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Preface

When Collingwood Football Club won the Australian Football League (AFL) premiership in
2010, the season included one other personal milestone. I commenced my professional
doctorate while working as a rehabilitation coach at the club. I have found it interesting, as I
prepare to submit this thesis, to reflect on what things were like at the time. I remember
watching athletes being taken through dynamic warm-ups and completing activation exercise
to ‘fire-up’ their glutes before each session. We had recently purchased a real-time ultrasound
unit and hours were spent fine-tuning the activation of obscure deep muscles within the hip
and trunk. The prevailing view was that muscle activation and muscle patterning during

movement were important components of injury prevention and rehabilitation.

The intensity of muscle activation and strength always seemed quite similar concepts to me,
and hard to differentiate, so I took a greater interest in motor patterning and muscle activation
timing. Hamstring injuries were the most prevalent injury in the AFL in 2010 and remain so
today. This also seemed like a good area in which to focus our research. Winning the
premiership that year helped justify our high performance program. I was becoming a
believer in our approach and wanted to learn more. Like a lot of things we do in clinical

practice it was hard to tell what actually worked.

A career move in 2011 landed me at the Essendon Football Club in a similar role, but in a
completely different world. The 2012 AFL season saw unprecedented numbers of hamstring
muscle injuries at the Essendon Football Club in what was a highly dysfunctional program.
The only upside, at least from a research point of view, was that we were able to access and
investigate a large group of players who had recently sustained a hamstring muscle injury. La
Trobe University had also recently acquired an electromyography (EMG) telemetry unit,

which allowed us to take a practical and sport-specific approach to our major investigation.



The progression of this doctorate has been over a substantially longer time than intended.
Most significantly, a doping scandal broke at the Essendon Football Club that led to me
taking over the high-performance program. I worked hard over a number of years to steady
the ship, rebuild the confidence of our players in sports science and sports medicine, and get
things back on track. I also came to realise that processing EMG data takes a lot of time.
There were 1800 strides of EMG data to be analysed, and from start to finish it was taking me
approximately two hours to process each one. Thankfully, technology improved over time so
things got a little quicker, and I brought in some help towards the end. Eventually, despite all
of the professional disruption, and thanks to some incredible patience from my wife, the data

were processed and we could analyse our results.

In some ways the world has not changed all that much over the last ten years. While the real-
time ultrasound units have gradually been shuffled into storage cupboards, practitioners in
elite sport are still including activation exercises in their warm-ups, and I still get told with
confidence how important motor patterning and muscle activation are for our athletes. I hope
that this journey, which is outlined in the thesis below, helps make things a little clearer for
those in elite sporting settings, and in some way assists our decision making as we consider

how to best invest our valuable and limited time with our athletes.
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Abstract
Hamstring muscle injuries have the highest incidence and prevalence of any injury in the
Australian Football League (AFL). It has been proposed that the onset and offset timing of
muscle activation during high-speed running may influence hamstring muscle injury and re-
injury risk. There are conflicting reports as to whether muscle activation timing is altered
following hamstring muscle injury. One modality that has been reported to improve the

timing of muscle activation following injury is therapeutic exercise.

This thesis aimed to investigate whether the temporal characteristics of muscle activation are
altered following hamstring muscle injury and explore the use of therapeutic exercise to
improve the timing of muscle activation during high-speed running in professional AFL
players. A systematic review, targeted projects and an applied research study were
undertaken to gather information on the use of exercise to improve muscle activation in elite

sport and to guide the design of a major research study.

The major research study recruited professional AFL players with a recent history of
hamstring muscle injury and used electromyographic telemetry to assess the muscle
activation timing of their hamstring and gluteus maximus muscles during high-speed
overground running. No changes to the temporal characteristics of muscle activation were
found compared to players from the same club who had never had a hamstring muscle injury.
The second component of the study investigated the acute effect of a low-load activation
exercise protocol targeting the gluteus maximus and hamstring muscles. No effect on muscle

activation timing during high speed running was observed.

This thesis concludes that the temporal characteristics of muscle activation are unaffected by
a recent hamstring muscle injury, and that low load muscle activation exercises do not have
an acute effect on the temporal characteristics of gluteus maximus and hamstring muscle
activation, during high-speed running in professional AFL players.
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Thesis Aim
To investigate the temporal characteristics of muscle activation following hamstring muscle
injury and explore the potential use of exercise to acutely improve the timing of muscle

activation in professional Australian Football players.

Objectives of the Thesis

The objectives were to:

1. Conduct a systematic review into the effectiveness of therapeutic exercise in altering
the temporal characteristics of muscle activation following injury.

2. Investigate and report on current clinical practices relating to muscle activation
following injury in the context of Australian football.

3. Determine the practicality of completing research into muscle activation within a
professional Australian Football training environment.

4. Investigate the temporal characteristics of muscle activation during high speed
overground running in professional Australian Football players following recent
hamstring muscle injury.

5. Investigate the acute effect of therapeutic exercise on the temporal characteristics of
muscle activation during high speed overground running in professional Australian

Football players.
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Thesis Outline

This thesis begins with an introduction to the problem of hamstring muscle injury in
professional Australian football players and discusses the potential use of exercise to address

the temporal characteristics of muscle activation following hamstring muscle injury.

A systematic review was completed to ascertain what is known about the role of exercise in
improving the temporal characteristics of muscle activation following injury. The manuscript
“Muscle onset can be improved by therapeutic exercise: A systematic review” is presented in

Chapter Two in its peer reviewed and published format.

Chapter Three details an exploration into the state of clinical practice at the time using a
series of targeted projects. These projects examined expertise from the fields of
physiotherapy and strength and conditioning. The first part of this process involved the
identification and recruitment of leaders in the field of physiotherapy to a facilitated
workshop. Preparation for the workshop included developing a booklet for attendees and
providing a report on the workshop outcomes to the host organisation. The booklet titled
“Muscle Activation around the hips and pelvis in the context of Australian Football” is
contained in Appendix B and the workshop report is contained in Appendix C. The second
part of this process involved the observation of experts in the field of strength and
conditioning and culminated in accreditation of the author as a strength and conditioning
coach. The process included the publication of a manuscript titled “The role of the strength
and conditioning coach in optimising muscle patterning following injury”” which is presented

in Chapter Three in its peer reviewed and published format.

A research study was completed to test the practicality and effectiveness of using different
therapeutic exercises to target acute changes in muscle activation in a professional Australian

football training environment. The manuscript “Low load exercises targeting the gluteal

XV



muscle group acutely enhance explosive power output in elite athletes” is presented in
Chapter Four in its peer reviewed and published format. This chapter is also used to outline

the learnings and practical insights gained from the investigation.

Chapter Five outlines the first part of the major research project. A research study was
completed to establish whether the temporal characteristics of muscle activation are altered
during high speed overground running following hamstring muscle injury in professional
Australian Football players. The manuscript “Does a recent hamstring muscle injury affect
the timing of muscle activation during high speed overground running in professional

Australian Football players?” is presented in its peer-reviewed and published format.

Chapter Six is used to outline the second part of the major research project, an investigation
into the acute effect of a targeted therapeutic exercise protocol on the temporal characteristics
of muscle activation during overground running in professional Australian Football players.
The manuscript “Can activation exercise alter muscle activation timing during high-speed
running in professional Australian Football players?” is presented in the format required for

submission to Science and Medicine in Football where it is currently under consideration.

The main findings, potential practical implications, and strengths and limitations of this thesis
are discussed in Chapter Seven. Directions for future research and overall conclusions are
also contained within this chapter. The overall progression of the thesis is represented below

in Figure 1.
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Chapter One: Introduction

1.1 Hamstring muscle injuries in the Australian Football League (AFL)

Hamstring muscle injury has the highest incidence and prevalence in the AFL, with each club
sustaining an average of 7 new hamstring muscle injuries during the AFL season, and losing
an average of 25.2 matches to player unavailability (Australian Football League, 2019).
Hamstring muscle injuries can negatively impact team performance (Hégglund et al., 2013)
and the financial burden of these injuries is also substantial. It has been estimated that in 2012

the average cost to an AFL club of a single hamstring muscle injury was $40,021 Australian

dollars (Hickey, Shield, Williams & Opar, 2014).

Despite a considerable investment in prevention and rehabilitation programs from AFL clubs
a high rate of injury recurrence also exists. In the 2018 AFL season, the hamstring muscle

injury recurrence rate was reported as 20% which is consistent with the 10-year average of

20.5% (Australian Football League, 2019).

Australian football has movement demands that are somewhat similar to other football codes
including a combination of kicking, tackling and jumping. However, it has greater high-speed
running requirements than other codes (Saw et al., 2018). This is an important difference
given that the majority of hamstring muscle injuries sustained in professional football occur

during high-speed running (Ekstrand, Waldén & Hégglund, 2016).

1.2 Hamstring muscle function during running

During high-speed running, the gluteus maximus and hamstring muscles work as hip
extensors in the late swing and stance phases of the gait cycle, to control knee and hip
extension (Dorn, Schache & Pandy, 2012; van den Tillaar, Solheim & Bencke, 2017). Two
distinct loading peaks have been reported in the hamstring muscles during the high-speed

running gait cycle. The first during late swing, and the second during early stance phase



(Chumanov, Heiderscheit & Thelen, 2011). Peak hamstring muscle activation occurs during
terminal swing phase (Schache, Dorn, Blanch, Brown & Pandy, 2012), and the magnitude of
peak hamstring muscle activation is observed to increase as running speed is increased

(Higashihara, Ono, Kubota, Okuwaki & Fukubayashi, 2010).

1.3 Effect of prior injury on hamstring muscle function during running

Following hamstring muscle injury, residual deficits to hamstring muscle strength and
flexibility persist, and these changes are observed even after an athlete has returned to
competition (Maniar, Shield, Williams, Timmins & Opar, 2016). Although these identified
changes could be expected to impact on the running performance of an athlete and the

function of the hamstring muscles during running, evidence for this is limited and conflicting.

1.3.1 Changes to kinematics and kinetics following hamstring muscle injury

There is a lack of consensus on the existence of altered running kinematics following
hamstring muscle injury. In a study of 30 soccer players with a recent history of hamstring
strain and a group of 30 matched controls, no differences in running kinematics were
identified during overground sprinting (Schuermans, van Tiggelen, Palmans, Danneels, &
Witvrouw, 2017b). Another study observed greater peak hip flexion, anterior pelvic tilt and
tibial internal rotation asymmetries between the injured and uninjured limbs within a group of
nine athletes with a history of hamstring muscle injury compared to a group of eight
uninjured controls during steady-state treadmill running (Daly, McCarthy Persson, Twycross-
Lewis, Woledge, & Morrissey, 2016). Disparities between the tasks investigated, sample size,
and the differences in outcome variables (asymmetry between limbs versus direct comparison

of limbs between groups) may explain the different results reported by these two studies.

Other studies have compared injured and uninjured limbs within the same subject. Silder,

Thelen, and Heiderscheit (2010) reported no differences between limbs in 18 athletes during



high-speed treadmill running. Lee, Reid, Elliott & Lloyd (2009) also found no kinematic
differences between limbs, except for decreased hip flexion angle during late swing phase in
the injured side in 12 athletes (Lee, Reid, Elliott, & Lloyd, 2009). A decreased hip flexion
angle during late swing phase refers to a reduced total hip flexion range of movement during
swing phase on the injured side resulting in asymmetric movement. In contrast, another study
reported increased hip flexion angle during late swing phase, decreased hip flexion angle in
mid-swing, increased knee flexion angle in late swing, and reduced anterior pelvic tilt angle

in late stance phase in the injured side of 10 athletes during overground running (Higashihara

etal., 2019).
First contact Mid-stance Toe-off
1 1
Left leg
I : 1
i 1 g
| 1
Flight phase i
| i
E < Late swing > |
Right leg
I
First contact

Figure 2.3.1: The stance phase and swing phase of running

1.3.2 Changes to muscle activity during running

Neuromuscular inhibition is another sequelae of hamstring muscle injury that has been
proposed to contribute to an increased risk of hamstring muscle injury recurrence (Opar,
Williams, & Shield, 2012). It remains unclear whether the magnitude of muscle activation is
altered during running following hamstring muscle injury. One study has reported no changes

3



in muscle activation intensity between injured and uninjured limbs (Silder et al., 2010), while
another has reported lower biceps femoris muscle activation during late swing phase in
previously injured limbs (Higashihara et al., 2019). Lower activation ratios of the biceps
femoris relative to other muscle groups including the ipsilateral gluteus maximus and erector
spinae muscles (Daly et al., 2016) were recorded in previously injured athletes during

running.

The relationship between electromyographic (EMG) signal intensity and muscular force
production is influenced by various factors including muscle shortening velocity and can be

difficult to determine. This might be a factor in the conflicting outcomes of these studies.

1.3.3 Changes to the temporal characteristics of muscle activity during running

It has been suggested that the best use of the EMG signal is to describe the onset and offset
timing of muscle activation (Maniar et al., 2020). Changes to the timing of muscle activity
can develop following injury in the presence of pain (Hodges & Moseley, 2003) and joint
pathology (Stokes & Young, 1984). This can result in changes to the control and function of
the affected area (Hodges & Tucker, 2011). Importantly, changes may persist after the
individual becomes asymptomatic and symptoms have resolved (MacDonald, Moseley, &
Hodges, 2009). Only one previous study has looked specifically at the temporal properties of
the hamstring muscles during running. Silder et al. (2010) reported no differences between
injured and uninjured limbs in the onset and offset timing of the hamstring muscles during
high speed treadmill running in a group of 18 athletes with a history of hamstring muscle
injury.

Altered hamstring muscle activation timing following hamstring muscle injury has been

investigated in a task other than running. Earlier onset timing of the biceps femoris and



medial hamstrings following hamstring muscle injury has been observed during transition

from double leg to single leg stance (Sole, Milosavljevic, Nicholson, & Sullivan, 2012).

Prior to this thesis, no research had investigated muscle onset and offset timing of the
hamstring muscles between groups of recently injured and uninjured subjects during over-

ground running.

1.4 Relevance of hamstring muscle temporal characteristics to injury risk

The neuromuscular activation pattern of the gluteus maximus and hamstring muscles is
proposed to be an important factor in both hamstring muscle rehabilitation and injury
prevention (Heiderscheit, Sherry, Silder, Chumanov, & Thelen, 2010; Schuermans, Danneels,
van Tiggelen, Palmans, & Witvrouw, 2017c¢). Evidence for value of this factor for identifying

an athlete with an increased risk of hamstring is again controversial and limited.

Soccer players with delayed onset of their hamstring muscles in a prone hip extension
exercise (Schuermans, van Tiggelen, & Witvrouw, 2017a), and who had lower amplitudes of
gluteal muscle activity during overground maximal acceleration (Schuermans et al., 2017c),
were more likely to suffer a hamstring strain in the following 1.5 seasons. In contrast, the
onset timing of the biceps femoris and medial hamstrings during isokinetic strength testing
was unrelated to the prospective risk of hamstring muscle injury in the following season (van
Dyk et al., 2018). In this study, and throughout the thesis, ‘medial hamstrings’ refers to the
semimembranosus and semitendinosus muscles as the activity of these two muscles is unable
to be effectively differentiated using surface EMG. It is possible that the different results in
these two studies may be explained by the low task-specificity of the isokinetic test relative to

overground maximal acceleration.



1.5 The use of targeted therapeutic exercise to improve the temporal

characteristics of muscle activation

There is evidence to support the use of therapeutic exercise to improve the temporal
characteristics of muscle activity following a variety of injuries (Arendt-Neilsen & Falla,
2009). For example, acute improvements in the timing of muscle activation during functional
activity have been demonstrated following a bout of repeated voluntary isometric
contractions in asymptomatic subjects with a recurrent or chronic low back pain in three
separate studies (Suehiro, Ishida, Hobara, Osaka, Kurokomi, & Watanabe, 2021; Tsao,
Druitt, Schollum, & Hodges, 2020; Tsao, Galea & Hodges, 2010). Cohen, Gerloff, Ikoma,
and Hallett (1995) reported that targeted therapeutic exercise can acutely shift the motor
cortical representation of the targeted muscle, and any acute changes in muscle timing are

likely due to this mechanism of motor cortical reorganisation.

A nine-week exercise intervention targeting the hip extensor muscles reported earlier muscle
onset timing of the gluteus maximus during a prone hip extension test but not during more
sport-specific movement (Rainsford, 2015). To the best knowledge of the author no research
into the acute effects of targeted therapeutic exercise on the temporal characteristics of

hamstring or gluteus maximus muscle activation had been published prior to this thesis.

The aims of this thesis were to further investigate the temporal characteristics of muscle
activation following hamstring muscle injury and explore the potential use of exercise to

acutely improve the timing of muscle activation in professional Australian Football players.



Chapter Two: Systematic Review Into the Use of Therapeutic
Exercise to Improve the Temporal Characteristics of Muscle
Activation Following Injury

The existence of altered muscle onset timing following injury has been documented in a
number of injuries that are commonly seen in sports settings such as anterior cruciate
ligament injury (Bryant, Newton, & Steele, 2009), longstanding groin pain (Cowan et al.,
2004), low back pain (Hodges, 2001), shoulder impingement (Moraes et al., 2008) and

patellofemoral pain syndrome (Chester et al., 2008).

Therapeutic exercise is a treatment option that may be used to specifically target the onset
timing of muscles following injury. A systematic review was undertaken with the primary
objective of determining the effectiveness of therapeutic exercise for improving the timing of
muscle onset following injury. The systematic review also sought to better understanding

what exercise prescription parameters are most effective at achieving these outcomes.

As the submission of this thesis has taken place 10 years after the publication of this
systematic review, an updated literature search was undertaken with an identical search
strategy applied. Additional research papers that fit the inclusion and exclusion criteria, and
were published after the initial search strategy took place in March 2010, are summarised

below in Table 1.



Table 1. Summary of additional studies published after March 2010 found using systematic
review search strategy.

Study Design Participants Intervention Outcome

De Mey, Case n =40 Exp Exp = 6 wks x daily HEP No pre-post training effect for upper

Danneels, Cagnie, | series ALL = Athletes with 4 x general strength trapezius, middle trapezius, lower

& Cools (2012) Pre-post with shoulder ex: 3 x 10 each trapezius, or serratus anterior

test impingement measured with surface EMG
symptoms

Dinesha & Prasad | Pre-post n=15Exp A (2 Exp A =2 weeks daily HEP | Earlier muscle onset time relative to

(2011) test week program) instability training trap door perturbation for both tibialis

n=15ExpB (4 anterior (p<0.001) and peroneus
week program) Exp B =4 weeks daily HEP | longus (p = 0.016) in the 4/wk
ALL = recurrent instability training program compared to the 2/wk
ankle sprains in program measured with surface
recreational athletes EMG.

Ortega-Cebrian, Pre-post n =37 Exp Exp = 12 wks x 3/week Earlier muscle onset time relative to

Girabent-Farres, test ALL = Shoulder general strength training deltoid onset during arm movement

Whiteley, & impingement seen in the anterior deltoid (p = 0.00)

Bagur-Calafat syndrome and upper trapezius (p = 0.00)

(2021) muscles but not in mid-deltoid,
posterior deltoid, lower trapezius,
serratus anterior, pectoralis major,
subscapularis, supraspinatus and
infraspinatus muscles when measured
with surface EMG for all muscles
except subscapularis, supraspinatus
and infraspinatus muscles that were
measured with indwelling EMG.

