=2.408, p=0.024)
Counter-Rotation (°)
Shoulder counter-rotation Portus ct al. (2004) 19+ 10 41+ 10 36+ 15 27t 13 Shouldcr_ counter-rotation significantly higher in stress fracture group than non-injured
group (p=0.01)
Shoulder counter-rotation Elliott et al (1993) 30+ 105 18.9+ 93 Shoulder ‘counter-rotailon significantly higher in the injured group than injured (disc
abnormality) group (p=0.08)
Shoulder counter-rotation Bayne et al. (2016) 35.7+ 12.3 32.5+ 11.8

Back foot contact (BFC),Ball release (BR), Disk degeneration or bulging (D.Degen/Bul*), Front-foot contact (FFC), Spondylolysis, Spondylolisthesis, Pedicle sclerosis (Spon*,PS)
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2.4. Discussion

The aim of this systematic review was to provide a better understanding of the biomechanical
factors that are associated with lower back injury in cricket fast bowlers. Available information
regarding fast bowling kinetics and kinematics differentiating between fast bowlers with and
without current low back injury and/or abnormality were synthesised . Many interesting studies
have been conducted in the area of cricket fast bowling and low back injuries. These studies
have reported valuable findings regarding both kinematic and kinetic factors of cricket fast

bowling and their relationship to low back injuries.

Three of the studies out of six included in this review utilised 3D biomechanical analyses
(Bayne et al., 2016; Portus et al., 2004; Stuelcken et al., 2010), while the three older studies
utilised 2D biomechanical analyses (Burnett et al., 1996; Elliott et al., 1993a; Elliott et al.,
1992). However, out of these six included studies only four studies used force plates to report
cricket fast bowling kinetics (Bayne et al., 2016; Elliott et al., 1993a; Elliott et al., 1992; Portus

et al., 2004).

None of the studies reported any significant differences in ground reaction forces between
injured and non-injured fast bowlers. However, the study conducted by Portus et al. (2004),
reported a moderate positive correlation of posterior GRF with ball release speed, while the
other three studies found no significant correlations. High GRF may convert into the kinetic
energy and assist to generate the ball release speed, hence a positive correlation is possible.
Moreover, Portus et al. (2004) reported a large negative correlation (r = -0.65) and moderate
negative correlation (r = -0.32) of time to peak GRF vertical and posterior respectively with
ball release speed. These findings suggest less time to generate the peak ground reaction force
may help to convert GRF to kinetic energy more rapidly and generate ball speed. Overall this
finding indicates that GRF contributes to performance and not necessarily to the development
of injuries in cricket fast bowlers when taken in isolation without considering kinematics.
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Although no other studies reported any significant findings for GRF, the findings reported by
Portus et al. (2004) featured a large sample of high-performance participants (n=42), which
highlights the practical significance of this study. All the studies to date have focused on front
foot contact GRF and none of the studies has investigated back foot contact GRF. Therefore,
to build on the limited research on GRFs of cricket fast bowlers to date, further research is

recommended, in particular with a focus on rear foot contact GRF.

Lumbar joint moments were highlighted as one of the major kinetic factors that differ between
injured and non-injured fast bowlers. In a recent study, Bayne et al. (2016) pointed out that the
injured fast bowlers displayed a higher moment in both lumbar flexion and lumbar lateral
flexion compared to non-injured fast bowlers (refer to Table 2.6 ). This finding, however, was
only reported for a single study, which featured junior male fast bowlers. Furthermore, the
same study also found that peak lumbar lateral flexion power was higher in injured fast bowlers
than in non-injured fast bowlers (Bayne et al., 2016). Although only one study pointed out
these factors, this study was identified as a high-quality study according to McMaster
University Guidelines and Critical Review Form for Quantitative Studies (Law et al., 1998).
In senior male and female fast bowlers, no significant differences in kinetic variables were
found between injured and non-injured fast bowlers (Portus et al., 2004; Stuelcken et al., 2010).
This is may be due to an adaptation over time. Although kinematic cricket fast bowling data
are routinely reported, only limited kinetic data, primarily focused on front foot kinetics during
fast bowling, have been reported (Bayne et al., 2016; Elliott et al., 1993a; Elliott et al., 1992;
Portus et al., 2004). Hence, further research inclusive of monitoring of both kinematic and
kinetic data is recommended, in order to better understand the potential differences between
injured and non-injured fast bowlers of both sexes competing at different levels, in both senior

and junior age groups.
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When considering kinematic factors, several segment angles were reported to differ between
fast bowlers with and without current low back injury and/or abnormality. For knee joint
angles, no studies have reported any significant differences and/or correlations between injured
and non-injured athletes. However, it has been suggested that having a flexed knee at front foot
initial contact and an extended knee before ball release, may reduce impact forces and enable
increased ball release speed, respectively (Bartlett et al., 1996). Moreover, a moderate positive
correlation has been reported between knee extension range (10° = 5) during FFC and ball
release speed, as well as peak impact force (Portus et al., 2004). These findings suggest that
bowlers who have an extended or extending knee at FFC are able to generate higher ball release
and impact force. The same study also reported a moderate positive correlation of knee angle
with peak vertical and braking impact force. This may be due to the efficient transfer of kinetic
energy through the extended or extending knee at FFC, to the ball, which may help to generate
higher ball release speed. Even though there were no differences in knee joint angles reported
between injured and non-injured fast bowlers, the practical implications of the knee joint angles

for ball release speed and impact forces are important to consider.

A significant difference in hip flexion angle at FFC between injured and non-injured fast
bowlers was identified by Bayne et al. (2016) in junior district/state fast bowlers (#=25). In this
study, the 12 junior fast bowlers who suffered a low back injury demonstrated a lower hip
flexion angle (Table 2.7) at FFC than the non-injured athletes. However, Portus et al. (2004)
did not find any significant differences in hip flexion angle between injured and non-injured
senior high-performance fast bowlers (n=45). It has been suggested that anatomical differences
between the younger and older spine may place younger fast bowlers at higher risk of back
injuries (Johnson et al., 2012). It is important to focus future investigations on younger fast
bowlers and implement strategies to reduce their injury risk potentially through correction of

bowling technique in these young athletes.
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In two studies thorax lateral flexion was identified as a kinematic factor that differs between
injured and non-injured fast bowlers of both sexes (Bayne et al., 2016; Stuelcken et al., 2010).
Bayne et al. (2016) found an approximately 10-degree higher thorax lateral flexion (towards
the non-dominant side) at ball release in injured male junior fast bowlers than in non-injured
bowlers. Elite female bowlers with a history of low back pain showed a larger range of lateral
flexion of the thorax relative to the pelvis during the delivery stride than female bowlers
without a history of low back pain (Stuelcken et al., 2010). It appears that in both junior male
and senior female fast bowlers screening for lateral flexion of the spine during fast bowling

may be a useful injury prevention tool to assist in the correction of technique.

Another kinematic factor that showed differences between injured and non-injured fast bowlers
is pelvis rotation. Male junior fast bowlers with a low back injury showed approximately 10
degrees greater pelvis rotation (towards the non-dominant side) at ball release than non-injured
fast bowlers (Bayne et al., 2016). None of the other included studies, however, reported a
difference in pelvis rotation between groups. Bayne et al. (2016) suggest that the greater pelvis
rotation combined with increased thorax lateral flexion in injured fast bowlers may generate
large torsional stress on the lumbar spine. Therefore, they recommend a training program
focussing on dynamic control of the lumbo-pelvic-hip complex in junior fast bowlers to achieve

better technique.

A significantly higher shoulder counter rotation was identified in injured fast bowlers
compared to non-injured fast bowlers for both junior and elite senior players (Elliott et al.,
1993a; Portus et al., 2004). A review on back injuries and fast bowling published in 2000
suggests that during the delivery stride fast bowlers should minimise counter-rotation of the
shoulders (Elliott, 2000). However, these findings on shoulder counter rotation were limited to
only a small number of studies. Moreover, the study conducted in female fast bowlers
(Stuelcken et al., 2010) identified large positive correlations between the alignment of the
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shoulders at BFC and shoulder counter rotation and no difference in shoulder counter-rotation
between the groups with and without a history of low back pain. Due to the conflicting findings
of the limited number of studies on shoulder counter rotation in cricket fast bowlers further
research on shoulder kinematics is recommended to clarify the association between shoulder

kinematics and injury incidents of cricket fast bowlers.
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2.5. Conclusion

A number of cricket fast bowling biomechanical factors associated with low back injuries/pain
were identified through this systematic review. Both kinetic variables, such as lumbar lateral
flexion power, lateral flexion moment, and kinematic variables, such as higher hip flexion
angle, higher shoulder alignment, higher thorax lateral flexion, higher pelvis rotation, as well
as higher shoulder counter rotation, were found to be associated with risk of injury occurrence.
However, a number of conflicting findings were reported. Furthermore, comparisons between
studies are confounded due to the differences in study participant age, gender and playing level,
as well as differences in study methodologies used such as 3D and 2D biomechanical data
collections, using of different marker sets. Further research is needed to investigate the validity
such as threshold levels of the identified biomechanical risk factors, and the association
between cricket fast bowling technique and risk of lumbar spine injury, particularly in youth
participants, who are still growing and consequently physically vulnerable spines compared to

adults.
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Chapter 3

Experimental Study



3. Chapter 3. A pilot study investigating biomechanical
characteristics, bone health and muscle distribution in junior

cricket fast bowlers

3.1. Introduction

Non-symmetrical movement patterns during cricket fast bowling play a large role in the
development of lower back injuries (Ferdinands et al., 2010; Ferdinands et al., 2010a). The
injury prevalence for the cricket fast bowlers is approximately 15% and the most prevalent
injury among fast bowlers is non-dominant side lumbar stress fracture (Orchard et al., 2006).
In an attempt to achieve maximum ball delivery speed, the trunk is hyperextended, laterally
flexed and rotated during fast bowling, which produces significant loading of the lumbar spine
(Bartlett et al., 1996; Burnett et al., 1998). It is therefore not surprising that there is a high

incidence of lower back injuries in cricket fast bowlers.