Sharma, Hussain, | Pre-post n =40 Exp Exp = 8 wks x daily HEP No change in muscle onset relative to

& Sharma (2021) | test ALL = Shoulder with 6 x general strength deltoid onset during arm movement in

impingement exercises (1 x 10 each) serratus anterior, upper trapezius, mid
syndrome trapezius or lower trapezius measured
with surface EMG

Sierra-Guzman, RCT n=17 Exp A (with | Exp A =6 weeks x 3/wk Earlier muscle onset time relative to

Jimenez, Ramirez, WBV) Bosu instability training sudden inversion seen in peroneus

Esteban, & with concurrent WBV longus (p = 0.007), peroneus brevis (p

Abian-Vicen n=17 Exp B (w/o =0.003), and tibialis anterior (p =

(2018) WBYV) Exp B = 6 weeks x 3/wk 0.007) from pre to post testing in Exp

Bosu instability training A (instability training with WBV) but
n=16 Con without concurrent WBV not in the Exp B or Con groups (all
p>0.05) when measured with surface
ALL = recreational | Con = no exercise given EMG.
athletes with self-
reported CAIL

Suehiro, Ishida, Pre-post n=15 Exp Exp =3 x 10 abdominal Earlier muscle onset time relative to

Kobara, Osaka, test ALL = recurrent hollowing single-session. deltoid onset during arm movement

Kurozumi. & low back pain for IO/TrA and multifidus measured

Watanabe (2021) with surface EMG

Tsao, Druitt, Pre-post n =20 Exp Exp = Single-session: 3 x Earlier muscle onset time relative to

Schollum, & test ALL = nonspecific 10 isolated isometric deltoid onset during arm movement

Hodges (2010). Ibp contractions of lumbar for multifidus

multifidus at 5% RMS max
and 3 x 10 lumbar
extensions at 5% RMS max

(p<0.036) and OI/TrA (p=0.026)
measured with surface EMG

Exp = Experimental group; wks = weeks; HEP = home exercise program; EMG =
Electromyography; Ibp = low back pain; CAI = chronic ankle instability, WBV =
Weightbearing vibration, IO/TrA = Internal Oblique/Transversus Abdominus, RMS = Root
Mean Square, Con = Control group.




The additional 7 studies published after March 2010 that fit the inclusion and exclusion
criteria studied a mix of the general population and recreational athletes. They investigate
muscle onset time following a 6-12 week course of general strength exercise in subjects with
shoulder impingement (De Mey, Danneels, Cagnie, & Cools, 2012; Ortega-Cebrian,
Girabent-Farres, Whiteley, & Bagur-Calafat, 2021; Sharma, Hussain, & Sharma, 2021),
following a 2-6 week course of instability training in subjects with chronic ankle instability
(Dinesha & Prasad, 2011; Sierra-Guzman, Jimenez, Ramirez, Esteban, & Abian-Vicen,
2018), and following a single session of isolated muscle training in subjects with nonspecific
(Tsao, Druitt, Schollum, & Hodges, 2010) and recurrent (Suehiro, Ishida, Kobara, Osaka,

Kurozumi, & Watanabe, 2021) low back pain.

Overall, the findings were not favourable in the shoulder with two studies finding no
treatment effect (de Mey et al., 2012; Sharma et al., 2021), and one finding earlier muscle
onset following treatment in two muscles (anterior deltoid and upper trapezius) but not in
eight others (middle deltoid, posterior deltoid, serratus anterior, middle trapezius, lower

trapezius, supraspinatus, subscapularis and infraspinatus) (Ortega-Cebrian et al., 2021).

In the ankle, instability training led to earlier muscle onset after 4-weeks of training than 2-
weeks of training in the peroneus longus and tibialis anterior muscles (Dinesha & Prasad,
2011). In one other study in the ankle, six weeks of instability training was only effective at
altering muscle onset timing of the Peroneus Brevis, Peroneus Longus and Tibialis Anterior
when combined with WBYV. Otherwise, instability exercise performed no better than a control

group (Sierra-Guzman et al., 2018)

There were two studies that looked at the acute effects of isolated muscle exercise
immediately after one single session of isolated muscle training. Both studies were in people

with low back pain and both demonstrated earlier onset times following exercise in both the



lumbar multifidus and internal oblique/transversus abdominus muscles (Suehiro et al., 2021;

Tsao et al., 2010)

Overall, none of these finding from the articles published after March 2010 would have
changed the outcome of this thesis, and the heterogeneric sample would have still meant that
no meta-analysis was appropriate in the systematic review. The finding of two additional
studies that isolated muscle exercise has an acute effect on muscle onset timing reinforces the
decision to investigate low load isolated muscle exercises in the major research component of

the thesis.

The systematic review is presented below in its peer reviewed and published format:

Crow, J., Pizzari, T., & Buttifant, D. (2011). Muscle onset can be improved by therapeutic

exercise: A systematic review. Physical Therapy in Sport, 12(4), 199-209.
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1. Introdudion

Large wvariabilities in musde recruitment patterns have been
obsened for partoularmovements both within and bebween normal
individuals (Bartett, Wheat, & Robins, 2007 ). Motwithstanding this
normal varability it has been suggested that changes in muscle
activation patterns, in particular the altered timing of musde onset,
which can developin the presence of pain (Hod ges & Moseley, 2003 )
or pint pathology (Stokes & Young, 1984) might be undesimble. For
eeample, adelay in the activation of the transversus abd ominus [ TrA)
seen in people with chronic nonspecific low back pain has bem
hypothesised to lead to a reduced ability of the body to attenuate
forces within the spine created by limb movement (Hodges &
Richardson, 1996). Likewise, a delayed reaction of the peroneal
muscles in response to an ankle perturbation may contribute o
impaired postural awareness and stability of the ankle in people with
functional ankle instability (FAL)( Clark & Burden, 2005).

* Corresponding author Tel: <61 3 9479 S3872; o 461 3 9479 5064
E-mail addresees justincrow@studentsbtrobesduau . Cow) tpdand
latrobesduau (T Pear)

14668508 — see Font mater @ 2011 Elevier Ll All rights reserved.
i 10016 f_ptsp 201012002

Altered musde onset iming has been reported ina wide variety of
musculos kele al monditions inchuding chronic neck pain ( Falla, Jull, &
Hodges, 2004), shoulder impingement (Moraes, Faria Teixera-
Salmela, & Horizonte, 2008 ), shoulder pain (Hess et al, 2005), low
back pain (Hodges, 2001), sacmiliac joint pain (Hungerford, Gilleard,
& Hodges, 2003), longstanding gmin pain (Cowan et al, 2004),
patellofemoral pain syndrome (PAYS) (Chester et al., 2008), anterior
crudate ligament injury (Bryant, Mewton, & Steele, 2009), knee
osteoarthritis (Hinman, Bennell, Metcalf, & Crosskey, 2002), FAl
(Rosenbaum, Becker, Gernmb, & Oaes, 2000), and following hip
arthroplasty (Vogt, Banzer, Pleifer, & Galm, 2004) MacDonald,
Muoseley, and Hodges (20089 ) have demonstrated that dysfunctional
timing of muscle onset can persist evenwhen an individual becomes
asymptomatic, and have suggested that the persistence of dysfunc-
tional motor patterns may be an important contributing factor
towards injury recurrence. Consequently, it has been postulated that
rehabilitation of these monditions should inorpomte thempeutic
exercise prescription with an aim of impmoving the onset timing of
affected muscles (Amendt-Nielsen & Falla, 2009). When prescribing
exErcise toimpmwe muscle strength, therapists have dear guidelines
about what exercise prescription parame ters might best achieve their
desired outcomes (Rhea, Abar, Burkett, & Ball 2003). Mo such
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ruiddines however curmenty exist for therapists when presaibing
exercse to improve muscle onset iming following injury.

Themfore the primary aim of this review was to establish
whether therapeutic exercise @n improve musde onset iming
following musculoskeletal pathology. The secondary aim of the
review was to establish what exercise presoiption parameters are
being used to improve musck onset tming following musculo-
skeletal pathology.

2. Method
2. Identification and selection of studies

A systematic literature search was conducted of MEDLUNE,
CINAHL, EMBASE, AUSPORT, SPORTDisus, PEDro and the Cochrane
Library from incepton to March 2000, Where possible key words
wire mapped to subject headings, and filters for English language,
peer-reviewed studies and human subjects wemr also applied
where available. (See Appendix 1 for the full search strategy).
Citation tracking using Google Scholar and reference scanning of
the bibliographies of all induded studies were undertaken to
identify amy further relevant trials not captured by the initial
search. Key authors in the field were also contacted to enguire
about any appropriate research unpublished at the time of the
review. References yielded by the search wem ecported into
Endnote X3 (Thomson Reuters, NY).

A set ofinclusion and exclusion criteria was established prior to
searching. Indusion riteria are shown in Fig. 1. This rewview allowed
for the indusion of single-group pre—post design studies as it was
considered that limiting this review to level one evidenoe would
notallow for a comprehensive review of the topic. A review of nine
physiotherapy journals found that only 12.6% of studies were level
one evidence (Paci, Cigna, Baoini, & Rinaldi, 2009), and it was
known that single-group pre—post test design studies are prevalent
in the litemture relevant to this topic (Hall, Tsao, MacDonald,
Coppieters, & Hodges, 2009; Tsao & Hodges, 2008). Other non-
randomised study designs such as case series were exduded from
the review, along with opinion articles and non-systematic reviews.

The review was restricted o electromyographic recording of
muscle onset timing because although other methods of measuring
muscle activation such as phase contrast magnetic resonance
imaging and real-time ultrasound have good precision in measuring
muscle activation (Hodges & Moseley, 2003; Rebmann & Sheehan,
2003) they do not currently have the capacity to accurately
measure the small changes in tming (in milliseconds) required to
compare musde onset iming. This review was interested in musde
activation in a complete sense that indudes the role of both the
central nervous system and peripheral mechanisms. Consequently,
studies that induded people with a neurological injury or that
measured only an isolated component of musde activation such as

Dasign
«» Randomised or quasi-randomised controlled trial
= Single group pre-post 85t designs
Participants
= Humans
= Musculoskelatal pathology
Intarvantion
= Therapeulic axarcise
Culcoma measures
#= Electromyographic recording of muscla onsat timing
Comparnisons
= Mol specifiad

Fig. 1. Indusion criteria

retlex arc times were exduded from the review. When multiple
studies used the same partidpants from one single sample, the
study that analysed the largest pmoportion of the sample was
induded, and the others excluded, to avoid the analysis of duplicate
data or ‘double counting’ (Senn, 2009 ). Papers that were not avail-
able in the English language, not published in a meferred journal or
where the fulltext was not available were also exchided.

Following the deletion of duplicate studies from the seamch
yield, the abstract and title of the remaining studies wen asse ssed
independently by two examiners (JC TP} and the level of agree-
ment reorded. Studies that remained after the application of
indusion and exdusion criteria were obtained in full-text before
being assessed for their appropriateness for indusion in the review
by both examiners in consulation.

22 Assessment of charoctenstics of sudies

The methodological quality of the induded studies was evalu-
ated independenty by two examiners (JC, TF) using a cheddist
validated for the assessment of the methodological rigor of both
contmlled and non-controlled studies (Downs & Black, 1998 ) The
Downs and Black chedklist has been used previously in systematic
reviews that have yielded studies of various designs (Hartling,
Crumiey, Klassen & Pickett, 2004; Oliver, Connelly, Victor, Shaw, &
Whitehead, 2007) and has been shown to have good intra-rater
(r = 0.BB) and inter-rater (r = 0.75) reliability {Downs & Bladk,
1998) The last item of the checklist examining the power of
results was adjusted | Deshpande, Khoja, &McKibbon, 2008 ) so that
the maximal quality index that a study could soore was 28 points.
Discrepancies in mtings of methodological gquality between
examiners were resolved by discussion until a onsensus was
reached. Studies were not exduded on the basis of gquality. The
pathology being investigated, exercise presaiption parameters and
electromyographic recording prowools were also extacted from
each of the included studies.

2.3 Dato analysis

The review artides were read and data were extracted by one
reviewer (JC) and checked by a second (TP) Pre—post data were
extracted from all arms of the induded studies, sothat in situatons
where a control group received an exercise interventon it was also
subject to data extraction and analysis. This data induded the pre
and post-intervention means, standard deviations and sample
sizes. Whem insufficient data wem available in the paper to
cakulate a standamdised mean difference (SMD) the relevant
authors were contacted by e-mail requesting the desired informa-
tion. In @ses where pre—post data were still not forthcoming and
the relevant data were reported dearly in a graph format, the data
were estimated from the graph (Herbert, 2000). Where the data
provided in a study were insufficient for guantitative analysis,
a narrative anabysis of results was undertaken

Analysis of the effects of the mpeutic exerdse interventbons were
conducted in appropriate mndomised controlled trials (RCT's) using
Comprehensive Meta-analysis Version 2 (Borenstein, Hedges,
Higgins, & Rothstein, 2005) using post-intervention soores, Due to
variahility inelectromy ographic measurement protocols, and as not
all outcomes were measured on the same scale, a SMD with 95% Cl
was caloulated to allow comparison between studies. A controlled
trial was considered inappropriate for between group anabysis i it
compared two groups with different pathologies, uwsed healthy
people as controls orused contralateral limbs as controls { See Fig. 2).
A training oss-over effect has been meported between limbs in the
ankle (Lh, Beynonn, Helie & Renstrom, 2000 ) and therew as concern
that a contralateral limb may not be an effecive control. In
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montrolled trials that were mnsidered inappropriate for between
group anabysis, the exerdse group was analysed asif it was a sing le-
group design.

Analysis of studies with a single-group design involved the
a@lculation of a SM D with 95% CI, this time to represent any change
within the mcerdse gmup. This analysis utilised a protwomldesigned
o deal with unavailability of full sets of raw data in reviews
inchesive of non-andomised studies and also to ensure that the
alculation of single-group effect sizes focused on change within an
individual (Dodd, Taylor, & Damiano, 2002). This caloulaton
involved the estimation of the pre—post test reliability of studies
where the full data set was unavailable using the most conservative
pre— post meliability score from available data sets.

It is generally recommended that meta-analysis not be per-
formed in reviews that indude a mix of randomised and non-
randomised studies (Egger, Schneider, & Dawvey-Smith, 1998)
Acmordingly, no meta-analysis was performed in this review.

3. Results
31. Flow of studies through the review
From 6924 studies that wem identfied thmugh elecronic

searching and one that was identified after contacting key authors
as being in press at the time of the review, 49 studies were obtained

Titles and abstracts screened
(n = 6925)

in fulktext (inter-ecaminer agreement = 94%), of which 16 were
included in the review (See Fig. 2).

32 Chamcterstics of included sudies

Quality assessment scores were generally adequate and ranged
from 14 to 21 (mean score = 16.5 + L91) out of a possible 28 points,
Soomes for individual studies are reported in Appendix 2. Blinding of
subjects was only undertaken by one of the studies |(Cowan,
Bennell, Crossley, Hodges, & MoConnell, 2002), and as would be
expected no blinding of the therapist was meported in any of the
studies. Studies ako scored poorly on items 21 and 22 of the
chedklist which refer to selection bias, and all single-group studies
did not score on items 14, 15, 23 and 24 as these four items tanget
the management of contml groups, which are not presentin single-
group studies. Consequently the highest achievable soore was 28
points for a controlled study and 24 for a single-group study. A lack
of blinding and the presence of selection biases can potentially lead
to an overestimation of effect size (Borenstein, Hedges, Higgins, &
Rothstein, 2009) and should be taken into consideraton when
interpreting the results of this review.

Controlled trials made up 11 out of the 16 included trials,
although five of these were mnsidered to be inappmopriate for
between group analyses. The remaining five studies were of
a single-group pre-post test design Only five induded studies
reported adequate data for quantitative analysis in the tect of their

h 4

Papers excluded after screening
titles and abstracts (n = 68TE)

Potentially relevant papers retrieved
for evaluation of full-text (n = 49)

k4

Papers excluded after evaluation of
full text (n =33)

+ No EMG reported (n = 2)

Mo timing of muscle onset
reported (n = 15)

Healthy subjects (n=T)
MNeurdogical conditions (n = 1)
No exencise interventions (n = 3)
Same paricipants reported in
ather study (n = 2)

Mot encugh information avallable
(n=3)

Papers included in review (n= 18)

Fig- 2 Flow of studies through the review.
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publication, although fortunately most authors were willing to
provide required data wpon request. Data were unable to be
obtained in one study because insufficient data were reported in
the text and no msponse was received from the authors
[ Chmielewski, Rudolph, & Smyder-Madkler, 2002), and in one other
study the required data were unavailable due to damage to vital
hardware (Marshall & Murphy, 2008) A summary of included
studies s reported in Table 1.

Included studies used at least one of three different exercise
modes: isolated muscle training, instability tmining and general
strength training. Combinations of these modes were also present
s0 that the 19 arms of inchided studies that imolved thempeutic
exercise were each grouped into one of the following ategories:
instability training (n = 5), isolated muscle training (n = 4), general
strength training (n = 5), general strength/instability tmining
(n= 4], general strengthfisolated musde training (n= 1).

Al inchuded studies described their elecromyography recording
protocol in detail The majority of studies used suface electmdes
(n = 11) with the others using intramuscular electrodes (n = 5).
Data sampling rates ranged from 500 Hz to 5 kHz. It s commaonly
recommended that electromyographic sampling be performed at
a frequency of at least B00 Hz as recording below this rate may
aftect acouracy and mesolution of the signal (15EK, 1997). One study
induded in the review (Javed, Walsh, & Lees, 1999) used a sampling
rate below this lewvel (500Hz), and consequently care must be
expressed when interpreting the results of this partcular study. A
wide wvariety of approaches were used to determine the exac
timing of muscle onset. Visual inspection of the electromy ogram
signal was used in seven studies, with various computer algorithms
used in the others.

Studies that investigated onset iming of musdes around the
ankle measured timing in response to an ankle inversion pertur-
bation controlled by a trapdoor. Musde onset times of Tr& or the
deep cervical flexor musdes (DCF) were measured in people with
chmnic nonspecific low back or neck pain in response to a pertur-
bation created by the subject performing a mepeated arm flexion/
extension movement. Two separate studies measured the onset of
the vastus medialis oblique (VMO) relative to the VL during stair
ascent and descent in people with PFPS (Boling, Bolgla, Mattacola,
Uhl, & Hosey, 2006; Cowan et al., 2002 )

33 Effect of interventions

For all intervention groups, the muscle onset iming SMD scores
are shown in Table 2 for RCTs, and in Table 3 for single-group
pre—post test design analyses.

331 Isploted muscle training

The effects of solated muscle training wemne measured by three
RCT's and one single-group study. In one study of people with low
back pain (Tsao, Galea, & Hodges, 2010) isolated musde trmining
was found to be superior towalking at improving the onset iming
of TrA following two weeks of training in response to both arm
Hexion (SMD = 2.08, 95% C1 0.95 to 3.21) and extension perturba-
tions (SMD = 1.44, 95% Cl 043 to 2.45), and superior to general
strength training immediately following training in response to an
arm extension perturbaton (SMD = 244, 95% Cl = 120 to 3.6) in
one other study (Tsao & Hodges, 2007 ), Single-gmoup analysis also
supported the finding that solated muscle training can improve
muscle onset timing of TrA in subjects with low back pain. Tsao and
Hodges (2008) reported that TrA recruitment was significanty
improved from baseline in response to both arm flexion and
extension perturbations immediately after one session, after two
wee ks and four weeks of training, and that the effects had persisted
at the six-month follow-up. These outcomes are presented in Table

J. Cromw et al. | Physical Thesspy in Spert 12 (2011) 199—209

3. One study (Jull, Falla, Vicenzino, & Hodges, 2009) found that
isolated musde training was no better than general strength
training at improving the onset ime of the DCF muscles in people
with chronic nonspecific neck pain after six weeks of exerdse in
response o arm flexion (SMD = 017, 95% C1 —0.47 to 0.BO) and
extension (SMD = 0,47, 95% 4 —-0.17 to 112) perturbations.

332 Isolated musde treining and generl strength maning
combined

Isolated musde training was combined with general strength
training in one study that also used other common physiother-
apeutic modalities such as patellofemoral joint aping in people
with PAPS (Cowan et al, 2002). This combined approach was
effective at impmoving the onset iming of the VMO relative to the
VL muscle after six weeks of training during both stair ascent
(SMD = 3.72, 95% Cl 2,66 to 4.87) and stair descent (SMD = 7.83,
958 40 592 to 9°M) when compared to a control group that
received placebo taping and sham ultrasound.

333 Instobiity training

The effect of instability training on musde onset timing was
compared to a control group that did no exerdse in two BCT s, One
study (Clark & Burden, 2005) found no difference between groups
for both the onset of peroneus longus (SMD =075 955 C1 —0.19 o
169) and tibialis anterior (SMD = 0932, 95% C1 —0.03 to 1.8BE)L
Similady, Eils and Rosenbaum (2001) also found no difference
between groups for peronews longus (SMD =01, 95% C1 —04 o 0.6)
and tibialis anterior (SMD = 031, 95% CI —028 t 091). Single-
group analysis of the effects of instability training was undertaken
in three studies. The outcomes of these studies were mixed and are
reported in Table 3.

334 Instability and general strength treining combined

One controlled trial (Marshall & Murphy, 2008) investigated
the effect of combined instability training and general strength
training on the onset time of TrA/l0 compared to a no exercise
group in people with low back pain. Although no data was avail-
able to undertake guantitatwve analysis, the study reported no
differences between groups in muscle onset iming in the text of
the study. The same training intervention was investigated using
asingle-group design in another study (Marshall & Murphy, 2006),
and reported no significant changes in muscle onset timing of TrA/
10 in people with low back pain after 4 weeks, B weeks, 12 weeks
or & months of training. One study (Boling et al., 2006) undertook
a single-group analysis of the effect of instability training used in
combination with general strength training on the onset time of
VMO relatve o VL in people with PFPS with strong positive
results after six weeks. The results of all single-group analy ses are
reported in Table 3.

Chmielewski et al. (2002 ) investigated the effects of a combi-
naton of instability training and general strength training
following acute mpture of the anterior crudate ligament of the
knee. Although there were insuffident data for quantitative anal-
ysis to be undertaken by this review no changes in the onset tming
of the VL, medial gastrocnemius, soleus or biceps femoris muscles
were reported during walking following the intervention which
lasted an average of 20 days.

335 Geneml strength maining

General strength training was compared directly to isolated
muscle training in two controlled studies, the results of which are
reported above and in Table 3 (Jull et al., 2009; Tsao & Hodges, 2007).
General strength trainingwas reported to be inferior at changing TrA
onset iming in people with chronic nonspecific low back pain in
response to an arm extension perturbation, although no differences
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Table 1

Summary of induded studies.

Study Design Par ticipants Interven tion Oulcoms measures
Instability training
Akhbari et al. (2007) Single-group pre-post test n=15Exp Exp = Biode = stability system Surface EMG: PL, TA (6 weeks)
Quality score: 14 FAlL raining = 4 whs = lversion trapdoor
12 min = 3fweek = Sampling rate: 1 kHz
= Onset decision: 3 5D's above baseline
Clark and Burden (2005) RCT n=10Exp Exp = wobble-board training = 4 wks Surface EMG: PL, TA (6 weeks)
Quality score: 17 n="%4Con 12 min = 3jweek = lnversion trapdoor
Both = FAl Con = no exercise = Sampling rate: 1 kHz
» Onset decision: 2 S0 above baseline
Eils and Rosenbaum (2001) RCT n=31Exp Exp = instability circuit training = 6 wks Surface EMG: PL, TA (6 weeks)
Quality score: 14 =17 Coin 5-10 min warm-up then 45 5 = 12 stations = lversion trapdoor
Both = FAl of various instability apparatus = 1/week = Sampling rate: 1 kHz

Javed et al. (1999)

Osborne et al, (2001)

leolated muscle raining
Jull et al. {2009)

Tsao and Hodges (2007)

Tsao and Hodges (2008)

Tsao et al. (2010)

General strength training
Hall et al. (2009)

Prospective cohort with

two groups that have

different conditions:

single-group analysis

undertaken

Quality score: 17

RCT but used contralateral limbs

as controls: single-group analysis undertaken
Quality score: 18

RCT
Quality score: 17

RCT
Quality score: 19

Single-group pre—post test
Quality score: 15

RCT
Quality score: 21

Single-group pre-post test
Quality score: 16

it = 10 unrehabilitated
ankle sprain (6—8 wks)
n=10FaA

n = 8 unrehabilitated ankle
sprain (6=18 months)
i = 8 contralateral limbs

i = 18 lsolated

n = 20 General strength
Both = Chronic nonspecific
neck pain

n =11 Isolated
i =11 General strength

Both = Chronic nonspecific lbp

n="49Exp
Chronic nonspecific [bp

n =10 Exp
n=9Con

Both = Chronic nonspecific lbp

n=10
Chronic nomspecific [bp

Con = no exercise

Exp (unrehabilitated sprain) = wobble-board
raining daily HEP = 6/weeks

Con (FAl) = surgery

Exp (unrehabilitated sprain) =
ankle disk training

15 min daily HEP =« 8/weeks
Con = no exercise

lsolated = cranioosrvical

flexion with biofeedback unit
in-rooms = 1fweelk, HEP twice
daily = 6 wks

3 x 10 = 5=10 s isometric holds
General strength = cervical flexion
with high load = 6 whks in-rooms =
1fweek, HEP twice daily

1 = 12=15{12EM) for first 2 whs

3 » 10 (50, 75%, 10RM ) for next 4 whs
Isolated = abdominal hollowing
taught with KTU

3 % 10 = 10's isometric holds at

5% RMS max

General strength = general strength
training slow sit-up raining

Exp = abdominal hollowing taught
with KTU = 4 wks rwice-daily HEP
3 = 10 = 10 s isometric holds

Exp = abdominal hollowing taught

with KTU = 4 whks rwice-daily HEP

3 x 10 = 10's isometric holds

Con = walking = 10 min twice-daily HEP

Exp = non-isolated core muscle
CO-CON T acion training

abdominal curl up, side bridge and birddog
5 = 7 s isometric holds

= Onset decision: visual inspection
Surface EMG: PL (6 weeks)

= lnversion trapdoor

= Sampling rate: 500 Hz

= Dinset decision: visual inspection

Surface EMG: PL, TA (8 weeks)

= lnversion trapdoor

= Sampling rate: 5 kHz

= Onset decision: 3 S0's above baseline

Intramuscilar EMG: DCF (6 weeks)
= Arm [lexext perturbation

= Sampling rate: 2 kHz

= Onset decision: visual inspection

Intramuscul ar EMG: TrA (immediate)
= Arm flexfext perturbation

= Sampling rate: 2 kHz

= Onset decision: visual inspection

Intramuscul ar EMG: TrA (immediate, 2 whs,
4 whks and & months)

= Arm flexfext perturbation

= Sampling rate: 2 kHz

« Onset decision: visual inspection
Intramuscular EMG: TrA (2 weeks)

& Arm [exext perturbation

= Sampling rate: 2 kHz

= Onset decision: visual inspection

Intramuscul ar EMG: TrA(immediate)
= Arm flexfext perturbation

= Sampling rate: 2 kHz

= Onset decision: visual inspection

(continued on next page)
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Table 1 (corntirued )

Study Design Participants Intervention Outcome measures
Leinonen et al, (2000) RCT but compared it =19 Exp (chronic lbp) Exp = general strength raining Surface EMG: Gluteus maximus {10 wks)
o healthy controls: i = 19 Con (Healthy) LL progressive resistance exerdse = 1h e Measured % of trunk fex/ext oycle

General strength and
irsta bilicy traming
Boling et al. (2006)

Chimielewski et al. (2002)

Marshall ard Mur phy (2006)

Marshall amd Mur phy (2008)

General strength and
isolated muscle training
Cowan et al, (2002)

single-group analysis
undertaken
Quality score: 16

RCT but compared to healthy
controls: single-group analysis
undertaken

Quality score: 18

Single-group pre-post test
Quality score: 17

Single-group pre—post test
Quality score: 15

RCT
Quality score: 16

RCT
Quality score: 19

i = 14 Exp (PFPS)
it = 14 Con (Healthy)

n =9 Exp Acute
ACL rupure

=18 Exp
Chronic lbp

i = 24 Exp (instability and
general strength)

f = 26 Con (general strength)
Chronic lbp

n=22 Exp
i =18 Con
PFPS

in-rooms = 3fweek, HEP = S5/week = 10 weeks
Con = no exercise

Exp = general strength progressions
using balance pads

3 = 10 LL progressive resistance
exercises x 6 whs in-rooms =
1/week, HEP = 2/week

Con = no exeércise

Exp = perturbation training on
unstable platforms < 1 h

LL progressive resistance

exercise = 2—6/wk =< 3 wks

Exp = swiss ball and progressive
resistance exerdse

2-3 = B-10for first 4 weeks
with isometric focus

2-3 x B-8 for next B weeks with
isotomic focus

In-rooms = 1/week, HEP = 2/week
Exp = see above

Con = commonly prescribed low
badk strength exercises

Exp = isolated VMO exercise using EMG
biofeedback and other physiotherapeutic |
nterventions including general strength training,
taping and steetching in-rooms = 1/week, twice
daily HEP = G weeks

Con = placebo taping and sham ulrasound

e Sampling rate: 2 kHz
» Dnset dedsion: =10 pV from baseline

Surface EMG: VMO v VL (6 whks)

» Stair ascentfdescent perturbation

» Sampling rate: 1 kHz

» Onset dedsion: 3 SD's above baseline

Surface EMG: VI BFem MG, soleus (3 wks)
o Measured % of gait cyde

» Sampling rate: 960 Hz

» Dnset dedsion: 2.5 times resting signal
Surface EMG: TrAf10 (1,2,3, and & months)
« Arm flexfext perturbation

e Sampling rate: 2 kHz

= Dnset dedsion: Integrated profiling

Surface EMG: TeA[I0 (1,23, and 6 months)
= Arm flexfext perturbation

= Sampling rate: 2 kHz

» Dnset dedsion: Integrated profiling

Surface EMG: VMO vs, VL (6 whks)

e Stair ascent/descent perturbation

» Sampling rate: 1 kHz

o Onset dedsion: 3 SD's above baseline

Exp = experimental group, Con = conrol group, RCT = randomised controlled trial, FAI = Functional ankle instability, TeA = wransversus abdominus, DCF = deep cervical flexors, PL = peroneus longus, TA = tibialis anterior,
SD =standard deviaton, whks =weeks, KTU = real-time ulirasound, [bp = low back pain, LL = lower limb, PFPS = patellofemoral pain syndrome, VMO = Vastus medialis oblique, VL = vastus lateralis, BFem = biceps femoris,

MG = medial gastrocnemiuos, 10 = internal oblique.
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Tabile 2
Sramdardized mean di ferenoes (9535 CT) of changss in muscle anset timing: betwesn
group ana ysis.

Smdy Croups: mean (S0 Drifferenas betwes=n
Foups
Instaii lity Comntral Standard imed mean
training diference (S5 O )
ark and Burden
(2005
PL — imeersion 619 (165) T2{115) @75 (0,19 to1.69)
TA - inversion 633 (127} mA2) 192 (0.3 to1.88)
Eils and Resenbaum
{2001 )
PL — ime=r=ion 648 (62) 654 (5.4) 0.1 (—0dibo 06}
TA - inversion TL6(6T) M6 (55) 031 (028 to51)
kalated muscle General strength
training training
Jullet al { 2008)
DCF — arm 1573 (451) 1658 (591 @17 (047 to0.80)
flexian
DCF — arm 816 (23} SR (406) @47 (-0.17 t01.12)
extensian
Tsao and Hodges{2007)
TrA — arm L0 (01 4) — 006 (D026) —038 (-1.23 tod.46)
flexian
TrA — arm 054 (L 5) @116 (0u0a1) 244 {129 to 3.6)
extensian
kalated muscle Comtral
training
Taao et al
{2010
TrA —arm —L012 (L0 &) LIES (0U026) 208 095 w3 21)
flexian
TrA — arm 008 (023) 043 (U2 4) 144 (043 to 2.45)
extensian

kalated and general Contral

strength training
Cowam et al.
(2002 )
VMO v VL — 45 [26) -7437 372 (266 to4.78)
stair ascent
VMO v VL — 146 (13) ~158{4.4) 783 (592 w9 M)
stair descent

TrA = transversus abdomimus, DCF = desp aervical flexors, PL = peroneus ongus,
TA = tibidis anteriar, VMO = vastus medialis oblique, V1 = vasihs lateralis

between groups were evident during armflexion. No difference was
shown between groups between these two training types in
improving the onset tming of the IF musdes. Single-group anak
yses of two other studies investigating the effect of general strength
training in people with chronic nonspedfic low back pain were also
undertaken. One study (Leinonen, Kankaanpaa, Airaksinen, &
Hanninen, 2000) investigating the effect of six weeks of general
strength training on the onset tming of ghteus maximus during
trunk flexion and extension reported positive results, while the
other (Hall et al., 2009 ) investigated the immediate effectsof general
strength training on TrA onset but did not find statistically signifi-
cant effects for any variables. These single-group analyses are
reported in Table 3.

34 Exerdse presripion parameters

341 Eoloted musde maining

Isolated muscle training was used to @rget the onset tming of
Tri in people with low badk pain, the DCF musdes in people with
chronic neck pain, and the VMO in people with PFP5. It has been
proposed that this approach might possibly work by facilitating

neuroplastic changes within the motor cortex (Tsao et al, 2000). In
each c@se a form of biofeedback was used to assist in achieving an
isolated muscle contraction. Real-time ultrasound was employed to
train TrA, an air-filled pressure sensor (Stabilizer™, Chattanooga
Group Inc USA) was used to train a adaniocervical flexion move-
ment which targets the DCF musdes, and a dual-channel surface
electmmyography biofeedback unit was wsed to train the VMO
mlative to the VL muscle. Exercise dosages were guite consistent
between studies. Subjects were instructed to perform 3 sets of 10
mpetitions of 5-10 5 isometric holds with 3—-5 5 mest bebween
montractions, and 2 min rest between sets. When presoibed as
a home exerdse this regimne was coompleted twice daily. Isometric
holds were a sub-maximal effort, for example subjects aimed to
wmntract their TeA at 5% of their maximum elecdmomyographic
amplitude. This low level of contraction was performed to reflect
the low levels of activation in the TrA seen during functional
movement (Tsao & Hodges, 2008 )

342, Instobiity raining

Instability training prescription parameters were quite diverse,
although all studies that used instability tmining employed some
type of unstable surface. These induded wobble boards (n = 4),
swiss balls (n = 2), an air-filled balance pad (n= 2}, and the Biodex
stability system (n = 2} In one study (Chmielewski et al, 2002 ) the
therapist applied graded levels of external perturbations to chal-
lenge the balance of the subject while they stood on an unstable
surface such as a rollerboard. Exercise sessions ranged from 12 min
to 1 hinlength. Frequency ranged fromonoe a week to adaily home
meerdse program, and tmining program dumtions ranged from
three o twelve weeks.

343 General strength raining

Exerdse prescription parameters for geneml strength training
monsisted of progressive resistance exerdse progressions that were
varied between studies. Both isometric holds and movements
through range were employed, although no effort was made to
isolate the activation of aspecific musde. Exercise frequencies ranged
from three sessions a week to twice-daily home exercise programs,
and training programs were maintained from 6 to 12 weeks.

4. Discussion

The results of quantitative analysis undertaken in this review
sugeest that it is possible to use therapeutic ecerdse to alter
muscle onset timing following injury. There were three key modes
of exercise identified by the review: instability training, solated
muscle training and general strength tmining. [solated musde
training was consistently shown to alter muscle onset timing of
TrA in people with chronic low back pain, and was better than
a mntrol at doing this after two weeks of training (Tsao et al.,
2010} Single-group  analyses sugpested that isolated musde
training was superior to general strength training at improving
TrA onset tming in this popultion. The exemise dosage
prescribed for isolated muscle training was 3 sets of 10 isometric
holds of 5-10 s. When performed as a home exercise this routine
was performed twice a day.

The mechanisms for changes in the temporal characteristics of
muscle activaton following isolated musde activation are still not
definitive. It has been proposed that reorganisation of neuronal
networks within the motor oortex following solated musde
training may be an important contributing factor towards changes
tothe onsettiming of TrAin subjects with low back pain (Tsao et al.,
2010} Isolated muscle training reguires greater levels of precision
and attention than the other training modalities identified by this
reviewe It has been sugpested that these two characteristics may
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Table 3
Standardised mean difference (952 C1) of changes in muscle anset timing: sing le-
group analysic
Study Pre-past test results: Change within
me=an (S0 FTOups
Pre-test Purst-test Standardised mean
dliffer=na= (953 Q)
Tnstability faiming
Akhbari et al (2007)
PL — inversian MA(38) 525(20) 621 (31410 928)
TA - imversian 655 (63) 466 (1.0) 421 (207 ' 635)
Javed et al (1999)
PL — inversian 725(53) 632(41) 203 (063 1o 343)
Osharme et al_ (2001)
PL — inversian 523 (45.1) L/(E2) A6 (-063w115)
TA - imversion 676 (203) 5170176 084 (-018 @ 186)
Eolatal mascle training
Tsaa and Hodges (2008)
TrA — arm flexion Qia 0.2y Qi (L025) Q74 (057 o 051)
([immediate)
TrA — arm extension Q067 [0.028) 0038 (L027) 1038 (088 @ 118)
([immediate)
TrA — arm flexion Q031 002)  —0015 (022) 219(1.15w 323)
(2 wesks )
TrA — arm extension Q067 0.028) 0019 (Q02E) 17(112w 228)
(2 wesks )
TrA — arm flexion Q031 002) 0023 (012) 216 (138 o 494)
(4 wesks )
TrA — arm extension Q067 0.028) 0012 (L026) 199(1.19w 279)
(4 wesks )
TrA — arm flexion Qia 0.2y 000 (019) 151 (066 o 236)
6 manths)
TrA — arm extensian Q067 [0.028 Q0 (o23) 217 (087 o 337)

6 manths)

Geneal strength braining
Hall =t al {20049)
TrA — arm flexian

—(LH 9 (0036) 0015 (LOS52) L0 (054 o 038)

TrA — arm extensian U065 (0038) 0094 (023) Q28 (005 o 061)

Leinanen et al_ { 2000)

GMax — trunk flexion &1 (5.3) 114(79) 079 (009 o 149)

GMax — trunk extension 552 (&7) 54 (49) 89 (017 o 161)

Instahility and general
sirength training

Baling =t al (2006)

VMO vs VL - DA (M1) 408 (505) 153 (0490 257)
stair ascent

VMO vs VL - —506 (81.9) FP3(452) 133 (037w 229)
stair desaent

Marshall and Murphy {2006 )

TrAlQ — arm flexion 599 (13.0) S54(23.7) 024 (-04 to 0L81)
{1 manth}

TrAlQ — arm extersion 22 (17.5) GA(179) -05(-117®@047)
{1 manth}

TrAlQ — arm flexion 599 (13.0) 505 (209) 0502(-013m121)
(2 manths)

TrAlQ — arm extersion 22 (17.5) 45(252) -031(-095 i 033)
(2 manths)

TrAlQ — arm flexion 599 (13.0) 469 (246) 66 (-003 o 135)
(3 manths)

TrAlQ — arm extersion 22 (17.5) 21({239) -0 (-085 i 043)
(3 manths)

TrAlQ — arm flexion 599 (13.0) A8 (276 047 (-019m113)
6 manths)

TrAlQ — arm extersion 22 (17.5) —26(244) Q@2 ({-061 o 065)

6 manths)

TrA = transversis abdominus, DCF = deep cervical flexors, PL = peroneus kongus,
TA = tibialis anterior, VMO = vastis medialis oblique, V1 = vastis lateralis,
GMax = Clutes maximus, VMO = Vasts medidis oblique, V0L = vastus lateralis,
10 = intermal ablique, immed. = Immediate.

promote greater changes in the motor cortex when compared with
training sessions incorporating the use of multiple musdes at once
such as general strength or instability training (Boudreau, Farina, &
Falla, 2010). Indeed the motor skill learning literature identifies that
novel motor skill training results in an increased representaton of
the trained muscle in the primary motor cortex when compared to
more generl exercises { Remple, Bruneau, VandenBerg, Goertzen, &
Kleim, 2001; Tsao et al., 2010).