As discussed in the systematic review in Chapter 2, various kinetic and kinematic factors of
the cricket fast bowling action have been identified as risk factors for lower back injuries
among fast bowlers of different playing levels and ages. A review by Bartlett et al. (1996)
showed that greater ground reaction force at front foot contact was one of the prime
contributors to lower back injuries in cricket fast bowlers (Bartlett et al., 1996). The magnitude
of ground reaction forces at front-foot contact range from 3.8 to 9.0 times body mass (BM) for
peak vertical ground reaction forces and from 1.4 to 4.5 times BW for peak braking ground
reaction forces (Bartlett et al., 1996; Hurrion, Dyson, & Hale, 2000). Moreover, bowlers with
previous lower back stress fractures demonstrate a non-significant trend towards a faster rate
of peak vertical and peak breaking ground reaction force development at the front foot contact

phase, compared to non-injured bowlers (Portus et al., 2004).
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Front leg kinematics during the front foot-contact phase of a bowling delivery may also
contribute to the development of lower back injuries in fast bowlers (Foster et al., 1989; Portus
et al., 2004; Worthington et al., 2013). Portus et al. (2004) found that bowlers who
demonstrated greater front leg knee extension (10° + 9) during front foot contact were more
prone to back injuries. Though front foot kinematics appear not to be related to injury risk,
some studies have reported an association between increased injury risk, knee extension angles
and other kinematic and kinetic factors of fast bowling. Portus et al. (2004) showed that fast
bowlers who demonstrated an extended knee at FFC had higher bowling delivery speed
compared to bowlers with a flexed knee at FFC. Similarly, front knee flexion angles appear to
be correlated with both lumbar spine rotation angles and as lateral bending moments
(Ferdinands et al., 2010a). Hence, it appears that front knee angles may significantly impact on
lumbar spine loading. As such, front leg kinematics should be the focus of further

investigations.

In addition to front foot kinetics and kinematics, shoulder counter rotation has also been
identified as potentially leading to increased risk of lower back injury. Fast bowlers with
previous lumbar spine stress fractures have demonstrated significantly greater shoulder counter
rotation (mean 41°+11) compared to non-injured fast bowlers (Portus et al., 2004).
Furthermore, Crewe, Campbell, Elliott, and Alderson (2013) reported that fast bowlers with
greater shoulder counter rotation (mean 35.1°) demonstrated increased lumbo-pelvic loading
(greater peak rotational moment and shear forces in the transverse plane and anterior-posterior
plane, respectively). Fast bowlers are categorised as mixed action bowlers if they demonstrate
shoulder counter rotation greater than 30° (Elliott, 2000; Portus et al., 2004), hence mixed action

bowlers appear to be at greater risk of lumbar spine injuries.

In addition to the above-mentioned factors, greater pelvic—shoulder separation angle at rear
foot contact has been associated with an increased risk of soft tissue injuries (back muscle
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sprain) (Portus et al., 2004). This may be due to the rapid re-alignment of the shoulder and
pelvis segment during BFC to FFC generating great rotational forces, resulting in increased
torsion stress to the lumbar region. Moreover, bowlers displaying greater lateral flexion (49.8°
+ 5.9) (to the non-dominant side) of the lumbar spine during the delivery stride may also be at
an increased risk of lumbar injuries (Bayne et al., 2016), which may be due to rapid loading of
the lumbar facet joints when in this position. Ferdinands et al. (2010a) point out that in order
to identify the causal mechanism of lumbar spinal injuries, not only kinematic but also kinetic
measures are necessary in order to adequately assess the magnitude of spinal loading. Hence,
further research investigating the association between fast bowling kinematic and kinetic

variables and the potential negative impact on the lumbar spine region is merited.

According to the systematic review conducted in Chapter Two, higher peak lumbar lateral
flexion power and higher peak lumbar lateral flexion moment, as well as higher peak lumbar
flexion moment, were identified as main kinetic factors that are associated with lower back
injuries in cricket fast bowlers (Bayne et al., 2016). Lower hip flexion angles (Bayne et al.,
2016), increased shoulder alignment (Elliott et al., 1992), larger lateral flexion of the thoracic
segment, as well as higher pelvis rotation (Bayne et al., 2016; Stuelcken et al., 2010) and higher
shoulder counter rotation (Elliott et al., 1992; Portus et al., 2004; Stuelcken et al., 2010) were
the identified key kinematic factors that were associated with lower back injuries of cricket fast

bowlers (see Chapter Two).

Although various risk factors for lower back injuries have been associated with the cricket fast
bowling action, only limited data have been reported investigating the association between
bowling action and bone mineral density in cricket fast bowlers. It is hypothesised that the high
spinal loads associated with fast bowling may affect the bone mineral density of the spine due
to the repetitive high impact nature of the fast bowling technique (Scerpella et al., 2018). Early
efforts to investigate this association has shown that bone mineral density of the lumbar spine
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and the hip was significantly greater in cricketers compared to other physically active people
(Micklesfield et al., 2012). Furthermore, the same study reported that fast bowlers possess
greater lean mass and bone mineral content in the trunk area compared to non-athletic
populations. Fast bowlers also demonstrate significantly greater unilateral differences in bone
mineral content in the arm region compared to the non-athletic control group (Lees et al., 2016).
Furthermore, the fast bowling action is likely to result in muscle asymmetries between the
dominant and non-dominant side of the body (Kountouris, Portus, & Cook, 2012). The nature
of the aforementioned associations in developing younger-aged cricket fast bowlers remains
unknown. Dual-energy X-ray absorptiometry (DXA) scans measure both bone mineral density
and lean muscle mass distribution and can therefore be used to characterise adaptations
resulting from repeated fast bowling. Several studies have shown that DXA scans provide a
valid and reliable measure of body composition (Nana, Slater, Stewart, & Burke, 2015;
Rosenfalck, Almdal, Gotfredsen, Hejgaard, & Hilsted, 1995; Roubenoft, Kehayias, Dawson-
Hughes, & Heymstield, 1993). Hence, this type of scanning may have the potential to assist as

a screening tool in cricket fast bowlers.

Adolescent cricket fast bowlers (10-19 years in age) are a special grouping of athletes who are
at increased risk of lower back injuries (Bayne et al., 2016). This increased risk is because they
are in a critical period of physical growth and musculoskeletal maturation (Logsdon, 2007;
Schaefer et al., 2018). To date, however, there remains a paucity of research investigating the
kinematics and kinetics of cricket fast bowling actions, and the presence of known risk factors,
in this population. The current study therefore characterised the prevalence of known
biomechanical risk factors, as identified in the systematic review, for lower back injuries in
male junior fast bowlers. Furthermore, participants dominant and non-dominant side BMD and
LM DXA scans findings were compared, and charactered based on bowling actions (mixed

and semi-open).
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3.2. Methodology

3.2.1. Participants

Eleven male junior state and/or district representative cricket fast bowlers (mean age 13.8 +
0.6y, mean height 173.9 £ 5.3cm, mean mass 63.5 = 5.7kg) from the Newcastle and Central
Coast regions of Australia volunteered to participate in this study. Nine participants were right-
handed, and two participants were left-handed. Data of the left-handed bowlers were converted
on to right-handed and all reported as the dominant or non-dominant arm and leg. At the time
of the testing, all the participants were free of injuries and low back pain. All participants
underwent a pre-screen and injury history questionnaire (Appendix 3.1) followed by a
physiotherapist-led assessment, which included a range of motion assessment (lumbar spine
and hip) and pain provocation tests (Appendix 3.2). This assessment was done to ensure that
participants were not injured and were able to participate without restriction in all experimental
tasks. The athletes and their parents were given the opportunity to have any questions answered
by the researchers. As all participants were under 18, written informed consent (Appendix 3.3)
was obtained prior to the testing from each participant, as well as from a parent or guardian.
All procedures in this study were approved by the University’s Human Ethics Committee (H-

2015-0059) (Appendix 3.4).

3.2.2. Experimental protocol

All participants attended data collection sessions during the cricket pre-season period,
according to the sequence illustrated below in Figure 3.1. The data collection protocol
comprised of a series of questionnaires, including a coronary artery disease risk factor
stratification questionnaire (Appendix 3.5) and injury history questionnaire (Appendix 3.1),

followed by an assessment by a physiotherapist to ensure the participant’s readiness to
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complete the experimental task. Once participants were cleared to participate they underwent

a whole body DXA scan followed by a biomechanical assessment of fast bowling technique.

Complete pre-test forms

Coronary artery disease risk factor stratification

Injury history questionnaire / Informed consent form

Physio assessment (~15min)

Range of motion assessment
Pain provocation tests

DXA scan (~ 20 min)

Whole-body scan

Biomechanical assessment (~ 3hrs)

}ﬁ

Experimental task - Five overs of six deliveries

Figure 3.1 Data collection sequence



3.2.3. DXA scans

All participants underwent a whole-body dual-energy X-ray absorptiometry (DXA) scan
(Hologic Discovery QDR Series, Marlborough, MA, USA) prior to the experimental bowling
task. The participants were positioned in the middle of the scanner bed with their hands facing
their thighs and their legs/feet turned inwards at the hips. The participants were instructed to
stay as still as possible during the seven minutes of scanning, while the scanner arm overhead
and the DXA bed were moving to perform the scan. Daily quality control scans were performed

before each test.

Each DXA scan measures bone area (cm?) and bone mineral content (g) of the left and right
arm, leg and ribs, as well as thoracic and lumbar spine and pelvis. Bone mineral density (g/cm?)
for each of these regions is calculated by dividing BMC by bone area. The age range of the
participants and the resulting differences in maturation status are likely to have affected bone
area. To account for this effect of maturation only bone mineral density will be reported on.
The other DXA variable of interest is lean muscle mass (g), which is reported for the left and

right arm and leg, as well as the trunk.