Currently results from ontrolled trials do not support the
individual use of instability or general strength training to improve
muscle onset timing. Single-group analyses do however suggest
that instability training may have an effect at improving the tming
ofthe pemneus longus and tibialis anterior in people with FAl or an
unrehabilitated ankle sprain, and that strength training may
impmwve the onset timing of gluteus maximus in people with
chmonic low back pain. A combined physiotherapeutic approach
inmrporating general strength training, with or without the use of
isolated musde training, is alko effective at improving the onset
timing of VMO relative to VL in people with PFPS after six weeks of
training. Due to the multimodal interventions used in these trials
howewver itis not possible to determine which, if any, of the exercise
modalites contributed to these effects,

It has been reported that instability training may lead to
a reduced reacton time of stabilising musdes by improving the
sensitivity of joint posibon sense and by oeating a more
synchronised oontracion pattern to aid in the correcton of
excessive posidons (Sheth, Bing, Laskowski & Kai-Man, 1997). It
remains contentous whether possible improvements from insta-
bility training might stem from adaptations within the central
nervows system (Osbome, Chou, Laskowski, Smith, & Kaufman,
2001) or strucures in the periphery (Konradsen, Voigt &
Hojsgaard, 1997 ).

Intemestingly, although a large number of conditions have been
identified as involving altered muscle onset tming, only a small
number were covered by the meview. It is currenty unknown
whether the effect of exercise on muscle onset timing is the same in
different pathologies and subsequently further investigation may
be warranted into how muscle onset timing is affected by thera-
peutic exercise in other onditions where dysfuncional muscle
onset timing has been identified.

This systematic review had certain limitations. Foremaost, anal-
yses of single-group changes do notacoount for the effect of tme. A
review that is limited to RCT's would be of value when sufficient
trials exist. Also, studies not published in the English language and
grey literature such as university theses and conference proceed-
ings were not induded in the review. As a result, publication bias
may have influenced the results (Borenstein et al., 2009, Although
methodological quality was fairly consistent between studies, the
absence of appropriate blinding of subjects and therapists in many
of the studies may also have led to an overestimation of effect size
of the studies included in this review.

This review has successfully identified that it is possible to
change muscle onset timing using therapeutic exerdse. Isolated
muscle training is effecive at achieving these changes in TrA in
people with low back pain. The use of instability training to
impmve musde onset tming of the peroneus longus and tibialis
anterior in FAl lacks evidence from good quality controlled trials.
General strength training was found to be ineffective at changing
the musde onset iming of TeA and DCF muscles in people with low
back pain and chronic neck pain respectively, although weak
evidence was found that this exerdse mode may improve the
muscle onset timing of ghiteus maximus in people with low back
pain. Further high gquality msearch is required to establish what
EXEICEE prescripion parameters are most effective at restoring
musclke onset timing in response to both antidpated and
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unanticipated postural perturbations in conditons known to
involve dysfunctional musde onset timing.

41. Proctical applicanons

Following musculoskeletal pathology, where a disorder of
muscle onset timing has been identified, practitioners should
mnsider the use of isolated musde training to restore the timing of
musce onset. It is recommended that a dosage of 3 sets of 10
isometric holds of 5—10s be performed twice daiby to achieve these
effects.

Practiioners should exercise caution when prescribing both
inst@ability tmining and general strength training toimpmove muscle
onset iming as research on these two exerdse modes is currenty
limited and inconclusive.
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Appendix 1. Srategy

MEDLINE and EMBASE (inception to March 2000
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T Activation
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LI Peak amplitude
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Appendix 2
Downs and Black checklist scores of induded studies,
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Chapter Three: Improving Muscle Activation Using Therapeutic
Exercise: An Exploration of Clinical Practice

The systematic review completed in the previous chapter provided support for the use of
therapeutic exercise to improve muscle activation impairments following injury and also
some limited insight into effective exercise prescription parameters. However, it provided no
specific evidence relating to exercise selection following hamstring muscle injury.
Consequently, it was decided that further information was required to guide the design of a

major research project.

The clinical practices in the fields of physiotherapy and strength and conditioning were
explored to identify practices relating to the use of exercise prescription to address muscle
activation following injury. Current practices and expert opinion in both physiotherapy

(Chapter 3.1) and strength and conditioning (Chapter 3.2) are examined below.

3.1 Clinical practice and expert opinion within the field of physiotherapy

To better understand current practice within the field of physiotherapy, expert practitioners
were identified and invited to attend a workshop on the topic of ‘Muscle activation around
the hips and pelvis in the context of Australian Football’. The objective of the workshop was
to facilitate discussion and information-sharing between expert practitioners, while allowing
the documentation of key findings and trends relevant to this thesis. The workshop was
organised by the candidate, who was also the sole author of the workshop booklet, and

workshop report.

3.1.1 Method

Leaders in the field of physiotherapy with specific expertise on muscle activation around the

hips and pelvis were identified and recruited to attend a half-day workshop hosted by the
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Collingwood Football Club on 9" August, 2010 at the Westpac Centre in Melbourne,

Australia.
Invited attendees included:

e Professor Shirley Sahrmann (Washington University): Physical therapist renowned
for her work on the classification of movement disorders around the hip and pelvis
and had recently supervised research publications specifically addressing muscle
activation around the hips and pelvis.

e Dr. Alison Grimaldi (University of Queensland): Physiotherapist who completed her
PhD on muscle function around the hip and was identified as an expert in the use of
real-time ultrasound to address muscle activation impairments.

e Mrs. Leanne Rath: Specialist sports physiotherapist with experience working with the
Australian Ballet and at the Australian Institute of Sport. Mrs. Rath has also lectured
on the hip/pelvic complex and was known to be an innovative thinker on the
workshop topic.

e Mr. Paul Coburn: Specialist sports physiotherapist with 10 years of experience
working at the Richmond Football Club in the AFL and had co-authored two recent
qualitative analyses on the prevention and management of hamstring injuries and

groin pain in the AFL.

Representatives of the host organisation including physiotherapists, club doctor and exercise
physiologists also attended the workshop. In advance of the workshop, workshop attendees
were provided with a booklet inclusive of an agenda, brief narrative review of the topic which
included information on Australian Football for the benefit of the international attendee, case
study and short biographies of the workshop participants. The workshop booklet, including

the brief narrative review, is contained within Appendix B.
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The workshop began with each invitee spending twenty minutes speaking about their current
research interests and initial thoughts about the topic. A discussion about the potential role of
muscle activation exercise during the preparation for an Australian Football match or training

session was facilitated next.

The invited guests were then challenged to identify future directions relating to the topic and
suggest what they would consider worthy of investment over the next few years. Discussion
then moved onto the different effects that surgical and medical management options might

have in inhibiting muscle activity.

The workshop concluded with the presentation of a case study which invitees were
encouraged to consider. The case presentation described the physical characteristics of a

typical Australian Football player.

3.1.2 Results

A full workshop report, including notes from the discussion and key learnings for the host

organisation, was produced and is contained within Appendix C.

Key findings from the exploration that are relevant to this thesis are listed below:

e Delayed onset of gluteus maximus and multifidus and an earlier onset of biceps
femoris has been reported in patients with sacroiliac joint pain (Hungerford et al.,
2003). It was postulated that this pattern may also be seen following hamstring muscle
injury.

e Isolated muscle activation exercise targeting muscles around the hips and pelvis may
be introduced into warm-up routines before football matches and training sessions
once quality of exercise can be assured.

e The most common therapeutic exercise prescription used to address muscle activation

was 5-10 second isometric holds of isolated muscles repeated 10 times.
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e The prescription of voluntary isometric contractions of the gluteus maximus was
commonly accompanied by low load hip extension movement in clinical practice.

e There were also specific reports of the use of voluntary isolated muscle exercise
targeting the gluteus maximus in conjunction with low load prone hip extension
exercises in warm-up protocols for both hamstring injury rehabilitation and hamstring
injury prevention.

e Prescription of therapeutic exercise by expert practitioners was also highly dependent
on their assessment of the capacity of the patient at any given time. Expert coaching
of movement quality was seen as a key to this process.

e Some level of variability in muscle recruitment patterns was considered to be normal
and healthy.

e Hip morphology may play a role in activity of the muscles around the hips and pelvis

and may be a factor in variation in running gaits.

The findings listed above were used to inform the design of the major research project for this

thesis.

3.2 Current practice within the field of strength and conditioning

Strength and conditioning coaches are generally viewed as having expertise in exercise
prescription and consequently time was invested in observing expert practitioners and
studying current practice in this field. The process culminated in the accreditation of the
author as a strength and conditioning coach and publication of the manuscript “The role of

the strength and conditioning coach in optimising muscle patterning following injury”.

Note that videos that are referred to in the manuscript were available on the journal website at
the time of publication. The accreditation process included in-person education modules and

assessment of both practical and theoretical competency.
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Key findings from the process that are relevant to this thesis are listed below:

e While muscle activation patterns are considered to have high importance by
practitioners in the field of strength and conditioning, the equipment required to
reliably quantify muscle activation impairment or measure progress, is generally
not available in these settings.

e Expert strength and conditioning coaches place high value on visual assessment
and coaching of movement quality and posture within the context of a whole
functional and sport-specific movement. Video assessment is sometimes used to
assist this process.

¢ In general, more complex and functional movements are prescribed by strength
and conditioning coaches post-injury compared to those typically observed in
physiotherapy practice.

e [t is common for strength and conditioning coaches to prescribe low-load warm-
up exercises to be completed immediately before training and competition. These
are usually termed ‘activation’ exercises and aim to illicit an acute improvement

in the activation of the targeted muscle during subsequent activity.

Strength and conditioning coaches generally had only minimal involvement in the
management of athletes in the early stages of their rehabilitation. This was possibly a result of
a limitation in the education provided to strength and conditioning coaches about injury

pathology.

Movement quality has been defined as “the way in which human movement is executed with
respect to the dimensions of time and space” (Wallbott, 1989). In the manuscript below the
optimisation of muscle patterning refers to the utilisation of a muscle activation pattern by an

individual that maximises movement quality.
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The manuscript is presented below in its peer-reviewed and published format:

Crow, J. (2011). The role of the strength and conditioning coach in optimising muscle
patterning following injury. Journal of Australian Strength and Conditioning, 19(3), 100-

104.
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LEVEL 2 SUBMISSION
THE ROLE OF THE STRENGTH AND CONDITIONING COACH IN OPTIMISING
MUSCLE PATTERNING FOLLOWING INJURY.

Justin Crow

BSTRACT
AFnllowing injury muscle recruitment pattemns can become altered and persist even once the athlete becomes
asymptomatic. Ensuring optimal recruitment patterns in athletes is an important part of both rehabilitation and
the prevention of injury recurrence. This articke considers the evidence relating to this issue and discusses strategies
that stremgth and conditioning coaches can employ to assist in the optimisation of muscle activation patterns during

training. These sirategies include training without pain, training in neufral joint postures, encouraging smooth and
well-controlled movements, the utilisation of the acute effects of isclated muscle activation, and instability training.

INTRODUCTION

Under normal conditions large wvarations in muscle
recruitment pattemns have been cbserved in healthy
individuals (1}). Following injury however, pathological
muscle patterns can develop (8,17). A new theory on
pain adaptation (10) explains that in response fo pain or
pathology in a joint the muscles around that joint will
adapt to protect the joint by either:

a) becoming overactive to splint the joint and therefore
reduce movement

b} becoming underactive to reduce movement arcund the
joint

c) redistribute their activity to alter force transfer through
the joint

Unfortunately, we cam no longer assume that these
patterns retum fo nomal once a person becomes
asymptomatic, as new research has revealed that these
muscle pattems are often persistent even once a person
becomes pain-free (12).

Although altered muscle patterming is likely to be of
benefit in the short term, persistent changes in muscle
activation are potentially detrimental to performance and
may expose a person to risk of injury recurrence.  For
example, the deep fibres of the multifidus muscle in the
back have been shown to have persistent altered onset
patterning following an episode of acute low back pain.
These fibres are expected to contribute two-thirds of the
control of the intersegmental motion of the spine (21)
This is important because where a person does not have
the ability to adeguately fine tune their spinal movement,
they are more likely to be placing unwanted stress
through their spine and may be placing themselves at an
elevated risk of injury recurrence. Interestingly. following
an acute episode of low back pain that becomes
asymptomatic, 34% of people will experiemce a
recurrence within one year (20).

Altered muscle onset timing has been reported following
a growing number of musculoskeletal injuries that are
listed in Table 1.
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Table 1 - Examples of altered muscle onset timing.

Injury

Muscles affected

Shoulder impingement (13}

Scapula stabilisers: sematus anterior and wpper. middle and lower

trapezius.

Shoulder pain (8)

Subscapularis

Longstanding groin pain (3)

Transwersus abdominus

Fumctional ankle instability (18)

Peroneus longus
Peroneus Brevis
Tibialis Amterior

Patellofemoral Pain Syndrome (2)

Vastus Medialis Oblique

ACL injury (22)

CQuadriceps

Knee osteoarthritis (7)

Vastus lateralis

Hip arthroplasty (18)

Gluteus medius

Transwersus abdominus

Low back paim (8)
Multifidus

Meck pain (5)

Deep cervical flexars

Sacroiliac joint pain (11)

Transwersus Abdominus

HOW THE COACH CAN HELP

When involved in the rehabilitation and conditioning of an
athlete following injury a strength and conditioning coach
should be aware of strategies to help optimise muscle
patterning im their athletes. Strategies are discussed
below:

1. Train pain-free

To give your athlete the best chance of performing a
movement with an optimal muscle pattern it needs io be
pain-free. Otherwise the neural system is more likely
choose o adopt one of its shor-term joint protection
strategies.

If necessary modify load to avoid pain.

Where possible adjust technigue to eliminate any
painful response.

Where only one part of the athlete’s range of
movement is painful, the athlete will still get
some benefit from training in their non-painful
range.

Example: In insertional achilles tendinopathy athletes
get pain in end of range ankle dorsiflexion as the achilles
tendon wraps around the calcaneumn  creating a
compressive force. Video 1 shows single leg calf raises
being performed so that end of range dorsiflexion is
avoided and the exercise remains pain-free. Also, motice

that the exemcise is performed with a forward trunk lean
and some slight knee flexion to replicate the bodies
position when accelerating during running.

Video I:
Single leg calf raises

performed in inner range

Video 1 - Single leg calf raises performed in inner
range.

2. Train in a neutral posture

Evidence suggests that optimal muscle activation is more
. - .. H
likely to occur in neutral joint pCIEIJ..II'E'EH'L.

-  Educate athlete about the location of neutral joint
position.

- Use biofeedback such as mimors and video.

- Ensure neufral posture can be maintained before
progressing exercise.

Example: In upper limb pressing exercises an anterior
scapula tiit can alter length-tension relationships around
the shoulder and predispose to shoulder impingement
syndrome.

____________________________________________________________________________________________________________|
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Figure 1 - Anterior scapula tilt.
3. Quality of movement

Smooth movement is indicative of good joint contrel and
optimal muscle activation patterns.

Train movemnents with controllable levels of
complexity and speed.

Provide biofeedback to athlete to assist their
movement quality.

Emsure good movement gquality is achieved
before progressing exercise.

Example: Theraband shoulder extermal rotation is an
exercise designed fo target two of the rotator cuff
muscles: infraspinatus and teres minor. These two
muscles are primarly composed of slow-twitch muscle
fibres that control and fine-tune shoulder movement. Itis
a reasonable assumption that dwring a smooth, well-
controlled external rotation movement that they would
demonstrate good activation (Video 2). However, in the
absence of good rotator cuff activation it is possible to
rely on the posterior porion of delioid, a primanly fast-
twitch muscle, to externally rotate the shoulder. In which
case you might expect to see a grosser, less well-
controlled extermal rotation movement (Video 3).

Figure 2 - Neutral scapula tilt.

Video 2:
Theraband shoulder ER in
90 degrees abduction
(smooth movement)

Video 2 - Theraband shoulder ER in 30° abduction
(smooth movement).

Video 3:
Shoulder ER in 90 degrees

abduction (poorly

controlled movement)

Video 3 - Theraband shoulder ER in 90° abduction
(poorly contrelled movement).

4. Isolated muscle activation

Where possible it may be worthwhile incorporating some
isolated muscle activation training into an athlete's warm-
up. Low load isometric holds of isolated muscles have
the acute effect of improving muscle cnset iming during
functional movements (4). Importantly, these effects are
observed immediately after completion of the exercise
(18).

I —— —————
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- Where possible use biofeedback to ensure precision
of the isolated exercise.

- The [terature recommends 3 x 10 holds of 5-10
seconds (4).

- Consider also prompting the athlete to engage the
targeted muscle at the start of a training movement to
encourage its activation during the exercise.

Example: |soclated activation of the wastus medialis
obligue (WVMO) muscle of the knee may be indicated
following knee pain or injury. In the presence of knee
pain, swelling or instability the WMO can become delayed
or weaker in its activation during movement VMO
activation during knee extension is important in
maintaining good patella tracking and reducing the
likelihood of any anterior knee pain. The athlete or coach
cam easily use palpation to provide bicfeedback about
this particular muscle's activation, as when it is activated
the athlete will be able to feel the VMO confract under
their fingertips (Video 4). A useful cue to encourage
activation of the VMO in sitting is to get the athlete to
gently press their heel into the ground. This exercise
may be an appropriate inclusion to a warm-up in athletes
who have had anterior knee pain or other knee injury

Video 4: Isolated VMO

activation in sitting

Video 4 - Isclated VMO activation in sitting.

5. Instability training

Traiming on an unstable surface has been suggested as
a way of improving muscle reaction times and although
there is only mixed evidence to support its use (4) it may
be worthy of consideration for inclusion in the warm-ups
of athletes following injury. Another similar training option
i5 perturbation traiming during which external

perturbations are provided by the coach to the athlete
with warying degrees of force and ramdom timing to
simulate a competitive environment.

- Consider instability training in the context of the whale
body.

- Start with low levels of instability, lw force
perturbations and eyes open.

- Progress to eyes closed, greater instability and higher
forces with multidirectional components.

Example: Instability training using an unstable surface
such as a wobble-board or foam mat is well documented.
Internal and extemnal perturbations to balance can be
provided by the coach by including tasks such as
bouncing a ball (Video 5) or gently pushing the athlete
with their eyes closed.

Video 5: Single leg stance

on a foam mat with a ball
bouncing task

Video 5 - Single leg stance on a foam mat with an
additional ball-bouncing tashk.

Practical Applications

1. When managing an athlete following injury, even cnoe
they become asymptomatic, a coach should be aware
that optimal muscle patterning may not have returned.

2. In these situations a coach should ensure that their
athlete trains pain-free, trains in a neutral posture
wherever possible, and performs exercises with a
good quality of movement

3. The coach may also consider the use of isolated
muscle training or instability training to optimise
muscle patterning following injury.
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Chapter Four: Examining the Practicalities of Running an
Investigation Into the Use of Targeted Therapeutic Exercise in a
Professional Australian Football Setting

Exercise utilising low loads may activate the central nervous system to create a favourable
environment for the performance of explosive movements (Verkoshansky, 1986). The gluteal muscle
group is involved in the production of force during fast, powerful movements such as sprinting and
jumping (Lieberman, Raichlen, Pontzer, Bramble, & Cutright-Smith, 2006) and low load exercises
targeting the gluteal muscle group may be prescribed to improve the activation of these muscles
before the introduction of more complex and explosive movements (Saez de Villarreal, Gonzalez-
Badillo, & Izquierdo, 2007). In Chapter Three it was observed that the low-load gluteal muscle
activation exercises typically used to target improvements in explosive movement are very similar to

those commonly used to address the temporal characteristics of muscle activation following injury.

A research study was designed to assess the practicality and potential efficacy of using a low-load
activation warm-up exercise protocol in a professional Australian Football setting. It was intended
that the completion of this study would provide insight and direction to guide the design of the major
research project. The use of a WBYV training group was to satisfy other research interests within the
professional football environment and maximise the use of the time of the professional football
players who were recruited into the study. The research study investigated the effect of a warm-up
exercise protocol, consisting of a series of seven low-load exercises targeting the gluteal muscle
group, on peak power production during a CMJ in professional Australian Football players. The
exercises selected were based on EMG data reported in previous literature (Ekstrom, Donatelli, &
Carp, 2007) and are detailed in Table 1 within the published manuscript. The trial was conducted in a
practical gym setting. As well as using a control intervention (no warm-up), the trial also compared

the effect of weight-bearing vibration intervention on peak power production, which was of interest
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to the host organisation at the time. No warm-up was conducted prior to any of the interventions as

part of the study design as this may have created an interference effect for the interventions.