3.2.4. Biomechanical assessment

Biomechanical testing of the fast bowling action was conducted in the biomechanics laboratory
of the University of Newcastle Central Coast Campus. The height, body mass, as well as trunk
anthropometry measurements (hip depth, xyphoid depth, chest depth) of each participant were
recorded, with resulting measurements entered into anatomical modelling reference equations.
Seventy-two passive reflective markers were then attached to anatomical landmarks on the
participant’s upper and lower extremities, pelvis, torso and head, according to the guidelines
by Schaefer et al. (2018). A detailed overview of the marker set is provided in Appendix 3.6).
Markers were placed on the participant's shoes at the first and fifth metatarsal head, mid-
anterior foot, and lateral aspect of calcaneus in order to mark anatomical landmarks on the foot.
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Markers were attached to the body including lateral and medial malleolus, lateral and medial
femoral epicondyle, lateral shank, anterior distal and proximal shank, greater trochanter, lateral
thigh, anterior distal and proximal thigh, in order to mark anatomical landmarks of the pelvis
and lower limb. More markers were attached on anterior and posterior superior iliac crest,
xiphoid process, sternal notch, lumbo-sacral (L5-S1) intervertebral joint space, thoraco-lumbar
(T12-L1) intervertebral joint space, the ribcage bilaterally at the level of the T12-L1
intervertebral joint space and immediately superior to the iliac crest marker, five lumbar
segment tracking markers, first thoracic vertebra (T1), acromion, the anterior and posterior
aspect of the shoulder, lateral and medial epicondyle of the elbow, radial and ulnar styloid,
dorsal aspect of the hand, forehead and left and right tragus in order to mark anatomical land
marks of the torso, upper limbs and the head (Appendix 3.6) . The cricket ball used during the
experimental task was marked with three markers in order to allow for the measurement of
bowling speed. Participants then performed a single static trial, during which they were
instructed to stand still in the anatomical position while standing astride on two adjacently
located multichannel force plates (2,000 Hz, Kistler, Winterthur, Switzerland). The force plates
featured built-in charge amplifiers (Type 9281CA and 9281 EA, Kistler, Winterthur,
Switzerland) and were connected to a control unit (Type 5233A, Kistler, Winterthur,
Switzerland).A sixteen-camera Qualisys motion capture system (500Hz, Oqus 700+, Qualisys

AB, Goteborg, Sweden) was used to record reflective marker data for the static trial.

The laboratory pitch length dimensions were the same as a standard cricket pitch (20.12 m),
however, within the given constraints of the laboratory space, the pitch width was 2.1m, which
is narrower than a standard cricket pitch (3.05m). The participants were asked to pitch the ball
at a marked area on the ground 6-8m from the stumps at the batsman's end. Two infrared timing
gates (Smart Speed Timing Gate System, Fusion Sport, Sumner Park, Queensland, Australia),

spaced 2m apart, were positioned at the estimated point just before the back foot initial ground
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contact during the pre-delivery stride to measure the pre-delivery approach speed. The bowling
run-up distance from the popping crease was measured and marked by the athletes themselves
during the warm-up over. The position that the ball hit on the ground was measured using a

measuring tape placed along the side of the pitch.

For the purpose of this study five (5) overs of six (6) deliveries each were required to be
delivered at competition pace by each participant. Participant were instructed to aim to pitch
the ball in the ‘good length’ area and maintain their average maximum speed throughout the
bowling spell. Before commencing the experimental task the participants performed a
standardised balance and postural stability warm-up (Bird & Stuart, 2012), as well as six (6)
warm-up bowling deliveries at an intensity of 50% of maximum effort. The participants then
performed the experimental bowling task. Between each over, there was a non-bowling period
of 5 minutes with fielding drills to replicate match conditions, according to the protocol of

Schaefer et al. (2018).

The sixteen camera Qualisys motion capture system recorded all movements in three-
dimensions (3D) for the experimental tasks. All 3D ground reaction forces (GRFs) generated
at front foot-ground landing were measured by the two previously referenced force platforms

embedded in the floor.

3.2.5. Data reduction

Visual3D software (Version v6, C-Motion, Germantown, MD) was used to analyse the 3D
kinematic and kinetic data for all recorded bowling overs. All raw kinetic and kinematic data
were filtered based on recommendations by Bisseling and Hof (2006) and Kristianslund,
Krosshaug, and van den Bogert (2012) using a fourth order zero phase Butterworth low-pass
digital filter (f-=50Hz). Peak magnitudes and loading rates of GRFs during FFC were smoothed

with a fourth-order zero-phase Butterworth low-pass digital filter (fc= 18 Hz). Segment masses
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of the foot, shank, thigh, upper arm, forearm, hand and head were defined according to
Zatsiorski (1990), while segment masses for the pelvis, lumbar and thorax segment were
defined according to Pearsall, Reid, and Livingston (1996). To model the initial properties of
each segment, geometric primitives (Hanavan, 1964) were used; with the pelvis, lumbar region
and thorax defined as elliptical cylinders (Seay, Selbie, & Hamill, 2008), the foot, shank, thigh
(Ford, Myer, & Hewett, 2007), upper arm, and forearm defined as frusta of a right cone, the

hand defined as a sphere and the head defined as an ellipsoid.

To estimate the joint centres the midpoint point between the two markers was used (Table 3.1)
(Zatsiorski, 1990). L5- S1 and T12-L1 inter-segmental angle: lumbar segment angles tracked
using 5 lumbar tracking markers (appendix 3.6). The shoulder was tracked using markers
placed on the acromion process, the anterior aspects of shoulder (5cm inferior to acromion),
and posterior aspects of the shoulder (in line with anterior aspects). The sign conventions of
the local coordinate system were defined as X-axis is the mediolateral axis, Y-axis is the

anterior-posterior axis, and Z-axis is the superior-inferior axis.

Table 3. 1 Midpoint markers to estimate joint centres

Joints Two markers

Ankle The lateral and medial malleolus

Knee Lateral and medial femoral condyles

L5-S1 (kinematic only) Mid-point between iliac crests

T12-L1 Bilateral rib cage markers at the level of T12-L1

Hip joint centre 25% of the distance from the dominant to the non-
dominant greater trochanter

L5-S1 (kinetic only) 5% along the virtual line from L5S1 marker to the
bisector of the two ASIS markers

Shoulder 50% distance between the anterior and posterior

aspects markers

56



To express inter segmental ankle, knee, hip, L5S1, T12-L1, elbow, and wrist joint angles and/or
moments, X, y, z cardan sequence of rotation were used and z, y, z cardan sequence of rotation

were used for the shoulder joint inter segment as reported in Table 3.2.

Table 3.2 The x, y, and z cardan sequence

Joint /Inter Segment Express / Articulated

Ankle joint Dorsiflexion-plantarflexion
Forefoot adduction-abduction
Inversion-eversion

Knee and hip joint Flexion-extension
Abduction-adduction
Internal-external rotation

L5-S1 and T12-L1 inter segment Flexion-extension
Left-right lateral flexion
Right-left rotation

Elbow inter segment Flexion-extension,
Y-axis cross talk (not reported),
Pronation-supination

Wrist inter segment Flexion-extension,
Ulnar-radial deviation,
Z-axis cross talk (not reported)

Shoulder (z, y, z cardan sequence) Flexion-extension,
Adduction-abduction
Internal-external rotation

Kinetic data from successful trials, where the participant’s front foot fully landed on the force
plates, were used to calculate individual peak net internal joints moments and forces. Internal
joint forces and moments were estimated via inverse dynamics. This computation was
performed between front foot initial ground contact and upper arm vertical during the delivery
phase. Medial shear force and anterior shear force, as well as vertical compressive force, were
defined as positive directions. L5-S1 and T12-L1 joint forces were normalised to the
individual’s body mass and the peak internal joint moment was normalised to the individual’s
body mass multiplied by height. The distance between the proximal end of the back-foot
segment at back foot initial contact and the proximal end of the front foot segment at the front

foot initial contact was measured as step length and normalised to the individual’s height.
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Individual bowling actions were classified into side-on, front-on, semi-on and mixed according

to Ferdinands et al. (2010) guidelines (see section 3.2.7).

3.2.6. Data analysis

For the analysis of kinematic data, the five stages of the bowling action including back foot
contact, front foot contact, arm horizontal, ball release and arm vertical, (figure 3.2) were
defined automatically using Visual 3D digitisation software, in accordance with Schaefer et al.
(2018), and confirmed by visual inspection. The methodology defined by Schaefer et al. (2018)
was utilised to determine both back-foot and front-foot initial ground contact (BIC & FIC);
time of the peak vertical (Fv), anterior (Fant), posterior (Fpost), medial (Fmep) and lateral
(FLaTt) GRF; front foot-ground take-off (FTO); upper-arm horizontal backwards (AH); ball

release (BR); and upper-arm vertically downwards (AV) as mentioned below.

BIC were defined at the maximum acceleration of the fifth metatarsal marker of the back foot
in the posterior direction relative to the laboratory coordinate system. The stages of FIC and
FTO stages were defined when the vertical GRF exceeded or drop below 10N respectively.
The respective peak GRFs between FIC and FTO were used to define the peak GRFs. Peak
vertical ground reaction force (Fv) were defined when front foot vertical GRF has reached its
maximum peak. AH was defined when BIC when the x-axis of the angle of the upper arm
segment relative to the laboratory coordinate system crossed a 90° threshold on the ascent
phase. BR was defined when the distance of separation between the ball and the dorsal hand

markers of the bowling hand crossed a 0.1m threshold on the ascent phase. AV was defined
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after FIC when the x-axis of the angle of the upper arm segment relative to the laboratory

coordinate system crossed a 0° threshold on the decent phase.

Both rear and front foot alignments were defined as the foot segment relative to the laboratory
coordinate system at the time of BIC and FIC, respectively. Segmental alignment angles, such
as pelvis alignment, pelvis counter-rotation, shoulder alignment, shoulder counter-rotation, and
shoulder-pelvis separation angle at the time of BIC and FIC, were defined according to

Ferdinands et al. (2010) as reported in Chapter 1.
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Figure 3.2 Five stages of bowling action. Figure extracted from Schaefer et al. (2018)

The calculation of the net peak internal joint forces and moments was performed between FIC
and AV. Only the trials during which the participant’s front foot fully landed on the force
platforms (76 = 22%) were considered for the calculations. L5-S1 and T12-L1 joint forces were
normalised to body mass (relative BM) and peak net internal joint moments were normalised

to the participant’s body mass multiplied by height (relative BM x height).
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3.2.7. Bowling action classification.
The current study used the bowling action classification system described by Ferdinands et al.
(2010) (see section 1.3.1 for further background details). In summary, the bowling actions are

classified as follows:

e Side-on: Shoulder alignment < 25° and shoulder counter rotation < 30°.
e Semi-open: 25°< Shoulder alignment < 50° and shoulder counter rotation < 30°.
e Front-on: Shoulder alignment > 50° and shoulder counter rotation < 30°.

e Mixed: Pelvis—shoulder separation angle > 30° or shoulder counter rotation > 30
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3.2.8. Statistical analysis

Means and standard deviations were calculated for all variables of interest (based on the
systematic review) for all successful bowling trials. More than 95% of trails were considered
for kinematic variables (97.2 £ 3.8%) (5 overs x 6 deliveries minus those deliveries with
missing markers or technical difficulties). Over 75% of trails were considered for kinetic
variables (76 + 22%) (5 overs x 6 deliveries minus those deliveries where the force plate was
missed or with missing tracking markers or technical difficulties) for all participants. The
prevalence of the biomechanical risk factors for lower back injury in the participants was
reported. Descriptives of the DXA variables (bone mineral density, muscle mass and regional

distribution) were reported.

The classification of bowling actions of the participants only identified two bowling actions
within the group. Therefore comparisons between the two bowling actions were performed
using independent t-tests with the significance level set at P < 0.05. Paired T-tests were also
used to compare between the dominant and non-dominant side for DXA wvariables. All
statistical analyses were performed using the statistical analysis software (SAS, version 9.4,

SAS Institute Inc., Cary, North Carolina, USA).
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3.3. Results

3.3.1. Bowling action classification.

According to the bowling action classification criteria of Ferdinands et al. (2010), (See 1.3.1)
out of eleven participants, seven (63.6%) demonstrated a mixed bowling action with a mean
value 0f39.84° +9.22 and 57.12° + 11.82 for shoulder counter rotation and shoulder alignment
angle at BFC, respectively (see Table 3.3). The remaining four (36.4%) participants displayed
a semi-open bowling action, with mean values of 20.56° + 6.28 and 40.61° + 4.51 for shoulder

counter rotation and shoulder alignment angle at BFC, respectively (Table 3.4).

Table 3.3 Bowling action classifications

Bowling Action Pe(rl:illltgge Mea?lCR 0 SD M%z?nat Bre (s%) MeaiPSA (O)SD
Mixed 63.3% (n=7) 39.84 + 922 57.12 + 11.82 1499 <+ 11.83
Semi Open 36.4% (n=4) 20.56 + 6.28 40.61 =+ 3.51 8.77 £ 19.26
Front — on 0 - - - - - -
Side —On 0 - - - - - -

BFC: Back foot contact, SA: Shoulder Alignment, SCR: Shoulder counter rotation, SPSA: Shoulder pelvis
separation angle,

3.3.2. Comparison between bowling actions for joint segment angles.

Joint segment angles were reported at three main stages of the delivery stride, first at back foot
initial contact (BIC), secondly at front foot initial contact (FFC), and finally at ball release
(BR). Seven joint segment angles were observed in total (dominant and non-dominant knee,
dominant and non-dominant hip, L5-S1, T12-L1 and shoulder), with three main movement

types per joint (Table 3.4).

For knee kinematics, there was significant difference between the mixed bowling action and
the semi-open action for left knee adduction (+) / abduction (-) at FFC (P= 0.001), where the
angle for mixed bowling action was 8°+ 4.16 and for semi-open was -1.79° + 2.6. However,

there was no significant difference (P = 0.25) observed for the same parameter at BR or for any
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of the other knee angles. A significantly lower, hip flexion of non-dominant side was observed
in the mixed action bowlers (0.94 + 10.04) compared to the semi-open action bowlers (13.27
+ 6.23) at the FFC (P = 0.03), but not at BIC (P=0.09). When considering the L5-S1 joint
segment, there was a significant difference in right rotation of the L5-S1 joint segment between
the mixed bowling action and the semi-open bowling action at both BIC (1.02° + 2.46 vs -2.07°

+ 1.1, P=0.02) and BR (0.92° + 2.76 vs.-2.49° + 1.74, P=0.03), but not at FFC (P=0.09).

T12-L1 flexion at BR demonstrated a significant difference between the mixed bowling action
group (8.34° £ 12.87) and semi-open action group (20.91°+£4.66, P =0.04). Also, T12-L1 right
rotation at BR displayed a significant difference between the mixed bowling action group
(22.1° £ 9.44) and semi-open action group (12.79° = 2.34, P = 0.04). Furthermore, shoulder
adduction and internal rotation at FFC showed significant differences between mixed bowling
action (-39.67° + 14.17 vs. -61.01° £ 12.41, P=0.03) and semi-open bowling action (-25.1° +
3.33 vs.35.7° £ 3.66, P=0.002). None of the other measured joint segment angles showed
significant differences between the mixed and semi-open bowling actions in the junior

participant.
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Table 3.4 Joint segment kinematics

BIC FFC BR
Segment Movement P P P
Mixed Semi-Open Mixed Semi-Open Mixed Semi-Open
Flexion (+) / Extension (-) (°) 370 = 145 4431 = 7.07 0.29 5181 = 13.52 63.81 + 383 0.6 - - - - - - -
Balc(l;ehemb Adduction (+) / Abduction (-) () 008 + 9.9 412 = 472 0.36 -1122 = 837 -6.05 + 767 033 - - - - - - -
Internal (+) / External (-) rotation (°) 159 = 101 058 + 882 0.72 16 £ 941 59 + 503 035 . - - - - - .
Flexion (+) / Extension () (°) 294+ 9.02 3638 + 201 0.09 094 + 10.04 1327 + 623 0.03* - - - - - .
Back limb hip  “Adduction (+) / Abduction (- ©) 352 = 577 029 + 512 0.295 51 £ 615 506 + 405 098 - - - - - - -
Internal (+) / External (-) rotation (°) 506 £ 117 002 + 1024 048 101 = 88 308 + 922 072 - - - . y - .
Flexion (+) / Extension () (°) - - - - - - - 2095 + 7.96 1601 + 396 02 505 + 15.8 4656 + 2503 0.9
le?;ellmb Adduction (+) / Abduction (-) (°) - - § + 416 479 £ 26 0.001* 354 £ 7.99 106 + 433 025
Internal (+) / External () rotation (°) - - - - - - 22284 + 1109 -167 £ 369 022 088 = 8.19 397 £ 1019 062
Flexion (+) / Extension (-) (°) - - - - - - 5147 = 472 4997 + 472 063 683 = 821 7257 £ 825 044
Front limb hip  Adduction (+) / Abduction (-) () - - - - - - 3391 + 893 2288 + 206 0.18 083 + 562 198 + 646 05
Internal (+) / External () rotation (°) - - - - - - 902 + 614 -103 + 655 076 114 = 523 811 + 34 0.24
Flexion (+) / Extension () (°) 039 + 135 -113 £ 1187 02 996 + 1421 2189 £ 919 024 555 + 154 418 + 1266 029
L5-S1 Left (+) / Right (-) lateral flexion (°) 13 + 268 256 + 494 0..66 237 + 268 339 & 555 075 302 & 22 337 & 445 089
Right (+) / Left (-) rotation (°) 1.02 + 246 207 + 1.1 0.02* 335 + 213 078 + 202 0.09 092 =+ 276 2249 £ 174  0.03*
Flexion (+) / Extension () (°) 48 + 138 1.9 + 94 0.34 -184 £ 1677 793 £ 579 02 834 + 129 2091 £ 466  0.04*
T12-L1 Left (+) / Right (-) lateral flexion (°) 554+ 611 44 £ 673 0.72 074 £ 512 363 + 456 0.19 333+ 431 3524 + 736 0.66
Right (+) / Left (-) rotation (°) 16 £ 123 785 £+ 1529 04 2125 +  21.02 18.74 + 568 0.77 21 + 944 1279 + 234 0.04*
Flexion (+) / Extension (-) (°) 34+ 186 3018 +  9.65 0.66 938 + 1544 631 + 12 072 105+ 827 11521+ 2915 077
Shoulder Adduction (+) / Abduction (-) () 201 + 607 114 + 1036 017 39.67 £ 1417 251 £ 333 003* 718 =+ 833 6644 + 1391 052
Internal (+) / External () rotation (°) 261 + 154 4434 + 2258 022 6101 £ 1241 357 £ 366 0.002* -183 = 869 -183.81 = 3927 099

BIC: Back foot initial contact, BR: Ball release FFC: Front foot contact,
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3.3.3. Comparison between bowling actions for segment alignment angles.

Different parameters of shoulder, pelvis and shoulder/pelvis segments were examined in
relation to the bowling actions (see Table 3.6). As a key parameter of bowling action
classifications, the mean shoulder counter rotation was higher in mixed action bowlers (39.84°
+ 9.23) compared to semi-open action bowlers (20.09" + 7.96 P=0.003). Similarly, higher
shoulder alignment was displayed by the mixed action bowling group (57.12° £ 11.82)
compared to semi-open action bowlers (40.61° + 3.53, P = 0.01) at BIC. Neither the shoulder
alignment at peak F,, nor did any of the other reported segment alignments showed a significant

difference between bowling action types (see Table 3.5).

Table 3. 5 Comparison between bowling actions for segment alignment

Mixed action Semi-open
Segment Parameter P
Mean(°) SD Mean(®) SD

Shoulder alignment BIC 5712+ 11.82 40.61 =+ 3.51 0.01*

Shoulder Shoulder alignment Peak F, 1757 +  9.85 2009 +  7.96 0.65
Shoulder counter rotation 3984 + 9.23 20.56 + 6.29 0.003*

Pelvis alignment BIC 42,15 + 11.04 32,18 + 19.16 0.39

Pelvis Pelvis alignment peak F, 3152+ 16.25 2339 + 2384 0.57

Pelvis counter rotation 1063 + 7.29 8.8 + 5.98 0.66

Pelvis shoulder separation angle BIC 1499 + 11.83 877 + 19.26 0.59

Shoulder /Pelvis
Pelvis shoulder separation angle FFC -26.16 + 12.87 215 £ 6.83 0.45

BIC: Back foot initial contact, FFC = Front foot contact, F,; Vertical force at FFC
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3.3.4. Comparison between bowling actions for ground reaction force.
The mean ground reaction force (GRF) showed no significant difference between the mixed
bowling action (3.97 £ 0.96 BM) and the semi-open bowling action (3.91 £ 0.53 BM)

(P=0.895).