Practical findings relevant to the design of the major research project are listed below:

e An acute improvement in power output was observed following the series of low load
exercises targeting the gluteal muscle group.

e Pre-season is a good time for research of this nature to be conducted as it allows for
greater access to professional players and improved likelihood of endorsement from
coaching staff.

e The two exercises that were observed to be completed with the highest quality of
movement were the prone single leg hip extension and the double leg bridge.

e While a dosage of 1 x 10 repetitions was effective practically, when repeated over 7
different exercises, some decrease in quality of exercise performance was observed.

e Time allocated to warm-ups competes with the time allocated for actual training both
in the gym and on the field. Consequently, in this setting, shorter warm-up protocols
are highly desirable.

e Training related soreness and absence due to illness are both factors that affect the
ability to do practical research within a professional football setting.

e [t was still unclear if it was just a general warm-up effect that improved peak power
and it may be better in future to look at a specific exercise rather than a collection of

exercises that may just have a general warm-up effect.

Since muscle activation was not specifically measured in this research study, the role of low

load muscle activation exercises in improving muscle activation, and in turn contributing to
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improved power output on CMJ, is hypothetical only. The manuscript is presented below in

its peer-reviewed and published format:

Crow, J., Buttifant, D., Kearney, S., & Hrysomallis, C. (2012). Low load exercises targeting
the gluteal muscle group acutely enhance explosive power output in elite athletes. Journal of

Strength and Conditioning Research, 26(2), 438-442.
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ABSTRACT

Crow, JF, Buttifant, D, Keamy, 5G, and Hrysomaliiz, C. Low
load exercises targeting the gluteal muscle group acutely
enhance explosive power output in elite athletes. J Strength
Cond Res 26(2): 438-442 2012-The purpose of thiz study
wasg to investigate the acute effect of 3 wam-up protocols on
peak power production during countermovement jump (Chil)
teating. The intention was to deviee and compare practical
protocols that could be applied as a wam-up immediately
before competition matches or weight training sessons A
group of 22 elite Australian Rules Football players performed
3 different warmrup protocols over 3 iesting sessions in
a randomized arder. The protocols included a senes of low load
emrcises targeting the ghuteal muscle group (GM-F), a whale-
body vibration (WBY) protocol (WEBY-P) wherein the subjects
gtood on a platform vibrating at 30 Hz for 45 seconds, and a no-
wanm-up condition (CON). The Ch testing was peformed
within 5 minutes of each wam-up protocol on an unloaded
Smith machine using a linear encoder 1o maasure peak powsr
output. Peak power production was sgnificanty greater after
the GMP than after both the CON (p < 0.05) and WEWV-P (p <
01). Mo significant differences in peak power production
were detected betwesn the WBV-P and CON. These resuls
have demonstrated that a low load essrcise protocol targeting
the ghteal muscle group iz effective & aculely enhancing
peak power output in elite athletes. The mechanisms for the
observed  improvements are wunclear and warrant  further
imesfigation. Coaches may consider incorporating low load
emercises targeting the gluteal muacle group into the warm-up
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of athletes competing in sports requinng explosive power
output of the lower limba

Eey WoRrDs vetical imp, wanm-up

INTRODUCTION

xplosive power output of the lower limbs is one of
the key determinants of performance in many elite
sports (10) and & required to perform jummping,
sprinting, and many weghtlifting activities (15).
Comsequently, warmm-up protocol are offen used in an
attempt to optimize power poduoction during explosive
movements (18) for both competition and weight training
pumpases. One common test of the peak power output of the
lower limbs & the countermovement jump (CM]). Wam-upe
incorporating both high (4.25) and low load (20} exercises,
usually involving the squat exercie, have bath been reported
to be effective at improving CM] performance. It i possible
that, if they could be shown to improve explosive power
characteristics in athletes, low load warm-up exercises may
be of value to coaches becanse they are less likely to induce
athlete fatigue hefore competition or weight training sessions.
It has boen suggested that performing exercise with low
loads may activate the central nervous system to oreate
a favorahle environment for the performance of explosive
movemnents (24). The ghiteal muscle group is a key con-
tributor to eqplosive movements of the lower limb nduding
sprinting and jumping (13). Durng a CM], the gluteus
maximus, medis, and minimus are all highly adivated
(10.14). Modding suggests that although the gluteus
maximus generates large foree and work output in the
sagittal plane, the gluteus medivs and minimus also play
substantial mles in the generation of a jumping motion by
stabilizing the movement of the hip joint (15). Low load
Bometric exerdses of the transversus ahdominus have been
demonstrated to acutely improve the activation of this
muscle during functional movement (23). It is currently
unknown whether this acute carryover effect might be
transfermble to muscles involved in lower limb power
production anch as the ghiteal muscle group.
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Ithas also been suggested that the exposure to mechanical
vibrtions, aften referred to as whale-body vibration (WEV)
training, may be of we when preparing an athlete for
eplosive athletic events (11). Research into the acute effects
of WEY on the explosive characteristics of elite athletes,
however, shows mixed results. Cochrane and Stannard (5)
reported improved vertical jump height after a WBY wam-
up pmotocol in elite athletes when compared with that in
contmol conditions (p < 0001). However, another study
found that WEV had no acute effect on any CM] parameters,
inchiding peak veodty and accdemtion in elite athletes, and
that after WEV, the subjects had a decreased total vertical
distance travded in an unloaded squat jump when compared
with a contmol condition (@ = (LG} (3).

The intention ofthe study was to deviseand compare practical
protoools that could readily be applied a8 2 warm-up immed itely
hefiore competition arweight training sessions with consideration
given to the minimization of fatipee. Thespedfic purpaose of this
audy was to investigate and compare the aote oo of a warm-
up protocol incorporating low load ewerdses targeting the gluteal
musde group (GM-PL 2 WEY warm-up protoon] (WEV-F), and
a control group (CON) on peak power production during CM)]
testing. Consequently, the sudy atiempted to addeess the
macarch question: “Which & the most effective warm-up
protoon] in s of its effect on peak power production during
CM] testing: GM-P, WEVLP, ar CONF

MeTBODS

Experimental Approach to the Problem
Two warmup protocols were devised that could be easily
applied as a wamup dther precompetition or before weght
training sessons witha minimal risk of Btigue. The first used low
Ioad exorcises tarpting the ghieal musde group (GMEP),
whereas the second incorporated the use of WEV [WEV-P)L A
thind protoon] designed to act a3 a control was also ncorporated
(CON). Toaddress the research question, and establish which of
the 3 warm-up protocols was the most efective; the subjects
were mndomly alocated into 3
separate groups with each com-
pleting all 3 warm-up protocols:
WEV-P, GM-F, and CON Test-
ing was conduded over 3 differ-

Subjects
Thirty elite Australian Bules Foothall players wene recmited
in the study. All the players wene healthy at the commence-
ment of the study. All the players provided informed consent
to participate in the study, and institional ethics approval
was granted to retrieve and analyze deidentified data after the
completion of the testing.

Proscedhur &5

Three testing sessions were held on training days over a
1-day period during the team's preseason training phase. No
2 sessions were conducted on conseqntive days to avoid the
effects of fatigue from training or testing. All the tmining
sessions were of a similar intensity and volime. The testing
sessions were performed in the lite moming 1 hour after the
completion of a field training session Given this comsistent
time of testing and the professonal environment, it could be
expected that players’ arousal levels would have remained
consistent for theduration of thestudy. The WEV-P consisted
af subjects standing with 10-30° knee flesion in an unloaded
static squat stance with feet shoulder width apant for
45 secoonds on a side-alternating platform vibrating at 30
Hez and anamplitudeof 64 mm. The protoeol was conducted
on a commerdally available Galileo Sport machine (Novoteg
Piorzheim, Germany). Enhanced electromyographic (EMG)
adtivity has been reported with increasing froquencies on
side-alternating platforms up to 30 He (17).

The GM-P consisted of 7 exercises peformed in sequence
Onesetof 10 repetitions was paformed foreach exercise. The
subjects were familiar with all the ewerdses before the study
and were meouraged to maintain 4 neutral spinal posture
The nse of a verbal cue to engage the gluteal muscles before
movement may be of bendit in improving gluteal muscle
adtivation during exercise (12). The abjects were conse-
quently instructed to engage their ghiteal muscle group
before and during the exercise movements. The sterdse

TasLe 1. Blectromyographic muscle activation levels for gluieus mazimus and gluteus
medius during GM-P esercises (mean = SO)L*

ent semions in a randomized
onder. This rand ormized, counter-
balanced, repeated measires de-

Giluteus maximus Gluteus medius

dgn was employed to analyse
diffeences in peak power pro-
duction during CM] testing (de-

Exercise (o MVIC] (o MVIC)
Double leg bidge (9] 25 = 14 28 = 17
Qusdruped lower estremity lift (0) 42 =17 56 * 22

Cuadruped hip sbduction (2) MA MM,

; Side lying clam in B0° hip fleson (7) 30 = 34 ag = 29
pendent varishle) among the 3 Side lying hip abduction (g) 21 = 16 30 = 17
different warm-up protocols (in- Prone single beg hip extersion (12) 22 = 10 WA
dependent variables). The CM)] Double leg stehiity ball squat (2) A NIA

testing was perfommed using a
Smith machine so that peak
power oould be measured wsing

a lincar encoder.

*GM-F = warm-up profoond egetng the gluteal muscl group; MVC = masmum vauntany
msometnic confracton; NYA = appropriate dectomyographic data not avalable.
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TagLe 2. Player characienistics and previous maximal V) height values (mean = SO0

After the ANOVA, a pairwise
comparieon post hoc test was
paformed with a Bonferroni ad-

Group Age ly)

Height [cm)  Body mass (kg) V) height (cm)

juament. Baseline comparabil ity
was estahlished using a Students
et to asess any differences in

Previous maximal

Group 1 (n=8) 226* 42 1842 * A8 84.1 = 9.9 B8O = 4.3 age, b mass, height, or pre-
Group2 (n=7 21636 1000=102 008 =113 680 &7 vious 'ﬂﬁm fumping FﬂL_
Groupd (n=17 230x35 1874 * 56 B4.1 = 6.2 70.1 £ 52 -
mance  between  groupe.
V] = vertical jumg test. Statistical analysis was conducted
t Mo statistoal differences betwesn groups [p = 0U0S). wsing SPSS (SPSS Inc, Chicagn,
IL, USA) In all cases, the alpha
level was set at 005,
protocol was performed under suparvison and took app-  REsuLTs

moximatdy 5-7 mimites to complete.

The 7 exercises in the GM-P included a double leg bridge,
dde lying hip abduction exercise, and quadruped lowe
extremity lift that were performed as described by Ekstrom
et al (%) except in the case of the quadruped lower extremity
lift where, in this study, no arm movement was invalved A
dde lying ghiteal dam in &0F hip flexion was performed a
described by Distefano et al (7). A pmone sngle leg hip
edension serdse was peformed wing verbal aues accord-
ing to a protocol described by Lewis and Sahromann (12, The
remaining 2 exercises, stability ball wall squats and hip
ghdudtion in quadmped or “diny dog” were peformed
according to the nstmctions in the American Coundl on
Exercize online library of ewerdses (2). Where available,
previows data on EMG recondings of gloteus maxdimus and
ghiteus medivs muscle activation during these serdses are
listed in Table 1. The CON group paformed no spedfic
preparation before CM] peak power testing,

Testing of peak power was undertaken within 5 mimtes of
the performance of each wam-up pmtocol The subjects
performed 5 consecutive CM]s using a Smith machine with
abarmass of 20 kg, and no additional weight was added The
players jumped offand landed on a thin foam mat. Peak power
was measured usng a Gymaware linear encoder (Kinetic,
Mitchell, Anstralia), which was secured to the floor directly
below the Smith machine bar at one end. An infrared recdver
enahled data captured by the encoder to be saved on a palm
top and subssquently downloaded to a computer. The wse of
alinear encoder has been shown tobe valid and reliable (68
Jump technique was closdy monitored to ensure consistency
of testing. In particular, the subjects were not allowed any
upward movement of the bar before commencing their
countermovernent. The highest peak power achieved during
the 5 jumps was wsed for analysia

Statistical Analyses
A Shapimo-Wilk's (<50 subjects) test was fbund to have an alpha
level of p = 005 indicating that all data wee nomally
distribtarted. A repeated measures analysis of varance (ANOVA)
was wmed to ivestigate any differences betwemn conditions.

440  Jolmeal of Strength and Conditioning Researdi

Twenty-two of the abjects completed all the 3 testing
wnditions Fight subjects each missed 1 testing session
because of trining-related sorencss (v = 7) or ahsence
becanse of illness (# = 1) and were consequently exduded
from the analysis. Nosubjects were injured during the testing.
Nao differences were found between the baseline character-
istics of the 3 testing group’s height, body mass, age, and
previous beat vertical jumping height (p = 0L05)L Baseline
characteristics are reported in Table 2.

Tahle 3 shows the differences in peak power produdion
during CM] testing between the 3 wam-up protocok.
Repeated measures ANOVA showed a significant diference
in peak power production between wam-up protomk
during CM] testing (F = 6376, effect size = 0.233, p < 0.01).
Pairwise comparisons found that the anbjects performed 42%
better after the GM-P than after the CON condition
(@ = 0L05), and fui% better than in the WEV-P condition
(# == 001). A 2.4% decreased performance for the WEV-P
compared with that of the CON was found to be
nomsignificant (p = 0L05).

Tage 3. Peak powser during CM teating (n= 22
after different wam-up protocols (mean = S0)°

‘Warm-up protocol Pesk powar (W)
GM-P 4 5656 & 63411
WBV-P 4,267 = 6581
CON 4374 = 650%

“WEVF = whole body vbration warm-up profoood;
G MFP =warm-up protoon tangeting gluteal musde group;
CON = control group; CM ] = counfermovement jurmp.

tSpnifiant difemnce between GM-F and WEBV-P
[p = DuDS).

fSgnificant diffrence between GM-P and CON
[p = DuDS).
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Discrssion

The reanlts demonstrate improved peak power produdtion
during CM] testing after the GM-P when compared with that
of both CON and WEV-P and auggest that the low load
warm-up protocol described in thisartidemay bea useful tool
for coaches who desire to enhanoe the explosive power of
their athletes before either competition or tmining. This
protocol would be moat applicable for athletes competing in
sports with high demands for explosive power output from
thelower limbsand has the obvious advantage, becanse of the
low loads invalved in the protoool, of minimizing any fisks of
fatigue or injury before performance. The other advantage is
that no equipment is required and makes the protocol suitable
for a large portion of athletes at various levels of competition

The results of this study are consistent with those of other
msearch in healthy active men, which demonstrated that
improved CM] hedght and mean power output can be
achieved with a warm-up incorporating light loads (25-35%
IBM) (20). Interestingly however another study in highly
trained subjects reported that a wamm-up invalving low loads
(307% 1RM)was inferior to one involving high loads (80-95%
IBM) at improving CM] performance (18). Neither of these
2 other smdies however specifically tageted the gluteal
musde group and insgead wed 5 minutes of genemlized
aardiovascular wam-up followed by loaded half squats. It i
possihle that a series of low load exercises targeting the
ghiteal muscle group may nfluence explosve chamcteristics
difierently to the protocok undemaken in the 2 previous
sdies.

Postactivation potentiation has been proposed as a mech-
anism for improved power production following a voluntary
contraction of a muscle (21. However, this contraction &
typically performed at maximal or near-maximal intensity
and many of the proposed mechanisms, which include
phosphorylation of myosin regulatory light chains and
a possible change in pennation angle 21), are unlikdy to
be applicable after low-intensity exercise (1% The enhance-
ment in power production after low-intensity exencise that
was ohserved in this study is likely to be becawse of other
mechanisms. It has been reported that low-level Bometric
contractions of the transversus ahdominus muscle have the
acute effect of increasing activation levels of this mscle
during finctional tasks (230 These increases are acoompa-
nied by altered motor corical activity measored with
transcranial magnetic gimulation (22). It & possible that
eerdses eliciting low to moderate levels of activation of the
ghiteal muscle group such as those contained in the GM-P
may aso lead to a transfer of nereased muscle activation
within the ghiteal muscle group to functional movements
such as conntermovement jumping. Future rescarch could
validate the findings of this sudy with EMG recordings of
the gluteal muscle group during CM] testing and other
measures of explosive power output both before and after the
performandce of the GM-F.

The reanlts alzo demonstrate that the WHEV-P used in this
study was not effective at improving peak power production
during CM] testing when compared with control. This result
i consistent with the findings of Bullock e al (3) who
mported no changes in any CM] peformance parameters
after 3 ¥ | minutes of vibration exposure when compared
with a contml protocol. One other stdy that repaorted
improved vertical jump hdghts postvibmtion in elite athletes
applied a vibration eqposure that lasted for 5 minutes and
inchided dynamic exercises (5. It is possible that the
differences in vibmation egposure times and the inclusion of
dyrmamic exercises on the WHY machine might explain the
difference in results. The WEV-P in this study wasdictated by
a mumher of practical considemtions: It was intended as
a warm-up immediately before matches and at halftime, and
given the limitations of the number of WEV machines
available and wam-up time required for a team of 22 players,
the exposure time was set at 45 seconds and WEBY dynamic
exercises were avoided to minimize fitigue. Another reason,
which may lave contrbuted to the WEV-F not being
effective, is the knee flexion range wsed by the playes. Flot
wark revealed that WEV with the knees ectended frequently
resulted in discomfort to the lower back and head regions.
The players were instructed to bend ther knees slightly and
haold the sdfselected position, which mnged from 10 to 3407
It i now acknowledged that having a 10-30° mnge of knee
flexion can influence the level of tramsmissibility, but it is
undear as to what the difference in the magnitde of the
transmissibility is to the ghteal region. It has been reparted
that head acceleration decreased by about 507 by increas-
ing the knee flexion angle from 10 to 307 (1L Whether
transmissibility to the ghiteal muscles is influenced by the
same magnitude is unknown given that ghiteal EMG data
were not reported and the gluteal region i significant by closer
in proximity to the knees than to the head. It is not only the
distance that varies but ako the number of joints and other
structures capable of dissipation such as the intervertehral
joints and discs. The WEV can be performed with the feet fat
or with the heek mised. Enhanced activation of the knee
extensors (rectus femoris and vastus medialis) and the hip
extensar (hiceps femoris) was found for normal stance with
the feet on the platform compared with misng the heeks off
the platform (16, Although the gluteak were not direetly
monitored, it could be expected that the normal stance
position would be more fivomable for not only the hiceps
femaoris but also the other hip extensors aich as the gluteal
MEANIMTLA

Dispite some players dropping out becase of non-
experimental condition factors, tmining-reated soreness
(w = 7} and absence becase of dlness (# = 1), an even
spread of subjedts across testing groups was present, and
a sufficient number of subjects were induded in the analysis
to ascenain any diferences betwemn warm-up protocols. No
contral for hydration status was undertaken in the study, and
it i& possible that mild variations in hydration levek may have
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edsted between the groups. However, it was considered
unlikely that, except in cases of severe dehydmation, this
variation would have aficcted explosive output during a single
set of jumps There was no indication that any of the athletes
were dehydrted during any of the testing.

This stwdy has investigated the specific research question,
“Which is the most effective warm-up protocol in terms of its
dfedt on peak power production during CM] testing: WEV-F,
GM-P, ar CON™ It has demonstrated that improved peak
power production during CM] testing is possihle by un-
dertaking alow load wam-up pmtooo] that targets the gluteal
muscle group. It has also bbund that a short-duration WEY
protocol was no beter than control at improving peak power
production in highly trained elite Australian Rules Foothall
players.

PRACTICAL APPLICATIONS

A warm-up protocol nvalving low load eterdses targeting
the ghiteal muscles is effective at aoutely enhancing eqlosive
power cutput in the lower limbs. Coaches may consider this
protocol when preparing athletes for competition or training
in spornts involving explosive lower imb movements such as
jumping, sprinting, and some weghtlifting movements. Low
Inad exercisesof this namme are likely to be moreacceptableto
the athlete and coach than ame protocols incorporating
heavier loads beeanse of a lower risk of athlete fatipue and no
oquipment requirement Coaches of athletes in sports
involving explosive lower limb movements should also
merdse some cantion when dedding how beat to use
WEV in the lead up to competition or training sessions
because the WEV-P used in this study did not acutely enhance
jumping performance in elite athletes.
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Chapter Five: Does a Recent Hamstring Muscle Injury Affect the
Timing of Muscle Activation During High-Speed Overground
Running in Professional Australian Football Players?