3.3.5. Comparison between bowling actions for a maximum joint moment.

Maximum mean joint moments were measured by relative body mass into height (relative BM
x height). The mixed bowling action group demonstrated significantly higher joint moments at
hip flexion (1.22 £ 0.65 vs. 0.45 £ 0.37, P=0.03) and at L5-S1 flexion (2.20 £ 0.93 vs. 1.12 £+
0.67, P=0.05) compared to the semi-open bowling action group (see Table 3.6). There were no
significant differences in the moments in knee extension, lateral flexion and rotation of the hip
and L5-S1. Similarly, no significant differences observed in T12-L.1 flexion, lateral flexion and
rotation between the bowling actions. However, higher joint moments were observed in mixed

action bowlers compared to semi-open bowlers.

66



Table 3.6 Comparison between bowling action for maximum joint moments (relative BM x
height)

Joint moment max Mixed action Semi-open

(BMm) Mean SD  Mean SD g
Knee Extension moment 146 + 0.16 1.06 + 0.34 0.11
Flexion moment 1.22 £+ 0.65 045 + 037 0.03*
Hip Lateral flexion moment 336 £ 0.93 294 £ 0.58 0.39
Rotation moment 0.64 + 0.18 044 + 0.11 0.06
Flexion moment 22 £ 093 1.12 + 0.67 0.05*
L5-S1 Lateral flexion moment 1.81 + 043 1.04 + 0.36 0.2
Rotation moment 1.96 £ 041 1.53 + 0.64 0.42
Flexion moment 1.4 £ 0.56 1.23 + 0.24 0.5
T12-L1 Lateral flexion moment 293 £+ 1.96 1.88 £+ 0.92 0.27
Rotation moment 222 £+ 1.26 1.47 + 0.25 0.17
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3.3.6. Comparison between bowling actions for joint forces.
As shown in Table 3.7, the joint forces at L5-S1 and T12-L1 did not show significant

differences between the mixed bowling action and the semi-open bowling action.

Table 3.7 Joint forces

Joint Force (BW) Mixed Semi-open
Mean SD Mean SD P
Lat -0.84 + 1.07 -0.5 + 133 0.67
L5-S1_Joint Force Ant 2.49 + 032 2.36 + 0.76 0.76
Ver -1.64 £  0.65 -1.6 + 048 0.92
Lat -1.1 + 1.3 -0.5 + 1.89 0.59
Ant 0.83 + 0.09 0.95 + 0.23 0.38
T12-L1 _Joint Force
Post -0.81 + 0.28 -0.85 + 0.15 0.71
Ver 248 £ 046 -2.53 + 0.56 0.87

Ant: Anterior, Lat: Lateral, Post: Posterior, Ver: Vertical
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3.3.7. Comparison between dominant and non-dominant side for bone mineral density

Bone Mineral Density (BMD) was measured for left and right sides of the body for arms, legs
and ribs. For these three regions comparisons between the non-dominant side and the dominant
side with reference to the bowling arm were performed. BMD for all three regions showed no

significant differences between the dominant and non-dominant side (see Table 3.8).

Table 3.8 Comparison between dominant and non-dominant side for BMD

BMD (g/cm?)

Non-dominant Dominant
Region P
Mean SD Mean SD
Arm 0.74 + 0.05 0.79 + 0.04 0.35
Rib 0.70 + 0.08 0.74 + 0.07 0.87
Legs 1.26 + 0.11 1.25 + 0.12 0.79
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3.3.8. Comparison between bowling actions for BMD of different regions of the body.

Besides the regions mentioned in the previous section, BMD was also reported for thoracic
spine, lumbar spine, and pelvis. For all BMD regions comparisons between the mixed bowling
action group and the semi-open bowling action group were performed. As shown in Table 3.9
no statistically significant differences between the bowling action types were found in BMD

for any of the regions.

Table 3.9 Comparison between bowling actions for BMD of different regions of the body.

BMD (g/cm?)

Mixed Bowling Semi-Open Bowling
Region Side P
Mean SD Mean SD
Non-dominant 0.74 + 0.06 0.74 £ 0.03 0.18
Arm
Dominant 0.80 + 0.04 0.77 + 0.03 0.6
Non-dominant 0.69 + 0.08 0.71 £ 0.07 0.89
Rib
Dominant 0.73 + 0.07 0.76 + 0.07 1
Thoracic 0.97 + 0.13 0.86 £ 0.16 0.63
Spine
Lumbar 1.07 + 0.18 1.03 £  0.13 0.68
Pelvis - 1.26 + 0.14 1.17 £ 0.17 0.63
Non-dominant 1.29 + 0.11 1.22 +  0.11 0.9
Leg
Dominant 1.28 + 0.13 1.21 £ 0.10 0.68
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3.3.9. Comparison between dominant and non-dominant side for lean mass.
Lean mass (LM) of both arm and leg regions were compared between the dominant side and
the non-dominant side with reference to the bowling arm. No significant differences in LM

were found between the dominant and non-dominant side (see Table 3.10).

Table 3.10 Comparison between dominant and non-dominant side for lean mass

Non-dominant Dominant
Mean (g) SD Mean (g) SD P
Arm 2677.85 + 413.83 2834.15 + 382.61 0.8
Legs 9019.93 + 734.35 9070.36 + 786.63 0.83

3.3.10. Comparison between bowling actions for lean mass of different regions of the body
No statistically significant differences between the bowling action groups were found for LM

of any region of the body (see table 3.11).

Table 3.11 Comparison between bowling actions for lean mass of different regions of the body

Mixed Bowling Semi-Open Bowling
P
Region Side Mean (g) SD Mean (g) SD
Non-dominant 263437 + 494.00 2753.95 + 265.78 0.33
Arm
Dominant 2815.74 + 462.10 2866.38 + 242.35 0.31
Trunk 2223047 =+  2277.57 22292.83 + 1608.27 0.61
Non-dominant ~ 9019.23  + 786.59 9021.15 + 748.42 1
Leg
Dominant 9027.77 + 884.33 9144.90 + 697.80 0.74
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3.4. Discussion

The main purpose of this study was to investigate the biomechanical characteristics of male
junior fast bowlers. Two main bowling actions were identified (mixed action and semi open
action) and comparisons of kinematic and kinetic data between these two groups were
performed. Furthermore, regional bone mineral density and muscle distribution DXA scans in

junior fast bowlers were also investigated.

3.4.1. Bowling action classifications and segment alignments

The analysis of segment alignment in the current study demonstrated that the majority of the
junior fast bowlers (63.6%) used a mixed bowling action, while the rest used the semi-open
bowling action (34.4%). These findings agree well with a study conducted with a large group
(n=34) of New Zealand senior premier standard fast bowlers, which also reported that the
majority (64.7%) of the bowlers used the mixed bowling action and the rest used non-mixed
bowling actions (Ferdinands et al., 2010). The mixed bowling action with high shoulder
counter rotation, however, has been identified as a high-risk biomechanical factor that is
associated with low back injuries based on the studies conducted by Burnett et al. (1996),
Hardcastle (1991) and also Portus et al. (2004). All other bowling actions, including semi-open,
front-on and side on bowling actions, are considered as safe and effective bowling techniques.
It is therefore alarming to find that 7 out of 11 junior fast bowlers in this study still used this
high risk mixed bowling action that may lead to serious consequences for the junior fast
bowlers ranging from potential minor to serious low back injuries, and early dropout from the
game. Shoulder alignment at the BIC also displayed significantly higher readings in the mixed
action (57.12° + 11.82°) compared to the semi-open action (40.61° £ 3.51°). Shoulder pelvis
separation angle, however, was comparatively low and showed no significant differences
between the mixed (14.99° £ 11.83°) and semi-open (8.77° + 19.26°) bowling actions. This is a

positive finding, as high shoulder pelvis separation angle (31° + 15°) has been associated with
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trunk injuries, such as back strain injuries (Portus et al., 2004). Overall the finding of 63.6% of
junior fast bowlers using the high risk mixed bowling action is worrying and highlights the

importance of focussing on the development of safe fast bowling actions at the junior level.

3.4.2. Kinematic factors.

The systematic review in the previous chapter identified several kinematic factors that have
been associated with higher risk of low back pain or injuries. Hip flexion angle was identified
as one of the key kinematic factors, as non-injured fast bowlers have been shown to have higher
hip flexion angle at FFC (51 * 6°) compared to injured fast bowlers (46 + 6°) (Bayne et al.,
2016). The junior fast bowlers in the current cohort, who had a mixed bowling action, displayed
significantly lower dominant side hip flexion angle at FFC compared to that of the semi-open
bowling action group (P=0.03). Therefore most of these junior fast bowlers (7 out of 11) are
likely to be at a higher risk of getting a low back injury throughout their bowling careers.
However, the study by Baine et al. (2016) did not incorporated bowling actions, hence further
investigation is needed to improve understanding of the relationship between hip flexion,
bowling action and injuries. Furthermore, the difference between flexion of the dominant side
and non-dominant side in the current study was large in the mixed bowling action group
(50.53%) compared to the semi-open bowling action group (36.7°). This finding suggests that
bowlers with the mixed action are less flexible on both the dominant and non-dominant side of

the body.

Right rotation of the L5-S1 segment was significantly higher in the mixed action bowling group
at both BIC (P=0.02) and BR (P=0.03) during the delivery stride compared to the semi-open
group. In other words, these bowlers were more front-on at the lumbar and pelvis at FFC and
BR than the semi-open bowlers. The nature of the mixed bowling action, where the shoulder
and hip are not aligned, and the shoulders are more front on compared to the hip, could be the

reason for this higher trunk right rotation. This higher trunk right rotation could be generating
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higher rotational force or moment to the lower trunk and hip. The L5-S1 segment of the semi-
open group was in a more left rotated position at both BIC and BR, which may be due to the
shoulder being in a more left rotated alignment at these positions. Even though there were no
reported associations of these variables with the risk of low back pain, further studies are
warranted to investigate correlation between other kinematic and kinetic variables with low

back injuries.