5.1 Background

Changes to the timing of muscle activity have been reported following injury (Hodges &
Moseley, 2003) and may persist after the individual becomes asymptomatic and symptoms
have resolved (MacDonald et al., 2009). There is evidence to specifically support the
proposition that hamstring muscle activation timing is altered following injury. Sole et al.
(2012) reported earlier onset timing of the biceps femoris and medial hamstrings during
transition from double leg to single leg stance following hamstring muscle injury. In contrast,
another study compared the injured and uninjured limbs of a group of athletes following
hamstring muscle injury and reported no differences in the temporal characteristics of

hamstring muscle activation during high-speed treadmill running (Silder et al. 2010).

Differences in running kinematics and also muscle activity exist between treadmill and
overground running (van Hooren et al., 2020), and the majority of hamstring muscle injuries
sustained in professional football occur during overground high-speed running (Ekstrand et
al., 2016). Consequently, it was decided that an overground high-speed running protocol
would be the most practically relevant task to use to assess muscle activation, and also the

task with the greatest potential of identifying deficits should they exist.

The focus of this thesis is the temporal aspects of muscular activation and a conscious
decision was made to consider EMG amplitude measurements outside the scope of this
research. Key factors in this decision included the error associated with the measurement of
EMG amplitude using surface electrodes in running, challenges with the normalization of

EMG amplitude, and poor between-subject reliability (Subbu, Weiler, & Whyte, 2015).
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Prior to this investigation, no study had investigated the effect of a hamstring muscle injury
on the muscle onset and offset timing of the gluteus maximus and hamstring muscles

specifically during high-speed overground running.

5.2 Research design

A research study was designed to address two separate questions:

1. What is the impact of a hamstring muscle injury on the muscle onset and offset timing
of the gluteus maximus and hamstring muscles during high-speed overground

running?

2. Can a targeted exercise protocol acutely alter the temporal aspects of muscle
activation of the gluteus maximus and hamstring muscles during high speed

overground running?

This chapter, and the associated research publication, relate to the first question only. The

second question, which was also a focus of this research study, is addressed in Chapter Six.

The ethics application relevant to this research is contained in Appendix A.
The participant information sheet is contained in Appendix D.
The participant questionnaire form is contained in Appendix E.

The major project recording sheet is contained in Appendix F.
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For completeness, the research design is outlined below in Figure 2.

Recruited participants
(n=15)

Screening questionnaire -
and eligibility confirmation |  Comsent obtained

Included participants
(n=15)
|
Application of EMG Study: Does a recent hamstring muscle injury
sensors and footswitches affect the timing of muscle activation during
high speed overground running in professional
| Australian Football players?
Standardised warm-up
|
5 X 'pre' run trials
Including data collection
HS group (n="7) CON group (n=8)
RCT randomisation
revealed
Study: Can a muscle activation exercise program
_ alter the temporal characteristics of hip extensor
;Cjig;.;]:;t('na_jjs) CON group (n="7) muscle activation during high-speed running in
1l Sl ine interventi rofessional Australian Football players?
e Walking intervention p play
5 x 'post’ run | 5 X 'post’ run
trials trials

Figure 5.1: Major project research design. EMG = Electromyography; RCT = Randomised
Controlled Trial; HS group = hamstring group; CON group = control group; ACT group =
Activation group.

All participants included in the research design were free of complaints at the time of testing
and those players with a history of HSI had been fully rehabilitated and were undertaking a

full training workload at the time of the study. After RCT randomisation, the intervention
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group (ACT) included 4 players with a history of hamstring muscle injury, and the control

group (CON) included 3 players with a history of hamstring muscle injury.

It is noted that the modest sample size in the present study (N = 15) may have played a role in
limiting the significance of some of the statistical comparisons conducted. A post hoc power
analysis revealed that on the basis of the mean time of muscle onset, and the effect size
observed in the present study, a sample of approximately 24 would be needed to obtain a
statistical power of 80% (Cohen, 1988).

The research publication that details the first component of this research study is

presented below in its peer reviewed and published format:

Crow, J., Semciw, A., Couch, J., & Pizzari, T. (2020). Does a recent hamstring muscle injury
affect the timing of muscle activation during high speed overground running in professional

Australian Football players? Physical Therapy in Sport, 43, 188-194.
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1. Introduction

Hamstring muscle injuries are the most prevalent injury in
professional men's football { Ekstrand, Waldén, & Higgund, 30161
These injuries lead to sgnificant player unavailability (Woods ef al.,
2004), decreased performance levels (Hagglund et al, 2013) and
place a significant financial burden on clubs (Hickey, Shield,
Williams, & Opar, 2014). Despite ongoing efforts at improving
rehahilitation and prevention protocols there remains a high rate of
injury recurrence (van Heumen et al., 207}

The risk of injury recurrence is influenced by factors such as how
recently and the number of times a previous hama ring injury was
sustained by an individual (Green, Bourne, van Dyk, & Pizzar,

* Corresponding auwthar Paralympics Ausmralia, 275 Medrose Drive, M bourns

Airport, Vichonia, 3045 Australia
E-mll sedrecs: jushin oo @para bympi corg ao (| S )
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1855-85 10 & A0 Elewvier Ltd All nights resemed.

2020} Hamstring muscle injuries can lead to structural changes
within the muscle such as local atrophy (Sanfilippo, Silder, Sherry,
Tuite, & Heiderscheit, 2M3) and scar tsae formaton (Silder,
Heiderscheit, Thelen, Enright, & Tuite, 2008} These factors may
contribute  to  persistent physical strength deficits (Croisier,
Forthormme, Mamurois, Vanderthormmen, & Crielaand, 3002)
reduced tissue extensibility (De Vos et al, 2014), and shortened
muscle fascicles (Timmins et al, 2016, which have been proposed
toinfluence hamstring injury recurrence.

Meummuscular inhibition is one sequelae to hamgring muscle
injury that has been proposed to contribute to an increased risk of
re-injury (Fyfe, Opar, Morgan, & Shield, 23} Following pain or
injury, neuromuscular inhibition in the form of aberrant muscle
timing may develop ( Clark & Burden, 2005; Falla, 2004; Tucker &
Hodges, 2009) resulting in changes to the contral and function of
the affected area( Hodges & Tucker, 2011). Changes to the termporal
characteristics of mus ke activity have been found to exist following

45



L iCrow etal f Physiond Thempy in Sport 43 [ 200) 188—154 123

injury, even after symptoms are resoheed (Crone, Pizzari, & Butt ifant,
2011). 1t has been proposed that following hamstring injury, neural
inhibitory mechanisms are most evident during madmal eccentric
contractions (Fyfe et al., 2013), which corresponds to the activity of
the hamstring and gluteal muscles during the late swing phase of
gait when the hamstring is most vulnerable to injury { Chumanoy,
Schache, Heiderscheit, & Thelen, 2012)

Evidence forthe value of assessing neuromuscular activation for
predicting index strains is variable It has been reported that
healthy athletes with delayed onset of their hamstring muscle in a
prone hip extension exercise (Schuermmans van Tiggelen, &
Witvromw, 2017a), or who have lower amounts of gluteal muscle
activity during overgmound maximal acceleration (Schuermans
Danneels, van Tiggelen, Palmans, & Witvrouw, 2017h), were more
likely to suffer a hamstring strain in the following 18 months. In
contrast, another study found that onset timing of the biceps
femaris and medial hamstrings during isokinetic strength testingin
healthy athletes was unrelated to risk of hamstring mus e injuryin
the following season(van Dyk et al, 2018). Another study reported
that professional Australian Foothall players were maore likely to
sustain a hamstring muscle injury during the season if they had
higher ghiteus medius muscle activity during treadmill running
priorto the season (Franettovich Smith et al., 2017). The same study
found no association between activity levek of gluteus madimus
during treadmill running and future hamstring muscle injurg

There is mixed evidence that the muscle activation of the
hamstring and ghiteal muscles may be altered following injuryg One
recent study of collegiate sprinters with a history of hamstring
muscle injury found reduced biceps fmoris activation during late
swing phase in the previously injured side compared to the unin-
jured side during maximal overground acceleration, but not during
other phases of the running cycle, or in the glhiteus madmus
(Higashiharaet al, 2019). Altered ratios of biceps femaoris to gluteus
maximus EMG activity have been reported as being isolated to the
late swing phase of fast treadmill running in athletes with a history
of hamstring muscle injury (Daly, McCarthy Persson, Twycross-
Lewis, Woledge, & Morrissey, 20161 However, another study
found no changes in the activation patterns of biceps femaoris and
medial hamstrings during fast treadmill unning in athletes with a
history of hamstring muscle injury (Silder, Thelen, & Heiderscheit,
300}

Altered muscle activation in tasks other than running have also
been investigated. Earlier onset timing of the hiceps femoris and
medial hamstrings has been reported during transition from douw-
ble leg to single leg stance in males with a history of hamstring
muuscle injury (Sole, Milozajevic, Nicholson, & Sullivan, 3012 }and
a lower rate of torgue development of the biceps femaoris has been
reported during isokinetic testing in recreational athletes with a
history of hamstring muscle injuny (Opar, W illiams, Timmins, Dear,
& Shield, 2013).

The specific effects of hamstring muscle injury on the tempaoral
characteristics of the hamstring and gluteal muscles during fast
overgmound munning remains unclear. Although previous studies
hawe isolated changes in muscle activation levels to certain parts of
the running cycle (Daly et al, 2016; Higashiham et al, 2019) there
have been no studies to date that consider the specific temporal
characteristics of hamstring and gluteal muscles activation during
fast overground minning.

The ohjective of this sudy was to investigate whether the
muscle onset time, muscle offset time or duration of muscle acti-
vation in the biceps fernoris, medial hamstrings or gluteus max-
imus are altered in high speed running following hamstring muscle
injuryin professional Australian Foothall players compared to those
with no hamaring muscle injury history. The study also aimed to
provide agraphical representation of muscular activity throughout

the gait cycle to assist in the interpretation and understanding of
the results.

2. Materials and methods
21. Pamicipants

Professional male Australian Foothall players from a single AFL
club were recruited. Intotal, 15 players were included inthe study;
seven players with a history of hamstring muscle injury within the
preceding sic months (HS group) and eight control paricipants
(CON group). All previous hamstring injuries were diagnosed by
medical saff at the AFLclub and confirmed by magnetic resonance
imaging { MRI). The most recent strain injury occurred seven weeks
priortotesting All control participants had no recond ed history of a
hamstring injury while contracted to play in the AFL and reported
having never sustained a hamstring injury prior to the study All
participants were in full pre-season training at the time of the
study, reported having no history of lower limb surgery, and had no
reconded lower limb surgery while contracted to play in the AFL.

The study protoool was approved by the Faculty Human Ethics
Committee (FHEC11/170), and all participants provided written
informed consent.

22 Injury questonnane

Participants completed a short gquestionnaire, which included
demographic information as well as information about their injury
history. Collected data were crmss-referenced with comprehensive
injury data maintained by the club to confirm the accuracy of self-
reported injury histories.

23 Insoumentaton and elecmode plocement

Surface EMG electrodes consisted of Trigno (Delsys Inc, Boston,
USA) wireless sensors with asingle differential configurationand a
4 har (99.9% silver) contact area, with an inter-electrode distance of
10 mm

Skin preparation and electrode placement were consistent with
recommended SENIAM guidelines (Hermens, Freriks, Disselhorst-
Klug, & Rau, 2000). Gluteus maximus electrode placement was
midway along a line between the greater troch anter and the sacral
vertebrae. The biceps femoris elecrode placement was midway
along a line between the ischial tubemsity and the lateral epi-
condyle of the tibia, and medial hamstring electrode placernent
was midway along a line between the ischial tubemsity and the
medial epicondyle of the tibia

Footswitches (Model: 402, Interlink Electronics, USA) were
positioned bilaterally on the plantar aspect of the heel and inter-
phalangeal joint of the halle, and used to recond temporal aspects
of the gait cycle (Semciw, Pizzari Murey, & Green, 2013).

A Delsys Trigno Wirekess 16-Channel EMG system was used to
collect mw EMG signals (Delsys Inc, Boston, USA; CMRR > 80 dB
@60 Hz; gain of 1W000; hand pas filkered at 20—45%0 Hz) and
sampled at 2000 Hz

Flayers wore a 5Hz Global Positioning System (GPS) unit ( Min-
imadd, Teamn 2.5, Catapult Innovations, Australia) in a specifically
tailored garment during the testing protocol to assess m.admum
running speed duringeach trial (Jennings, Cormack, Coutts, Boyd, &
Aughey, 2010}

Ambient ternperature was recorded using a portable weather
metre (Kestrel 2500; Kestrel Instruments, PA, USA) during the
warm-up that preceded each trial.
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24, Smdy procedure

The testing procedure was conducted on a 100m stretch of grass
within an outdoor field at La Trobe University, Melbourne,
Australia. To negate any possible effects of fatigue or muscle sore-
ness, participants did not engage in any intensive trmining within
the 48 h prior to testing. Following EMG electrodes, footswitch and
GPS application, the participant completed a sandandised warm-
up protocol consisting of 200 m of jogging followed by 100 m
walk recovery. The participants nestt completed 100 mruns at 6%,
TOX and BOE of their perceived maximum speed consecutvely
with 100 m walk recovery between each effort. Farticipants then
completed one practice trial of the testing procedure before
ComMmencing testing.

The running trial protocol was adapted from a graded running
protocol developed for hamstring rehabilitation (Reid, 1@93)
Participant running trials were divided into a 40 m acceleration
section where players commenced from a standing start and wene
instructed to steadily build up theirspeed to W% of their perceived
maximum, 230 m middle-section where players were instructed to
haold their speed at 90 of their perceived maximurm, and a 40 m
deceleration section where players were instructed to steadily
reduce their speed so that they werme wallking by the end of the min
Participants then walked back the full 100 m before commencing
their next trial

Two sessions of testing were undertaken within a seven-day
period and participants were randomly assigned to one of the
two testing sessions,

25 EMG data processing and analyss

All EMG data were processed wsing a customised adaptation of
the Biosignal EMG package (210) from R statistical softwane
{ hitt pes: | wnener r-projectorg/, version 361) Raw EMG signals for
each running trial were high pass filtered (Butterworth, 4th arder,
zero phase lag, 20Hz cut-off) to remove movement artefact Data
wiene full wave rectified and further filtered wsing a moving average
{20 ms window . Two consecutive strides from the middle 20m of
each running trial were further p o cessed for analysis (two strides x
five trials = ten strides per participant). These particular srides
wene chosen to decrease the likelihood that participants were
accelerating or decelerating during the stride, and increase the
likelihood that particip ants were at their highest speed at the point
of analysis. In the HS group the most ecently injured sde was
chosen for analysis. In the CON group the players preferred kicking
leg (skill leg) was chosen for analysis. Individual strides were
considered to start at heel contact, detected using the heel foot-
switch, and end at the next consecutive heel contact on the same
side. The data from the gait oxle were time-normalised to 101
paints (representing the gait cycle from 0 to 100X in 1% increments)
enabling time-dependant analysis between groups (5 huermans,
Danneels, van Tiggelen, Palmans, & Witvrowme, 2017a). Data wene
amplitude normalised to peak activiiy recorded through the
running cycle.

For each muscle and participant, an ensemble average was
generated from the ten strides. All participants’ ensemble averages
wene summed and averaged to produce a grand ensemble for
gluteus maximus, biceps fernoris and medial hamstrings in both
the HS group and the COM group. This allowed an EMG profile to be
established for each muscle in each group across the high-speed
running gait o le. For each muscle and participant, the muscle
onset time, muscle offset time and dumation of muscle activation
wene calculated as a percentage of gait oycle. Muscle onset timewas
calculated using a customised algorithm in the R Statistical soft-
ware package (version 3.61) and determined as the time when

EMG amplitude was increased above baseline by a level of =15% of
peak amplitude for a period of = 1W0% of the gait cycle. The time of
muscle ofEet was determined as the point when EMG amplitude
returned to baseline or remained below 15% of the maximum EMG
amplitude for =10% of the gait cycle (Chapman et al., 2006;
Franettovich, Chapman, & Vicenzino, 2008); . Duration of muscle
activation was the percentage of the gait cyce contained between
the muscle onset and muscle offset.

Descriptive statistics (means, medians, interguartile range and
standard deviations) were calculated and data reviewed for
narmality using boxplots and the Kolmogorow-5Smirnaff (K—5) test.
To compare each temporal variable for each muscle between
groups, 3 Mann-Whitney U test was used, since data were naot
normally distributed. The comparison between demographic data
was done by independent groups test.

Ta determine the magnitude of any differences between groups,
a gandandised effect size was calculated by dividing the z-score of
the Mann—Whitney U test by the square root of the total sample
size (Field, 2009). Effect sizes were categorised as small (0.2), me-
dium (0.5) and large (=0.8] (Sullivan & Feinn, 2012} All statistical
comparisons were performed using the SPSS statistical software
package (Version 19, IBM SPSS Inc., Chicago, 1L USAL

3. Results

Participant demographic information, environmental condi-
tions during testing, and running speeds, are displayed in Table L
There was no statistical difference between HS and COM groups on
any of these measures.

The fotswitch data of ane participant {HS group) was discov-
ered to be corupted after testing was completed and consequent by
that participant’s gait was unable to be analysed. Consequently,
after that participant's data was discanded, analysis was conducted
on the glhateus madmus, medial hamstrings and biceps fernoris of
remaining six participants in the HS group. With the exception of
one electrode on one participant’s medial hamstrings (CON group),
which disldged during testing, electrodes remained in place dur-
ing the testing sesions. The biceps femoris and gluteus masimus
were analysed for all eight participants from the CON group, and
the medial hamstrings were analysed for seven of the eight par-
ticipants in the COMN group.

31 Gair

Fig 1 contrasts the grand ensemble curves between the HS
group and the CON group for the guteus maximus, biceps femaoris
and medial hamstrings.

32 Tempaonal chamcteristics

Nao statistically significant differences were observed between
H5 and COM groups for muscle onset, muscle offset or the duration
of muscle activation for glutews madmus, biceps fernanis or medial
hamstrings between the HS group and COM group (Table 2]

4. Discussion

This study did not find any differences in the termporal charac-
teristics of muscle activation during high speed owerground
running between professional Australian Football players with a
recent history of hamstring muscle injury and those with no prior
higory of hamstring injury.

The findings of this study support the findings of previous
research that reported no differences in muscle onset time, muscle
offset time or the duration of muscle activity between injured and
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Tahle1

Participan tdemographic and testing informati on
Vanahle HS group (m = 7) CON group (n — &) p walue

Mizan (50} Mean(50)

Age (years) 23416 2189 £ 18 ngs1
Height{ centimetres ) 1E9] 4 43 1570 4+ 3.4 0362
‘Wiaght( kilograms ) 906 4 38 BES 4 28 0306
Avemge running speed (mssc ') 73403 T2 404 0848
Ambiant Empenture (*C) 2 t=tng o L 234 434 ams
Time since HE strain (days) 108 4 &5 - -

Abbreviations: 510, stund ard deviation; “C deprees celsius

uninjured limbs during fast tread mill running following hamstring
minscle imjury (Silder et al., 20). Changes to the ternporal char-
acteristics of muscle activation have been reported to oocur during
iokinetic testing (Opar et al, 2013) and a double-leg to sngedeg
stance task (Sole et al, 202) following hamsting muscle injury.
Given that most hamstring muscle strains ooour duning high-speed
running (Woods et al, 2004), and any neural inhibitory mecha-
nisms are maost likely to be present during strong eccentric con-
tractions (Fyfe et al, 2013; Sole, Milsavjevic, Nicholson, &
Sullivan, 2011, it is proposed that due to its specificity, high-
speed munning is the most appropriate task to assess motor
patterning as a risk factor for future injury rsk.

Gther studies have reported altered levels of muscle activation
in specific phases of the gait cpcle during fast running (Daly et al,
2016; Higashihara et al, 2019). However, our study chose not to
foos on muscle activation levels or use maximal volintary iso-
metric contractions in the analysis as we wanted to evaluate
running pattems as opposed tostrength or muscle activation levels.
It is acknowledged that other parameters of muscle activation such
as mormalised amplitude or pattern of activity may have yielded
different results. Timing of events in the gait cpcle may be influ-
enced by which threshold s used to determine onset and offset
This study u=d an onset and offet threshold of 15% of peak
amplitude, an approach that has been used previously to assess
changes in the ternporal characteristics of muscle activity between
gmoups (Chapman et al, 2006; Franettowich Smith, Honeywill,
Wyndow, Crossley, & Creaby, 2014)

All participants in this trial wem profssional athletes who
received a comprehensive hamstring rehabilitation  program
following their hamstring muscle injury.  is posible that any
changes to the termporal characteristics of hamstring or guteal
muscle activation that may have been present following injury
ceased either when pain related to the injury resohved or as a resule
of a comprehensive rehabilitaton process. Both previous studies
identifying residual adaptations in muscle onset time following
hamstring muscle injury were in recreational athletes that may not
hawe completed a comprehensive rehahilitation program (Opar
etal., 2013; Sole et al., 2012).

This study was conducted in an environment designed to closely
simulate that of a professional foosthall match. Differences in muscle
activation have been observed between treadmill and overground
gait (Anders, Patenge, Sander, Layher, & Kinne, 2019) and conse-
quently overground gait was investigated in this trial. The high-
speed running was conducted outdoors on a grass field to repli-
cate the surface encountered by players on matchday. However, as
the trial was conducted over two testing sessions, for practical
reasons, environmental conditions such as temperature, wind and
ground hardness were not able to be controlled as well as they
might have been in a laboratory setting. For example, the CON
gmup ran in slightly hotter conditions, although the difierence did
noit reach statistical significance.

A1, Limi txoions

As professional players from one club were available for
recruitrnent, a small sample resulted, and should be considered a
limitation of this smdy. Although we ensured that participants
completed no strenuous exercise or fAining in the 48 h before
testing, we were unable to control for the amount of training that a
player may have completed in the week leading into their testing
sesgon. This is one limitation of running research in a professional
sporting setting. In high speed running and other fast mowements
there is an increased likelihood of an EMG sensor becoming dis-
lodged and in this trial we missed data from the medial hamstrings
af one participant as a result. This is a limitation of studying high
speed nunning as op posed to a more contralled task

Surface electromyography using telemetry allows for a non-
imvasive insight into musce activity during overground activity.
The measurements in this study were recorded using SEMIAM
guidelines from electrodes placed on a specific part of the muscles
investigated. However, separate functional compartments within
bath of the hamstring muscles { Woodley & Mercer, 2005]) and also
ghliteus madmus (Lyons, Perry, Gronley, Barnes, & Antonelli, 1983)
have been identified Consequently, the signal recorded may be
biased towards one of these functional compartments and could
potentially miss achange to the neuromuscular activity of the other
com partments. Itis alko acknowledged that the use of surface EMG
during high speed running inthe field is unlikely to be as reliable as
it might be at lower speeds of looomao tion.

It has been suggested that hamstring muscle injuries are mare
likely to oocur when an athlete is in a fatigued state (Woods ef al.,
2004). The testing procedure used in this study involved partici-
pants walking back between trials and was desgned to keep
players relatively fresh for each muinning effore. 1t is possible that
due to the relatively fresh state of the athletes in this study that
changes to the termporal characteristics of neuromuscular activa-
tion may have been harder to detect.

4.2 Fumure direction

The running in this sdy was confirmed using GPS to be
73 m s~ Typically any speed above 556 m s~ is considered to he
very high-speed running (Rampinini et al., 2015) and at speeds
above 7 m 51, the strategy to increase running speed has been
reported toshift from increasing stride length to increasing stride
frequency, which requires increased muscle activation of the hip
flexors, guteus maximus and hamsting muscles { Dorn, Schache, &
Pandy, 2012). Significantly, as running speed increases above
7 m =™, and approaches makimum speed, the gluteus maximus
and hamstring muscles demonstrate the most dramatic increases
in mechanical load and therefore increases in demands for
muscular activation (Schache et al., 3011). Future research might
consider assessing the temporal characteristics of muscular acti-
vation during overground running during maximum speed
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running, orwhen athletesarein a mare fatigued st ate, to determine
if amy neural inhibitory mechanismsare present when even greater
demands are placed on the muscles imvolved. Given the reanlis of
this study we would not currently recommend assessment of
muscle onset and offset times using EMG during overground
running for the purpose of assessing re-injury risk following
hamstring muscle injury. Practiticners may instead consgder EMG
assessment in protocols that have been reported to discriminate
between injured and uninjured athletes such as isokinetic testing
ar a double leg to single leg stance task

5. Conchsion

Following hamstring muscle injury no changes to the muscle
onset time, offet time or duration of activity of the hamstring
muscles or gluteus maximus were observed in professional
Australian Football players during high-speed overground running.
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Chapter Six: Can Activation Exercise Alter Muscle Activation
Timing During High-Speed Running in Professional Australian
Football Players?

6.1 Background

The neuromuscular activation pattern of the gluteus maximus and hamstring muscles may be
associated with the risk of sustaining a hamstring muscle injury (Edouard et al., 2018;
Schuermans et al., 2017a; Schuermans et al., 2017c;), and should be a consideration in injury

prevention protocols (Heiderscheit et al., 2010; Schuermans et al., 2017c).

The systematic review completed in Chapter One supported the use of targeted therapeutic
exercise to improve muscle onset timing. One study included in the systematic review
specifically reported that repeated voluntary isometric contractions can acutely improve
muscle activation timing in the transversus abdominus muscle, likely through a mechanism of
motor cortical reorganisation (Tsao et al., 2010). However, no research has been published
that investigates whether this acute effect occurs following the use targeted therapeutic

exercise in the gluteus maximus or hamstring muscles.

As high-load exercise protocols may increase injury risk by exacerbating muscular fatigue
low-load muscle activation exercises are preferable for use in professional athletes (Marshall,
Lovell, Jeppesen, Andersen, & Siegler, 2014). It has also been established in the earlier
chapters of this thesis that low-load muscle activation exercises have become increasingly
prevalent in pre-exercise warm-up protocols. There is also evidence that a low-load exercise
protocol targeting the gluteus maximus can improve muscle activation timing during a prone
hip extension exercise after nine-weeks of training (Rainsford, 2015). However, the acute
effect of an exercise protocol targeting the gluteus maximus and hamstring muscles on

muscle activation timing during high-speed running has not been investigated.
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6.2 Research design

The research study outlined in Chapter Five found that no changes to muscle activation
timing were present following hamstring muscle injury during high-speed overground
running. This finding pertained to the first component of a research study that was completed
to address two separate but related questions. The second component used the same recruited
participants to investigate the acute effects of a targeted therapeutic exercise protocol on the

temporal characteristics of muscle activation during high-speed running.

Participants were randomised into one of two groups: a control group (CON) and a group that
received a muscle activation exercise protocol targeting the gluteal and hamstring muscles
(ACT). Following an initial running protocol, which was outlined in Chapter Five,
participants in the CON group completed a 6-minute walking protocol, and the participants in
the ACT group completed a low-load activation exercise protocol targeting the gluteal and
hamstring muscles. Both groups then repeated the high-speed running protocol which
allowed for muscle activation timing to be compared before and after the ACT and CON
interventions. There was a random and even spread of participants in the ACT and CON

group over the two testing days.

The exercise protocol that was used in the research study was designed based on the
accumulated information and knowledge compiled in the earlier chapters of this thesis. The
protocol incorporated a voluntary isolated contraction of the gluteus maximus followed by a
prone hip extension exercise. Factors taken into consideration during the development of the
protocol included practicality, evidence-base and current practice. The novel exercise
protocol that was selected consisted of two related exercises that were intended to be

executed as a pair with the first isolated muscle activation contraction designed to improve

53



the activation of the muscle during the following movement exercise. The protocol is outlined

in detail within the methods section of the attached manuscript.

The data collection in this study was undertaken by researchers who were experienced in the
collection of EMG data, and the processing of the EMG data was undertaken by the
candidate. In order to improve consistency and to reduce bias, the candidate was responsible
for the instruction of each participant during both the exercise intervention and also the
execution of the running trials. After testing was completed, the footswitch data of one
participant in the ACT group was discovered to be corrupted, and that participant’s data were
discarded since their gait was unable to be analysed. All electrodes remained in place for the
duration of the testing sessions, with the exception of the medial hamstring muscle electrode
of one participant in the CON group that dislodged during testing. The medial hamstring
muscle data for this participant was discarded. Aside from this one set of medial hamstring
data, all available data from all participants in the CON group were analysed. The data of all
participants in the ACT group, except for the participant whose footswitch data was

discarded, were analysed.

The decision to study the acute effects of exercise were justified based on a number of
factors. A single bout of exercise has been shown to acutely alter muscle activation timing in
people with nonspecific low back pain (Tsao & Hodges, 2007). The study that was published
and outlined in Chapter Four further supports this finding and demonstrated an acute effect of
a series of low load exercises targeting the gluteal muscle group. It is also relevant to
consider that in a professional sporting environment, interventions that can take effect

quickly and be implemented into a warm-up, are of high practical value.

The use of the same group of participants in the studies contained within Chapter 5 and

Chapter 6 was practically useful in minimising the disruption on the training of the
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professional athletes involved in the research. Although it is unclear whether a history of
hamstring muscle strain injury might have had any impact on individual athlete’s response to
exercise. Given that no difference was found between the groups in terms of muscle
activation timing it was considered reasonable to analyse these two categories of athletes

together in this study.

The research publication that details the methods, results and implications of the second
component of this study is presented below in the format it has been submitted to

Science and Medicine in Football:

Crow, J., Semciw, A., Couch, J., & Pizzari, T. (Submitted). Can activation exercise alter
muscle activation timing during high-speed running in professional Australian Football

players? Science and Medicine in Football, Submitted.
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Abstract

Objective: To assess whether a targeted exercise protocol including repeated voluntary
contractions, and a low-load hip extension exercise targeting the gluteus maximus and
hamstring muscles, leads to an acute change in temporal characteristics of muscle activity
during high-speed overground running.

Methods: Fifteen professional Australian Football players were recruited and randomised
into an ‘activation’ (ACT) intervention group (n=8) and a control (CON) group (n=7). The
ACT group completed 10 x 10 second unilateral isolated gluteus maximus contractions
followed by 10 repetitions of a prone unilateral hip extension exercise. The CON group
completed six-minutes of self-paced walking. Differences in muscle onset timing, offset
timing and onset duration of the gluteus maximus and hamstring muscles during the high-
speed running gait cycle were analysed using electromyographic data.

Results: No significant differences in any of the temporal aspects of muscle activation were
found between groups for any of the muscles tested (p > .05).

Conclusions: The completion of a targeted low-load muscle activation exercise

protocol does not alter the temporal characteristics of the gluteus maximus and

hamstring muscles during high-speed overground running. Practitioners should

reconsider the inclusion of low-load muscle activation exercises in cases where acute

improvement of muscle activation timing is a desired outcome.
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Introduction

Changes to the timing of muscle activity can develop in the presence of pain (Hodges &
Moseley, 2003), or joint pathology (Stokes & Young, 1984), and may persist after an
individual becomes asymptomatic (MacDonald, Moseley, & Hodges, 2009). The activation
timing of the gluteus maximus and hamstring muscles is considered to be an important factor
in both hamstring muscle injury prevention and rehabilitation (Heiderscheit, Sherry, Silder,
Chumanov, & Thelen, 2010; Schuermans, Danneels, van Tiggelen, Palmans, & Witvrouw,
2017b) as the existence of dysfunctional muscle activation timing may impact the control and
function of the affected area (Hodges & Tucker, 2011).

The delayed onset of the hamstring muscles during a prone hip extension task has
been reported as a risk-factor for hamstring injury in football players (Schuermans, van
Tiggelen, & Witvrouw, 2017a), and persistent neuromuscular deficits in the hamstring
muscles have been proposed as a contributing factor to injury recurrence (Fyfe, Opar,
Morgan, & Shield, 2013). The gluteus maximus is also considered to be susceptible to
inhibition (Tyler, Nicholas, Mullaney, & McHugh, 2006) and, even in apparently healthy
people, may present with delayed onset during functional tasks, which could increase
susceptibility to injury (Buckthorpe, Stride, & Della Villa, 2019).

The majority of hamstring muscle injuries sustained in professional football occur
during high-speed running (Ekstrand, Waldén & Hégglund, 2016), during which the gluteus
maximus and hamstring muscles work as hip extensors in the late swing phase of the gait
cycle to control knee and hip extension (Dorn, Schache, & Pandy, 2012). Consequently,
strategies to optimise the neuromuscular activation of the gluteus maximus and hamstring
muscles during running are utilised in professional football.

Targeted low-load exercises are one intervention shown to be effective for improving

the temporal characteristics of muscle activation (Crow, Pizzari, & Buttifant, 2011). Repeated
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voluntary isometric contractions can also acutely shift the motor cortical representation of
targeted muscle (Cohen, Gerloff, Ikoma, & Hallett, 1995), and through this mechanism of
motor cortical reorganisation, improve the timing of muscle activation during functional
activity (Tsao, Galea, & Hodges, 2010).

This study assessed whether a muscle activation exercise protocol including repeated
voluntary contractions and a low load hip extension exercise targeting the gluteus maximus
and hamstring muscles, led to any acute change to the muscle onset timing, muscle offset
timing or duration of gluteus maximus and hamstring muscle activity during high-speed

overground running in a group of professional Australian Football players.
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Methods

Participants

Fifteen professional male, Australian Football players were recruited from a single Australian
Football League club. Participants were randomly allocated into one of two groups using a
computer-generated randomisation sequence by a person not involved in the intervention: a
control group (CON), and an “activation” intervention group (ACT). A total of seven
participants were randomised to the CON group, and eight randomised to the ACT group.
The allocation of participants was revealed to testers on the day of testing. All participants
were engaged in full pre-season training at the time of the study and had no reported history
of lower limb surgery. Seven participants had a history of hamstring strain, four were
allocated to the ACT group and three were allocated to the CON group following
randomisation. A research study that was run in parallel to this investigation using the same
participants confirmed that there were no differences in muscle activation timing during high
speed running between participants with and without a history of hamstring muscle injury
(Crow, Semciw, Couch, & Pizzari, 2020). The study was approved by the Faculty Human

Ethics Committee (FHEC11/170) and all participants provided written informed consent.

Procedures
The study utilised a randomised controlled trial design.

A questionnaire was completed by all participants to collect demographic
information, as well as information about each player’s injury history. The accuracy of self-
reported injury history was confirmed using comprehensive injury data maintained by the

club.
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The testing procedure was conducted on a 100m stretch of grass on an outdoor field.
To negate any possible effects of fatigue or muscle soreness on the testing protocol,
participants did not engage in any intensive training within the 48 hours prior to testing.

Electromyographic (EMG) measurement of the gluteus maximus, biceps femoris and
medial hamstring muscles was performed using surface EMG electrodes consisting of Trigno
(Delsys Inc., Boston, USA) wireless sensors with a single differential configuration and a
four bar (99.9% silver) contact area, with an inter-electrode distance of 10 mm.

Skin preparation and electrode placement were consistent with recommended
SENIAM guidelines (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000). Gluteus maximus
electrode placement was midway along a line between the greater trochanter and the sacral
vertebrae. The biceps femoris electrode placement was midway along a line between the
ischial tuberosity and the lateral epicondyle of the tibia, and medial hamstring electrode
placement was midway along a line between the ischial tuberosity and the medial epicondyle
of the tibia. Footswitches (Model: 402, Interlink Electronics, USA) were positioned
bilaterally to record temporal aspects of the gait cycle.

A Delsys Trigno Wireless 16-Channel EMG system was used to collect raw EMG
signals (Delsys Inc., Boston, USA; CMRR > 80 dB @60 Hz; gain of 1000; band pass filtered
at 20—450 Hz) and sampled at 2000 Hz.

Players wore a 5SHz Global Positioning System (GPS) unit (MinimaxX, Team 2.5,
Catapult Innovations, Australia) in a specifically tailored garment during the testing protocol
to assess maximum running speed during each trial. Ambient temperature was recorded using
a portable weather meter (Kestrel 2500; Kestrel Instruments, PA, USA) during the warm-up
that preceded each trial.

The running trial protocol was adapted from a graded running protocol developed for

hamstring rehabilitation (Reid, 1993). Participant running trials were divided into a 40-metre

61



acceleration section where players commenced from a standing start and were instructed to
steadily build up their speed, a 20-metre middle-section where players were instructed to hold
their speed at 90% of their perceived maximum, and a 40-metre deceleration section where
players were instructed to steadily reduce their speed. Participants then walked back the full
100 metres before commencing their next trial. Five trials were completed during testing. At
the conclusion of the pre-intervention trials, each player underwent their allocated
intervention. Following the completion of the CON or ACT intervention, participants were
given two minutes of rest while investigators checked that electrodes remained in place. Each

participant then repeated the series of five running trials again.

Intervention

ACT group

Participants in the ACT group completed a supervised exercise program in the prone position.
The first exercise was adapted from research demonstrating an acute effect on muscle
activation timing (Tsao & Hodges, 2007) and involved the completion of 10 x 10 second
unilateral isolated gluteus maximus contractions. The second exercise was 1 x 10 repetitions
of a prone unilateral hip extension exercise adapted from the work of Lewis and Sahrmann

(2009). The exercise protocol was expected to take six minutes.

CON group

Participants in the CON group were instructed to walk for six minutes at a comfortable pace

around the testing field. Participants were supervised during this walking protocol.
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Data processing
Following testing, all EMG data were processed using a customised adaptation of the

Biosignal EMG package (2.1.0) from R statistical software (https://www.r-project.org/ ,

version 3.6.1). Raw EMG signals for each running trial were high pass filtered (Butterworth,
4™ order, zero phase lag, 20Hz cut-off) to remove movement artefact. Data were full wave
rectified and further filtered using a moving average (20 ms window). Two consecutive
strides from the middle 20 metres of each running trial were further processed for analysis.
These particular strides were chosen to decrease the likelihood that participants were
accelerating or decelerating during the stride, and increase the likelihood that participants
were at their highest speed at the point of analysis. In all participants, the preferred kicking
leg was chosen for analysis. The data from the gait cycle were time-normalised to 101 points
(representing the gait cycle from 0 to 100% in 1% increments) enabling time-dependant
analysis between groups. Data were amplitude normalised to the peak activity recorded
through the running cycle.

An ensemble average was generated for each muscle and each participant both before
and after the intervention. Pre- and post-intervention ensemble averages were summed and
averaged to produce a grand ensemble for gluteus maximus, biceps femoris and medial
hamstrings for all participants in the CON and ACT groups. This allowed an EMG profile to
be established for each muscle in each group across the high-speed running gait cycle both
before and after the intervention.

For each muscle and participant, the muscle onset time, muscle offset time and
duration of muscle activation were calculated as a percentage of gait cycle. Muscle onset time
was determined as the time when EMG amplitude was increased above baseline by a level of
> 15% of peak amplitude for a period of > 10% of the gait cycle, and the time of muscle

offset was determined as the point when EMG amplitude returned to baseline or remained
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below 15% of the maximum EMG amplitude for > 10% of the gait cycle. Duration of muscle
activation was the percentage of the gait cycle contained between the muscle onset and
muscle offset (Franettovich, Chapman, & Vicenzino, 2008).

For each participant, the difference between the pre- and post-intervention
measurements of muscle onset time (muscle onset diff), muscle offset time (muscle offset
diff) and the duration of muscle activation (muscle duration diff) was calculated and used for

statistical analysis.

Statistical Analyses
Descriptive statistics (means, medians, interquartile range and standard deviations) were
calculated and data reviewed for normality using boxplots and the Kolmogorov-Smirnoff (K-
S) test. To compare muscle onset diff, muscle offset diff and muscle duration diff, for each
muscle between groups, a Mann-Whitney U test was used, since data were not normally
distributed. An independent groups t-test was used to compare demographic data between
groups.