The mixed action bowlers demonstrated significantly lower flexion of T12-L1 compared to
that of the semi-open bowling action bowlers at BR. Lower hip flexion of mixed bowling action
bowlers at FFC may result in lower flexion of the thoracolumbar region. Higher shoulder
counter rotation of mixed bowling action bowlers may be an inverse effect of this lower flexion
of hip and T12-L1. There is no reported association between thoracolumbar flexion and low
back injuries, however as lower hip flexion and shoulder counter-rotation are identified risk
factors, further investigation in thorax flexion is warranted. Lateral flexion of T12-L1 in the
thorax region at FFC did not demonstrate any significant differences between the two bowling
actions. Both groups also demonstrated comparatively lower (30°) T12-L1 lateral flexion than
previously reported values of injured fast bowlers who displayed greater thorax lateral flexion
(above 45°) (Bayne et al., 2016). Therefore, the findings for T12-L1 lateral flexion in this
cohort are at a satisfactory level. However, further analysis of T12-L1 lateral flexion of cricket
fast bowling action is highly recommended to investigate any relationships between bowling
action kinematics and injury mechanism. Not surprisingly, the mixed bowling action group
displayed significantly greater T12-L1 right rotation at BR compared that of the semi-open
bowling action group, in other words mixed bowlers were more front on than semi-open
bowlers at BR. This could be expected due to quick shoulder realignment from the BIC to BR.
Both shoulder adduction and shoulder internal rotation at FFC displayed significant differences

between the mixed bowling action and semi-open bowling actions. However, there are no
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reported associations of shoulder internal rotation and shoulder adduction with lower back

injuries in cricket fast bowlers.

Although some of the kinematic factors such as higher shoulder counter rotation, hip flexion,
shoulder alignment, and also bowling actions, such as the mixed bowling action, have been
identified as high risk by many researchers, the majority of the junior bowlers still
demonstrated these risk factors and bowling actions. This is critical, as all these junior bowlers
are demonstrating these risk factors at the early stage of their career, which might result in early
dropouts from their career due to injury. However, there were also a few significant differences
in kinematic factors between the two bowling actions in this cohort, such as front knee
adduction, shoulder adduction and shoulder internal rotation, which have no identified
association with low back injuries. However, as these factors were demonstrated to be
significantly different between the bowling actions, and as mixed action has already been
identified as a higher risk bowling action, further investigation of correlations between these
kinematic factors with injuries and other identified risk factors is warranted. Moreover,
research findings should be simplified and focus on practical applications that can be shared

with coaches and athletes and all people practically involved with the game of cricket.

3.4.3. Kinetic factors

In the current study, only the front foot contact kinetics were collected. No significant
differences between bowling actions were found for GRF. Similarly, no significant differences
were observed in any of the joint forces at L5-S1 and T12-L1 between the bowling actions.
This similar nature of the joint forces could be expected as GRF was not significantly different
between the bowling actions. In considering the GRF further, no reported relationships between
GRF and low back injuries have been observed. Furthermore, these findings indicated that GRF
does not affect the bowling action, which agrees with Elliot et al. (1984), who also showed that
GREF did not alter the bowling action. However, so far studies have only focussed on fron foot
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contact and investigated the GRF of the back-foot contact ha snot been investigated. Hence,
further investigation of the back-foot contact GRF and its correlations with low back injurers
and the bowling action is warranted to clarify of the relationship between GRF, lower back

injuries and bowling action.

In considering joint moments, this study found that, L5-S1 flexion moment of mixed bowling
action bowlers was significantly higher compared to that of semi-open action bowlers. This
may result in a higher magnitude of stress to the lower trunk of the mixed action fast bowlers.
Moreover, this is another critical finding for this group of junior fast bowlers, as research has
shown that bowlers who suffered from low back injuries had a higher lumbar flexion moment
compared to non-injured fast bowlers (Bayne et al., 2016). This similar study also reported that
the injured fast bowlers had a higher lumbar lateral flexion moment. In the present study,

however, there was no significant difference in L5-S1 lateral flexion moment.

Moreover, the current study found a significantly higher hip flexion moment in the mixed
bowling action compared to the semi-open bowling action. The higher difference of front hip
flexion and back hip flexion of mixed bowling action bowlers at the FFC compared to that of
semi-open action bowlers may have resulted from the higher hip flexion moment in the mixed
action bowlers. As the function of the hip is important to transfer energy to the upper body and
distal segments, having a higher hip flexion moment could reduce the efficiency of the transfer
of energy. Hip flexion moment, however, has not been identified as a biomechanical risk factor
for low back injuries, hence further focus on hip flexion moment may be an advantage for

performance enhancement and injury reduction.

Another important finding of joint moments that was observed in the present cohort is that
mixed action bowlers always demonstrated a higher moment in every measured joint compared

to semi-open action bowlers. This indicates that mixed action bowlers have to put in more
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effort in the sense of joint motions compared to the semi-open action bowlers. Although front
foot kinetics have been investigated in many studies, only a few studies have examined back
foot kinetics (Hurrion et al., 2000; Portus et al., 2004). Further investigation of kinetic factors

during back foot contact is therefore warranted.

3.4.4. Bone mineral density in junior fast bowlers

It has been shown that BMD is improved through sporting activities and that bone mass
acquisition decreases the risk of bone stress injuries (Scerpella et al., 2018). To date, however,
very limited research has been conducted on bone health in cricket fast bowlers (Lees et al.,
2016; Micklesfield et al., 2012) and to the author’s knowledge no research has focussed on

bone health in junior fast bowlers.

Cricket fast bowling action is a non-symmetrical movement, which may result in different
development of the dominant side compared to the non-dominant side. The BMD of junior fast
bowlers in this study, however, showed no differences between the dominant and non-

dominant side of the body with reference to the bowling arm.

When comparing bowling actions, the rapid shoulder counter rotation of the mixed bowling
action bowlers may cause greater load in the thoracic region of the spine than for semi-open
action bowlers. Comparison between the bowling actions for BMD in different regions of the
body, however, showed no significant differences in the junior fast bowlers. A study conducted
by Micklesfield et al. (2012) reported higher BMD in fast bowlers compared to spin bowlers,
but didn’t compare between fast bowling actions. As low BMD is identified as a risk factor
tied to lower extremity injuries such as stress fractures and other consequences associated with
overuse injuries further prolonged investigation into bone health of junior fast bowlers and

associations with low back injuries over the cricket seasons and years is highly recommended.
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3.4.5. Muscle distribution in junior fast bowlers

A study conducted with elite youth tennis players reported that muscle in the dominant forearm
and upper arm hand were 9-20% larger compared those on the non-dominant side (Ireland et
al., 2013). This reflects the effect of non-symmetrical movement patters on the growth patterns
of the muscles. However, no significant differences in LM were observed between the
dominant and non-dominant side in this cohort. Micklesfield et al. (2012) reported a significant
difference in total LM of fast bowlers compared to that of batsmen and spin bowlers. A recent
study reported that total combined thickness of abdominal muscle was symmetrical in the fast
bowlers with low back pain and was greater on the non-dominant side of the bowlers without
low back pain (Gray, Aginsky, Derman, Vaughan, & Hodges, 2016). Moreover, a similar study
concluded that having a greater abdominal muscle thickness on the non-dominant side is an
advantage for fast bowlers. However, within the present study cohort none of the regions
demonstrated any significant difference in LM between the two different bowling actions. As
these junior fast bowlers are in the early stages of their career, it is not entirely unexpected to
see this pattern of symmetry for LM. However, as there is very limited research related to body
composition and injuries of fast bowlers, it is difficult to comment on these findings. Hence
longitudinal studies on potential development of muscle asymmetry in junior fast bowlers is

warranted.

3.5. Limitations of this study

One of the main limitations of this study was the size of the cohort, as this population
represented only the junior male representative cricketers in the area. Laboratory environment
was another limitation, as it was unfamiliar for the participants, especially bowling with the
reflective markers on their body would have been unfamiliar. Furthermore, the laboratory

bowling action was set to replicate the usual bowling action, but only included aiming at a
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wicket without a batsman in place. This does not replicate usual conditions in a cricket match,

but these conditions were kept similar for all participants.

3.6. Conclusion

This study examined the bowling actions used by junior elite fast bowlers and the prevalence
of identified biomechanical risk factors of lower back injuries among them. This study
confirmed that the majority of the junior fast bowlers (7 out of 11) used the mixed bowling
action, even though this action is associated with a high risk of low back injuries. Besides the
kinematic factors used to identify the mixed bowling action (shoulder counter rotation and
shoulder alignment at BFC), several other kinematic factors showed significant differences
between the mixed bowling action and the semi-open bowling action (right hip flexion, L5-S1
right rotation at BFC and BR, T12-L1 flexion and right rotation). Furthermore, identified
kinetic risk factor, such as higher L5-S1 flexion moment and also significantly higher hip
flexion moment, were also observed in the group of junior fast bowlers with the mixed bowling
action. Hence necessary strategies, such as coaching and training interventions, as well as
awareness programmes, should be taken to address these biomechanical risk factors
comprehensively in the early stage of the cricket career to avoid potentially severe
consequences later on. Moreover, researchers should aim to simplify findings and provide clear
practical applications for both coaches and athletes, as well as governing bodies involved in

decision making in cricket.

Despite the non-symmetrical movement pattern of fast bowling, no significant differences in
BMD and LM were found between the dominant and non-dominant side of the body of junior
fast bowlers. Furthermore, no significant differences were observed between mixed bowling
action and semi-open bowling action groups in both BMD and LM for any region of the body.

However, as adolescent fast bowlers have demonstrated asymmetry of abdominal muscles,
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further prolonged investigations in junior fast bowlers on bone health and muscle distribution

are highly recommended.
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4. Chapter 4. Summary and recommendations

4.1. Summary of major findings

The current study provides an important overview of the findings regarding biomechanical risk
factors for low back injury in cricket fast bowling, as well as reporting on the presence of
known biomechanical risk factors in a cohort of representative junior cricket fast bowlers. The
systematic review (Chapter 2) identified both kinetic and kinematic factors associated with low
back injuries in cricket fast bowlers. Higher lumbar lateral flexion power, higher lumbar lateral
flexion moment, as well as higher lumbar flexion moments were the identified kinetic factors

associated with lower back injuries.

For kinematic factors, higher thorax lateral flexion at FFC and BR, a greater range of thorax
lateral flexion, lower hip flexion at FFC and greater pelvis rotation at BR were associated with
lower back injuries. Furthermore, greater shoulder counter-rotation and greater shoulder
alignment at BFC and BR were identified as important kinematic factors associated with lower
back injuries. Due to the different kinematics in the shoulder, it is not surprising that the actual
bowling action classification is another important factor to evaluate. The mixed bowling action,
characterised by shoulder counter rotation and/or pelvis shoulder separation angle, has been

recognised as a high-risk bowling action for lower back injuries.

The biomechanical study of representative junior cricket fast bowlers (Chapter 3) demonstrated
that the majority of the study cohort (63%) utilised the mixed bowling action, which has
previously been associated with an increased risk of lower back injury. Apart from the higher
shoulder counter rotation and higher shoulder alignment angle, which are used to classify
bowling action, several of the other identified kinematic and kinetic risk factors were found
among junior cricket fast bowlers. The kinematic factors which are known to be associated

with low back injuries, such as lower hip flexion at FFC, L5-S1 rotation at BFC and BR, lower
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T12-L1 flexion and right rotation, were all demonstrated by the junior cricket fast bowlers.
Another identified kinetic risk factor, higher L5-S1 flexion moment was demonstrated by the
mixed bowling action junior bowlers. Furthermore, higher hip flexion moment, which is not
known to be associated with low back injury, was also found in the junior mixed bowling action
fast bowlers when compared to the semi-open action fast bowlers. It is alarming to find these
high risk biomechanical factors in the majority of the junior fast bowlers in our study. To avoid
potentially severe consequences, including potential lower back injury and resulting disability
(modified or lost participation), comprehensive action should be undertaken to minimise or
eliminate known kinetic and kinematic biomechanical risk factors from the bowling actions of
these athletes, particularly as these athletes are still in their early development as junior fast
bowlers. Internationally, cricket governing bodies have already implemented injury risk-
reduction changes. For example, by placing limits on the maximum numbers of overs
(Australia — 8 overs per session, England — 18 overs per day) that junior fast bowlers can bowl,
as well as coaching and training interventions to remediate incorrect bowling actions (Schaefer
et al. 2018). However, a similar study concluded that limiting the number of overs only would
not reduce the likelihood of low back injuries, as the long term effect of the massed repetitions
of bowling with higher risk bowling actions, such as mixed action, would still result in an injury
mechanism throughout a season. Hence, further studies are warranted to identify the reasons
for the use of the mixed bowling action by the majority of bowlers. Moreover, it is
recommended to focus more on strength and conditioning of the fast bowlers and also on
working on fundamental motor skills before the actual fast bowling. It would help to develop
fast bowlers’ skill related fitness and increase the ability to endure the bowling workload.
Furthermore, development of proper fundamental skills would allow fast bowlers to achieve a

much better bowling technique,
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The DXA scan results indicated no significant differences in both BMD and LM of any region
of the body between the mixed bowling action and the semi open bowling action. So despite
the large proportion of mixed action fast bowlers and the likely higher impact of this bowing
action on the spine, no differences in BMD were found between the groups. Furthermore, there
were also no significant differences in BMD and LM between the dominant and non-dominant
side of the body for these junior fast bowlers. However, as these data were collected at the start
of the regular playing season and only in a small sample of junior fast bowlers, further
longitudinal studies should be undertaken to form a clearer picture of expected changes of

BMD and LM over time in a larger study cohort.

4.2. Recommendations for future research

Although important information relating to biomechanical risk factors for low back injury in
cricket fast bowlers is reported in this thesis, a number of questions still remain to be addressed.
Hence, the following recommendations for future research studies are worthy of consideration.
Firstly, the examination of more kinetic factors of cricket fast bowling, especially during the
back-foot contact rather than only during the front foot phase is required. More research studies
focussing on biomechanics of female cricket fast bowlers and associations with low back
injuries are also highly recommended. Furthermore, investigating the relationship of flexibility
and joint range of motion of fast bowlers with biomechanical factors of bowling actions would
provide important information. Finally, most studies have been conducted in Australia, so
further research in other countries, including the sub-continental cricketing nations, such as
Bangladesh, India, Pakistan, and Sri Lanka, is highly recommended. The final step of all
research is to ensure that information is disseminated and that sport scientists, coaching staff,
athletes, as well as governing bodies, are all well informed of the implications of research
findings.
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6.1.

Appendices
Appendix 3.1 Injury history questionnaire
i | i 5 FACULTY OF SCIENCE AND
I I“| 1dries St INFORMATION TECHNOLOGY
W uUnnversity F"Ell'licipam D: =chool of Enveronmantsl & Lis Scmncee
Schod I-:rl'-.m.' Mz embent Stadies LR T . [at Rpac .
: NEWCASTLE |asrma

INJURY HISTORY QUESTIONNAIRE

INVESTIGATION INTO INJURY MECHANISMS
ASSOCIATED WITH JUNIOR FAST BOWLING ACROSS A SEASON.

The following information will be collected for purposes of the research project. Al information will remain confidential;

Surmame: First name: DoB:_ f_ f_ Apge

Address:

Phone (H): {Maob) Email:

Cecupstion: Hat cm Wyat: kg
Injuries:

DETAILS OF LEVEL OF COMPETITIONTRAINING

1.

In what age groupi(s) do you play cricket?

[ underi3s [Jupderids [ underiss [ Under 16s ] under 17s
[Junder1as  [J Upderiss [ Senior

Do you participate in any other sports (tick answer)? D Yes D Mo

If yes please specify:
What level(s) of cricket do you compete in?

[Jiocat [Joistict [Jzone [CJstate [T National

How many overs do you complete in a game (on average)?

Oz O+ Os7 [O-7
How many hours per week do you frain for cricket?
Oet1 O23 Oas [O-s

How many overs in a spell do you complete in a game (on average)?
Oo1 [O2s Oass [O-=s

Do you do any other type of fraining specifically for yvour sport other than your cricket fraining (e.g. weights,
Rlynmetiss, running etc)?

D"r‘es DNu

If =0, lists the types of fraining and hours of fraining

CENTRAL DOAST
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1. List any other physical activity(s) that you are currently imrolved in on a regular basis (more than once per week)?

HISTORY OF INJURIES

2. Have you ever sustained any major lower limb injury(s) (ankle, knee or hip) that required medical attention or
disturbed your normal activities for more than cne week?
Oves [HNo (If ves, please specify what injuries in the table below)

Lowwer Limb < 12 monthg 1-5 years > 5 years
Injuryis) Rigt Left Rigt Left Rigt Left

Type of Injury

Severty

Sport or Activity
Cccurred

Lewvel of Sport

93



3. Have you ever sustained any major upper limb injury(s) (shoulder, elbow or wrist) that required medical
attenfion or disturbed your normal activiies for more than one week? (If yes, what injuries)

[ ves ] Mo (1f yes, please specify what injuries in the table below)
Upper Limb Injures < 12 months 1-5 years > 5 years
Right Laft Right Leift Right Leift
Type of Injury
Severity

Sport or Activity Occurred

Level of Sport

4. Do you have amy current impury or illness which may impeds your participation in the task described in the
Participant Information Package?

D‘r’es D Mo

If =0, please describe.
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5. Have you ever sustained any back injuries that required medical attention or disturbed your nomal activiies for
more than one week?

D Yes D Mo (if no, you have now completed this guestionnaire)

A. INFORMATION ON PREVIOUS LOWER BACK INJURIES

§. What type(s) of back injury did you sustain?
D L4/15 stress fracture D Bulging intervertebral disc D Spondylolysis D Spondyldisthesis

[ Parsinterarticulais [T Qiher
If other please specify:

7. How many previous lower back injurytimes of pain have you sustained?
Oe O1 Oz O3 O Ods O-=s
3. How long did you sustain vour last back imjury?
D 0-3 maonths D & months D 12 months D = 12 months ] 1-2years [ =2 years
9. What was the severity of vour last back injury?
D Minor D Moderate D Serous D Severe
10.For how long were vou unable to fully playitrain for vour last back injury?
[ 1-3 days [] 4-7 days[] 1-4 weeks[] =4 weeks
11. Dwring what activity(s) did you sustain your last back injury(s)?

D Fast bowding D Diher, please specify:
12. What type of treaiment did you received for the last injury:

D SUMGEn! D physiotherapy D none D dom't know

CENTRAL COARST
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6.2. Appendix 3.2 Physiotherapy assessment

Charles Smn Sohood of Human Mowamant Studias
UI"‘I I"i.-'El"Sit}i FACLLTY OF SCIENCE
| F'mn:urru#.wuc
Bathurs! NSW 2755
AU
P L r T n Resul frees OA5T 264 250

Emes  scheel GMRRGUTSM.COT

INVESTIGATIONS INTO INJURY MECHANISMS ASSOCIATED WITH = mescoucdsulecullvfeducsthiman
JUNIOR FAST BOWLING ACROSS A SEASON

Ilmbﬁ‘spﬁhl Degrees 1
Flexion Lo
Exiension 35
Left Right
[ Lateral flexion ey | s
Rotation s | i1C
Hip s i Degrees
Left Right
Lo - L bo ‘ —lar |
Internal Rotation Le | L
External rotation 1o 2y

e Pahlrt |
Lumbar Spine hi No |

BS
Repeated Movements ! - 3 s
Combined Movements . N
Quadrant Test . -
' Left Right Left | Right
| Single leg Hyperextension [ : v -
| Hip_ ) ) _
Left Right |  Left Right |
Faber test v | - 5
| Quadrant lest : | I s
| Sacroiliac joint I .
i [ Lk | Rignt Left Right |
[Laslett test | o P v

www.csu.edu.au
SRICDS Srpuder Numbers for Charnes Sast Linkenss.: ars O000EF (MSW). 0194705 () anc 020608 (ACT). ABN: B3 8T8 T08 551
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6.3.

=

Appendix 3.3 Consent form

wles Sturt
l"l l.|r1:'xL rsily

IlnnI:I‘I' mimn Moy s et Siodiee

S

FACULTY OF SCIENCE AND
INFORMATION TECHNOLOGY

Zchool of Enveronmaentsl & Liw Scenoes

j v
LT BF SEIENG THE UNIVERSITY OF | o) o IH;..‘: 258
Ponrama A NEWCASTLE | asirana
Badhurst HSW 2785 AUSTEALIA 07 4340 4475
. 02) 4340 4428
Ausiraia -
Extwardsdnowcasth odu o
Micih D457 244 255 T e
schaef BSThotmail oom —

CONSENT FORM

INVESTIGATION INTO INJURY MECHANISMS
ASSOCIATED WITH JUNIOR FAST BOWLING ACROSS A SEASON.

Thank you for expressing interest in this research. If you agree fo participate in this study, please complete and sign
the following Informed Consent form. Should you have any guestions regarding this study the Chief Investigators may

be contacted at any fime..

Dr suzl Edwards ‘Udana Bendara Endrew Schasfer Or Edouard Ferdinends— |
}cF*nm:lpﬂI Irvnestigacar] Associale Investigata) Yhesociaie Inwesssigatar] Assnciale Investigatar)
Mastars Shudent PhD Stusent

'Schml of Erirorrmental & Life S:lernesiSchml of Erirorrnental & Life Behoal of Human Movamsant Sludies Discipline of Exerdse and Spods Scence
lFacuIIg,l of Science & Infarmation ;Smercz: 'p".lzn Houss, M1
Technakgy Faculty of Science & Indormation Faculty of Science Faculty of Health Scences.
The University of Mewcaste ITechnakgy Charbes Sturt University Uriversity af Sydney
Wﬂd Ourimibah, MEW, 2258 I'I'|'|1= University of Newcaste Panarama fwe, Bathunst, NSW 2T95 75 East Road, Lidoombe NSW 1825

el (02) 4349 4475 }Ch'.awayﬁd Ourimiah, NSW, 2256 ?ﬂnh 0457 244 2589 el (02} 9351 8776

loh : 0428650024 Fane: (02) 9351 G204

|El1'ﬂi Suzi. Edwards i neweastle adu. adEn'ai CAZ40BTiEuan adu.au 'En'ai schaef S9Ehatmail com Email: adausand ferdinands s ydney. edu au

project titled “fnvesfigafion info the injury mechanisms associated with junior fast bowling across & season”

My consent to paricipate in this research is based on the following ferms;

1. The purpose of the research has been explained fo me, including the potential rizks and D
discomforts involved.

2. | have read and understocd the pardicipation information sheet provided to me, and have D
retained a copy of the information sheet provided to me.

3. | have been given the opportunity to ask questions about the research and received D
satisfactory responses to all questions | have asked.

4. | am content that | understand what | will be required to do as research paricipant. D

5. | understand that in the event of an injury all associated costs will lie with me, unless the D
injury was related sclely fo the negligence of Charles Sturt University or the University of
Mewcasile.

6. | agree to undergo MRI of my lower back as part of the research project. D

7. | have read and understood the MRI informafion sheets provided to me, and have retained D
a copy of the information sheet provided to me.

&. | agree to undergo a DXA scan of their body as part of the research project. D

9. | agree to be photographed and videoed of my fast bowling technique throughout the D
duration of the research project.

10. | vwnderstand that any information or personal detailz gathered in the course of this D
research about me are confidential and that neither my name nor any other identifying
information will be used or published withowt my writien permission.

CENTRAL COAST
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11.

| understand that | can withdraw my consent at any fime before, during, or after testing,
without any penalty.

12.

| mominate the person below as someone that cam be contacted on my behalf in the
unlikely event of an emergency:

Mame:

Address:

Phone:

13.

| am aware the Charles Sfurt University's Human Research Ethics Committee has
approved this study. | understand that if | have any complaints or concems about this
research | can contact:

Executive Officer

Human Research Ethics Committee
Office of Academic Governance
Charles Sturt University

Panorama Avenue

Bathurst NSW 2795

Phone: (02) 338 4628
Fac  (02) 5338 4194

14.

This project has been approved by the University's Human Research Ethics Commities,
Approval Mo, 22000 Should you have concerns abouwt your rights as a participant in this
research, or you have a complaint about the manner in which the research is conducted, it
may be given to the researcher, or, if an independent person is preferred, to the:

Human Research Ethics Officer

Research Office, The Chancellery

The University of Newcastle,

University Drive, Callaghan MSW 2308, Australia

Telephone (02) 4921 5333

Farticlpant Frint Name Elgned Date

CENTRAL COAST
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6.4. Appendix 3.4 Ethical committee approval.

HUMAN RESEARCH ETHICS COMMITTEE

THE UNIVERSITY OF

NEWCASTLE
AUSTRALIA
Notification of Expedited Approval
To Chief Investigator or Project Supervisor: Doctor Suzi Edwards
Ce Co-investigators / Research Students: Mr Sajeewa Herath Mudiyanselage
Dr Edouard Ferdinands
Mr Andrew Schaefer
Re Protocol: Investigation into injury mechanisms associated with
junior fast bowling across a season (2)
Date: 23-May-2017
Reference No: H-2015-0059

Thank you for your Variation submission to the Human Research Ethics Committee (HREC) seeking approval in relation to
a variation to the above protocol.

Variation to add Sajeewa Herath Mudiyanselage as a Student Researcher.
Your submission was considered under Expedited review by the Ethics Administrator.

| am pleased to advise that the decision on your submission is Approved effective 23-May-2017.

The full Committee will be asked to ratify this decision at its next scheduled meeting. A formal Certificate of Approval will
be available upon request.

Associate Professor Helen Warren-Forward
Chair, Human Research Ethics Committee

For communications and enquiries:
Human Research Ethics Administration

Research & Innovation Services
Research Integrity Unit

NIER, Block C

The University of Newcastle
Callaghan NSW 2308

T +61 2 492 17894

Human-Ethics @newcastle.edu.au

RIMS website - hitps//RIMS.newcastle.edu.aulogin.asp

Linked University of Newcastle administered funding:

Funding body nding project title |First named Investigator rant Ret
WorkCover Authority of New South (Comection of bowling technique for ion of lumbar injury [Edwards, Suzi G1401475
W MWorkCover Sports R h and Injury  in junior fast bowlers

Prevention(™)
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6.5.

Appendix 3.5 Coronary artery disease risk factory stratification.

FACULTY OF SCIENCE AND
Ch Iil'."-. =lu Part“:'pa“t 1D: INFORMATION TECHNOLOGY
. T
'H“.If University School of Enveronmentsl & Lis Scence
il ot Fems Marvwe et Shecioes e Roa

NEWCASTLE |ases

Coronary Artery Disease Risk Factor Stratification

INVESTIGATION INTO INJURY MECHANISMS
ASSOCIATED WITH JUNIOR FAST BOWLING ACROSS A SEASON.

The fellowing information will be collected for purposes of the research project. All information will remain confidential;
Coronary Artery Disease Risk Factor Stratification will fell yvou if you should check with your doctor before you consent
and participate to being a subject in the study “lnvestigaion info infury mechanisms associafed with junior fast bowling
across & season’. Common sense is your best guide when yvou answer these questions. Please read the questions
carefully and answer each one honestly: check YES or MO,

TES NO

O

Family history of heart attack, or sudden death before 35 years of age in father
or other male first-degree relative (i.e., brother or son), or before 65 years of
age in mother or other first-degree female relative (i.e., sister or daughter)

Current cigarette smoker or have quit within the last & months
High blood pressure or on high blood pressure medication
High cholesterol levels

Impaired fasting glucose

Obesity

O0O0OODODO
OO0OO0Oooo 0O

Sedentary lifestyle

Yes to two or more questions

—r Talk with your docter in persen. Tell your doctor about the Coronary Artery Disease Risk

ANSWERED Factor Stratification and which guestions you answered YES. Talk with your doctor about
h the study, “Investigation info injury mechanisms associated with junior fasf bowding scross
& season’, that you wish to participate in, and have a medical screening by your doctor.
Follew your doctor's advice. If you are able to consent to this study, you will require a
letter of consent from your doctor approving your participation in the study.

Yes to less than two questions

¥ You If you answered yes to less than two questions honestly in the Coronary Artery Disease
| AMSWERED Risk Factor Sfratification, you can be reasonably sure that you can become a subject in
the study “Investigation info injury mechanismes aesociated with junior fast bowling across
& Seas0m’.

CENTRAL COAST
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6.6. Appendix 3.6. Marker positions

Investigation into injury mechanisms associated

with junior fast bowlmg across a season.

MARKER POSITIONS

Segment Marker Positions

1=t metatarsal head

5th metatarsal head
Mid-antericr aspect of the foot
Calcansus

Medial malleclus

Lateral malleolus

Foot

Cluster on the lateral mid tibia (SL,AP,AD)
Shank Lateral femoral epicondyle
Medial femoral epicondyle

Greater trochanter
Anterior superior iliac spine
Leg Iliac crest
Posterior superiar iliac spine
Cluster on the lateral mid-thigh (TL,AP,AD)

Ti12-L1
L5-51
Cluster on the Lumbar spine
Ribcage
Trunk Sternal notch
¥iphoid process
Acromion
Ti12-L1
Ccr

Posterior shoulder
Anterior shoulder
Upper Arm Lateral humeral epicondyle
Medial humeral epicendyle
Cluster on the lateral distal humours

Radial styloid

Ulna styloid
Lower Arm/Hand Cluster on the lateral distal forearm

dorsal surface of the hand

Forehead

Head Tragus
posterior head
Crown
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W Dynamic
B Static
B Cluster
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