To determine the magnitude of any differences between CON and ACT groups, a
standardised effect size was calculated by dividing the z-score of the Mann—Whitney U test
by the square root of the total sample size. All statistical comparisons were performed using

the SPSS statistical software package (Version 19, IBM SPSS Inc., Chicago, IL, USA).
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Results

No statistical difference was evident between ACT and CON groups for demographic

information, running speed, and ambient temperature recorded during testing (Table 1).

Table 1. Demographic information and testing conditions.

ACT group (n=7) CON group (n=7)

Variable Mean (SD) Mean (SD) p value
Age (years) 220+1.9 21.7+0.9 0.738
Height (centimetres) 186.0 + 4.0 189.7+3.1 0.097
Weight (kilograms) 90.1 £3.2 90.1 £3.2 0.628
Average running speed 7.2+0.2 7.4+0.3 0.243
(m.sec™)
Ambient temperature 21.0+£23 22.6 £3.8 0.741

(°C) at testing

Abbreviations: SD = standard deviation; °C = degrees Celsius, ACT = Activation group, CON =
Control group

After testing was completed, the footswitch data of one participant in the ACT group was
discovered to be corrupted, and that participant’s data were discarded since their gait was

unable to be analysed. All electrodes remained in place for the duration of the testing

sessions, with the exception of the medial hamstrings electrode of one participant in the CON

group that dislodged during testing. The medial hamstrings data for this participant was

discarded (Figure 6.1)
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Assessed for eligibility

(n=15)
Excluded
(n=0)
Randomized
(n=15)
1
1 1
Allocated to ACT group Allocated to CON group
(n=8) (n=7)
Lost to tollow- Lost to tollow-
up up
(n=0) (n=0)
Analyzed: (n=7) Analyzed all variables: (n = 6)
Excluded from analysis MH data excluded from analysis
(corrupted data): (n=1) (corrupted data): (n=1)

Figure 6.1. Flow diagram for parallel randomised trials comparing groups (CONSORT)

No statistically significant differences were observed between ACT and CON groups on any
of the temporal comparisons (muscle onset diff, muscle offset diff and muscle duration diff)

for gluteus maximus, biceps femoris or the medial hamstrings (Table 2).

Figure 6.2. contrasts the pre- and post-intervention grand ensemble curves for the gluteus

maximus, biceps femoris and medial hamstrings in both the CON and ACT groups.
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Table 2. Pre-post differences in temporal characteristics of muscle activation during high

speed running (% of gait cycle).

ACT CON EFFECT P
MEDIAN (IQR) MEDIAN (IQR) SIZE

GLUTEUS Onset diff -0.81 (2.9) -0.96 (3.8) 0.09 0.81
MAXIMUS Offset diff 0.04 (2.4) 0.34 (2.4) -0.19 0.54
Duration diff -0.27 (5.3) 1.39 (3.1) -0.15 0.62
BICEPS Onset diff -1.2(5.2) -1.30 (3.6) 0.19 0.54
FEMORIS Offset diff 0.2 (3.1) -0.46 (5.7) 0.15 0.62
Duration diff 0.533.4) 2.25(4.1) -0.15 0.62
MEDIAL Onset diff -0.9 (1.9) -1.24 (7.5) 0.04 0.90
HAMSTRINGS | Offset diff 1.1(6.2) 3.06 (6.7) -0.19 0.53
Duration diff 2.0(7.4) 3.19 (11.5) -0.12 0.73

Abbreviations: IQR = Interquartile range, ACT = Activation group, CON =

Control group
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Figure 6.2. Muscle activation pattern during high speed running: pre vs. post

68



Discussion

This study found that a muscle activation exercise program targeting the hip extensor muscles
does not acutely impact the temporal components of muscle activation during high-speed

running in a group of professional Australian Football players.

Previous studies into acute changes in muscle activation timing following targeted low-load
exercise protocols investigated muscle onset during an arm perturbation movement in
standing (Tsao & Hodges, 2007). It is possible that any motor cortical reorganisation
achieved through the completion of a low load exercise is insufficient, or not specific enough,

to transfer to complex or explosive functional movements such as high-speed running.

The single bout of activation exercises might also be insufficient to elicit changes in muscle
timing. Altered gluteus maximus timing during a prone hip extension test has been reported
following a targeted low-load exercise protocol conducted over a period of weeks (Rainsford,
2015). Improved muscle activation timing has also been reported from low load targeted
exercise programs lasting between two to six weeks in the transversus abdominus (Tsao &
Hodges, 2007; Tsao et al., 2010). Future research may consider investigating the effects of a

targeted low-load exercise protocol that is implemented over an extended prescription period.

This study chose to investigate only the temporal characteristics of muscle activation. The
relationship between electromyographic (EMG) signal intensity and muscular force
production is influenced by various factors including muscle shortening velocity and can be
difficult to determine. It has been suggested that the best use of the EMG signal is to describe
the onset and offset timing of muscle activation (Maniar, Schache, Heiderscheit, & Opar,
2020). It must be acknowledged that an investigation using normalised amplitude or other

parameters of muscle activation may have produced different results. This study used a
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threshold of 15% peak amplitude to determine onset and offset timing. The timing of events

in the gait cycle may also be influenced by the threshold utilised.

There are several limitations of our study. As we recruited professional players from one
club, a small sample size was the result. The sample size recruited for this study (ACT = 8;
CON = 7) was comparable to a previous RCT that reported a difference in gluteus maximus
muscle onset timing between a group of athletes that undertook a targeted exercise
intervention (7 participants) and a control group (3 participants) (Rainsford, 2015). However,
the risk of type II error must be acknowledged. Future research with a larger sample size

would help verify the findings of this study.

Conclusion

This study was the first to analyse the acute effects of targeted muscle activation
exercise on muscle activation timing during high-speed running. Previous research into the
acute effects of muscle activation exercise investigated less dynamic and functional
movement.

The muscle onset time, muscle offset time, and duration of muscle activity of gluteus
maximus and the hamstring muscles, are all unaffected during high speed running following
the completion of a low load targeted muscle activation exercise. Practitioners should
reconsider the inclusion of low load targeted muscle activation exercises in cases where acute

improvement of muscle activation timing is a desired outcome.
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Chapter Seven: Grand Discussion and Conclusion

7.1 Discussion

The overall aim of this thesis was to investigate the temporal characteristics of muscle
activation following hamstring muscle injury and explore the potential use of exercise to
acutely improve the timing of muscle activation in professional Australian Football players.
This was achieved by completing a systematic review, examining current practice in
professional sport through a narrative review and workshop, and conducting a preliminary
research study to explore practical considerations within a professional sport setting.
Information gathered in these preliminary investigations was used to guide the design and
completion of prospective research studies using a group of professional Australian Football

players.

The systematic review identified 16 studies (and 19 therapeutic groups) that used muscle
onset timing as an outcome measure following the application of therapeutic exercise. The
review concluded that it is possible to use therapeutic exercise to alter the timing of muscle
activation following injury. The quantitative analysis determined that isolated muscle training
is the most effective modality at achieving this outcome and did not support the use of
general strength training or instability training to achieve this effect. The data supporting
isolated muscle exercise were limited to exercise targeting the transversus abdominus, deep
cervical flexors and vastus medialis muscles. Only one study looked at the acute effects of
exercise on muscle timing (Tsao & Hodges, 2007), while the others investigated exercise

programs over a period of weeks.

None of the studies included in the systematic review studied an athletic population and there
were no studies that considered the effect of exercise on muscle timing following hamstring

muscle injury. There were, however, studies that reported on gluteus maximus targeted using
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general strength training in subjects with chronic low back pain (Leinonen, Kankaanpaa,
Airaksinen & Hanninen, 2000), and biceps femoris targeted using instability training
following ACL rupture (Chmielewski, Rudolph, & Snyder-Mackler, 2002). In both of these

studies the prescribed exercise was ineffective for altering muscle activation timing.

The results from the systematic review offered support for the use of therapeutic exercise to
improve muscle onset timing but also indicated that further information was needed about
exercise prescription before proceeding with a research study in professional athletes. It was
also important to ascertain which muscles might be most appropriate to target, with which
particular exercises, and how to best run such an investigation in a professional athletic
performance setting. Consequently, we used targeted projects to gather expert information

from practitioners within the fields of physiotherapy and strength and conditioning.

A workshop of physiotherapists with expertise in muscle activation was convened and a
narrative review on muscle activation around the hips and pelvis in the context of Australian
Football was completed to assist in the planning of the workshop. Discussion was facilitated
to explore current concepts, best practice, and case studies applicable to this topic. Key
findings relevant to this thesis included the corroboration of the theory that altered muscle
timing of the gluteus maximus and hamstring muscles may occur following hamstring muscle
injury. Anecdotal reports of the use of voluntary isolated muscle exercise targeting the
gluteus maximus in conjunction with low load prone hip extension exercises for both

hamstring injury rehabilitation and hamstring injury prevention were noted.

To gather further information on current practice and expert opinion, a strength and
conditioning accreditation program was undertaken. The manuscript “The role of the strength
and conditioning coach in optimising muscle patterning following injury”” was published as a

part of this accreditation process. The main finding relevant to this thesis was that
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anecdotally, the use of activation exercise during warm-up protocols in strength and
conditioning practice was common, and that these exercises were prescribed with the
objective of eliciting an acute improvement in muscle activation in the subsequent activity.
This process also reinforced the importance of maintaining good postures when completing

exercise and ensuring smooth and controlled movement quality.

It was important to ascertain the practicality of conducting a prospective major research study
into muscle activation in a professional football setting and consequently a research study
was designed in conjunction with an AFL club to address questions of interest to both the
researchers and the club. This research study found that a warm-up protocol inclusive of low-
load muscle activation exercises targeting the gluteal muscle group can acutely enhance peak
power output in professional Australian Football players. The study results supported the
proposition that low-load muscle activation exercises may have an acute effect on
characteristics of muscle activation. Important practical findings were noted while conducting
this research that were relevant to the design of the major research studies conducted for this
thesis. For example, as there are a number of competing demands on players time within a
professional football environment, and these demands are heightened during the competitive
season, the pre-season training phase was the most appropriate time to gain access to players

for research.

There are differences between professional and amateur football players that are important to
understand when interpreting the findings of this thesis. Injury recurrence rates are lower in
professional football compared to amateur football and it is more likely that a professional
player will have completed a comprehensive HSI rehabilitation protocol than an amateur
player (Hagglund, Waldén, & Ekstrand, 2016). The maximum velocity, and volume of high
speed running completed during a competitive match are also higher in a professional player
when compared to a player at the amateur level (Kaplan, Erkman, & Taskin, 2009).
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Prior to this thesis no research had been published that specifically investigated the muscle
activation timing of the gluteus maximus or hamstring muscles during high-speed overground
running in athletes with a recent hamstring strain. Utilising the practical information collated
through the earlier components of this thesis, research was undertaken to evaluate muscle
timing in a group of professional Australian Football players. We found no differences in the
muscle activation timing of the gluteus maximus or hamstring muscles between players who
had sustained a hamstring muscle injury within the last six months, and players who had
never sustained a hamstring muscle injury. This outcome supports the findings of Silder et al.
(2010) who found no differences in muscle activation timing between injured and uninjured
limbs during high-speed treadmill running. The only study that has reported altered timing of
muscle activation following hamstring muscle injury examined muscle activity during a
double leg to single leg stance task (Sole et al., 2012). It is also worth noting that this study
investigated recreational athletes who, unlike professional Australian Football players, may
not have completed a comprehensive hamstring rehabilitation protocol, and consequently

may have been more likely to carry a residual impairment.

The major project research design provided the opportunity to test whether therapeutic
exercise targeted at the gluteus maximus and hamstring muscles can acutely improve the
muscle activation timing of these muscles during high-speed running. The data and practical
knowledge accumulated through the earlier components of this thesis guided the development
of a novel exercise protocol that we believed would be most likely to have an acute effect on
the temporal aspects of muscle activation. The exercise protocol included a set of voluntary
isometric holds of the gluteus maximus muscle followed by set of low-load prone hip
extension repetitions that focused on voluntarily activating the gluteus maximus muscle
immediately prior to the movement and then focused on keeping the muscle engaged for the

duration of the movement. No difference was observed between this novel exercise protocol,
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and a control protocol that consisted of six-minutes of walking, in the muscle onset or offset

timing of the gluteus maximus or hamstring muscles during high-speed overground running.

It was the intention of this thesis to study the acute effects of a muscle activation exercise
protocol that might be used as part of a warm-up. It remains unclear whether the exercise
protocol would have led to any changes in muscle activation timing if it had been repeated
over a period of weeks or months. A change in gluteus maximus timing after the prescription
of a low-load gluteal muscle activation program conducted over a period of nine-weeks has
been reported in netball players, although this change was only observed in a prone hip
extension test and was not observed in more functional or sport-specific movement
(Rainsford, 2015). In fact, there are no documented reports of improved muscle activation
timing following low-load activation exercise protocols during running. While acute
improvement in the muscle onset timing of the transversus abdominus during a standing arm
perturbation movement have been reported following voluntary isolated muscle contractions
(Tsao & Hodges, 2007), it is possible that the same effect was not observed in this thesis
because low-load exercises may not transfer well to high-load activities like high-speed
overground running. Given that the acute effects have been reported in postural muscles that
typically perform low-load contractions, it is also possible that low-load exercises may be
less effective at altering the muscle activation of muscles such as the gluteus maximus and

hamstring muscles that typically perform greater work during movement.

7.2 Strengths and clinical implications of this thesis

The applied nature of the research conducted is a strength of this thesis. All of the research
studies in this thesis were conducted in an applied professional sporting setting with
professional Australian Football players as research subjects. The research was directly

related to the environment where the findings were to be applied, and all testing was
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conducted during sport-specific movements that are highly relevant to the sport of Australian

Football.

This thesis examined muscle activation timing during high-speed overground running instead
of another less sport-specific task. High-speed overground running is an appropriate activity
to assess muscle activation as it is highly specific to Australian Football (Saw et al., 2018),
and is also the activity in which hamstring muscle injuries most commonly occur (Ekstrand et
al., 2016). The results reported in this thesis are a reminder that effects observed in the lab
during less-functional and sport-specific movement may not necessarily translate to the

sporting field.

The research conducted in this thesis used EMG telemetry and is the first research study of its
kind to assess muscle activation timing following hamstring muscle injury during high-speed
overground running. The major research study was also the first to investigate the acute

effects of exercise on muscle activation timing during high-speed running.

This thesis sought to compare muscle activation timing between athletes, instead of
comparing injured and uninjured limbs. This approach eliminated any potential error created
due to a crossover effect between limbs in the same athlete, which can be a limitation of the

published research in this area.

Conflicting reports exist about whether muscle activation intensity is altered during running
following hamstring muscle injury (Daly et al., 2016; Higashihara et al., 2019; Silder et al.,
2010). This thesis chose to focus only on the temporal characteristics of muscle activation.
The relationship between EMG signal intensity and muscular force production is influenced
by various factors including muscle shortening velocity and can be difficult to determine. The
measurement of muscle activation intensity also relies on the use of a reference point.

Maximum voluntary contraction is one reference point that can be used for this purpose but is
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a potentially confounding factor that may lead to error and inaccuracy during analysis
(Marras & Davis, 2001). Peak signal intensity is another reference point that can be used for
normalisation, and while it is less prone to error than maximum voluntary contraction, this
benefit may come at the expense of interpretability (Allison, Marshall & Singer, 1993).
Where the objective is to evaluate muscle activation patterns it is better to measure muscle
onset and offset timing, independently to activation intensity, as this method is not reliant on

a normalisation process to determine intensity and therefore less prone to error.

In the absence of sufficient empirical research evidence, it can be worthwhile listening to
experts in the field and giving consideration to practice-based evidence. The thesis sought
information from a mix of sources to guide the development of the research protocol tested in
the major research study. Due to barriers to accessing professional athletes for research, many
of the practices undertaken in professional sporting environments are based on theory and
assumption. This thesis has provided evidence to oppose some of the assumptions underlying
common warm-up and rehabilitation practices in professional sport and provided clinicians
with extra information to inform their decision making about hamstring muscle injury

prevention and rehabilitation.

While this thesis does offer some support for the use of low-load activation exercise to
acutely improve peak power output, it does not support the use of this type of exercise to
improve the muscle activation timing of the gluteus maximus and hamstring muscles in
professional athletes. Consequently, clinicians may decide to omit low-load activation
exercises from warm-up protocols where acute changes in peak power output are not a

primary focus.
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7.3 Limitations of this thesis and directions for future research

An observed limitation of practical research in a professional sporting environment is that the
needs of the club where the research is being conducted are often a factor in both research
design and implementation. For example, weight bearing vibration was included as an
experimental group in Chapter 4, as it was of interest to the club, even though this was not of
interest to the overall thesis. Practical considerations are also present in sport-specific
settings, as opposed to a laboratory. For example, participants in our studies were completing
pre-season training at the time of the research. While measures were taken to ensure that
participants were “fresh”, it was not feasible to control for training loads outside of the 48-

hours prior to testing.

Environmental conditions are also a notable limitation of field-based research. One example
of this was a trend for the control group in the major research study to run in hotter conditions
than the HS group. Fortunately, the difference did not reach statistical significance and none
of the environmental conditions that we measured had a significantly greater impact on one

testing group compared to another.

There are limitations to the use of EMG in high-speed running that must be acknowledged. In
particular, the risk of an EMG or foot contact sensor becoming dislodged is elevated
compared to more controlled activities. The ambient temperature is also relevant and in cases
where an athlete is sweating there is an increased risk of sensor movement or dislodgement. It
was due to these factors that the data of one participant was corrupted and lost to analysis and
one additional set of data from the medial hamstrings was lost for one participant. The
reliability of surface EMG in high speed running is also not well known and may be lower
than for lower speeds of locomotion, consequently the degree to which this may have

influenced the results is unknown.
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The quality of the studies included in the systematic review was not strong. Conclusions
about the effect of isolated muscle training must be made with care, and given the non-
athletic populations examined by the included studies, it was difficult to extrapolate the

results to professional football players with a history of hamstring strain injury.

Another limitation of this thesis is statistical power. This thesis may have benefited from
larger sample sizes to minimise the risk of type II error. A larger sample would have also
enabled the use of a mixed ANCOVA, or a linear mixed effects model to analyse two aims
with one test. Specifically, we could have investigated whether there was a difference
between groups in muscle activation during high speed running, and also whether the effect
of the intervention depends on the presence of hamstring muscle injury. As this was not

possible due to the limited sample, we separated these questions into separate studies.

Due to the variability that exists in measuring muscle onset timing using surface EMG in
overground running during overground running, and based on the post hoc power analysis
taken as a part of this thesis, it is recommended that future research of this type recruit 24 or

more participants to ensure sufficient statistical power.

Chapter 4 assessed the effect of a low-load exercise protocol targeting the gluteal muscle
group on peak power output used a control group that did no warm-up, and another that
completed a weight bearing vibration protocol before testing. The results of this study would
have greater practical application if one of the control groups had have completed a general
warm-up protocol. It remains unclear if the improved peak power output seen after the low

load exercise protocol was the result of a general warm-up effect or from another mechanism.

This research found no differences in muscle activation timing during high-speed overground
running in professional Australian Football players with a recent hamstring strain who had

completed a comprehensive rehabilitation protocol. Future research may seek to identify if
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this is also the case in community-level athletes who have not been rehabilitated in a

professional environment.

A decision was made to investigate only the acute effect of an activation exercise protocol on
muscle activation timing and future research may seek to investigate the effects of targeted

low-load muscle activation exercise following an extended prescription period of 2-6 weeks.

The high-speed running protocol used in this research involved athletes running at 90% of
their maximum speed. It is likely that running at 100% maximum speed places increased
demands on the hamstring and gluteal muscles and future research may consider whether

these increased demands can discriminate between previously injured and uninjured subjects.

7.4 Conclusion

Following hamstring muscle injury in professional Australian Football players the muscle
activation timing of the gluteus maximus and hamstring muscles is no different to players

who have never sustained a hamstring strain during high-speed overground running.

Low-load exercises targeting the gluteal muscles are used in warm-up protocols in
professional sport, and while this thesis provides some support for their use to acutely
improve peak power production, this thesis also concludes that it is unlikely that they have
any effect on the temporal characteristics of gluteus maximus or hamstring muscle activation

during high-speed overground running in professional Australian Football players.
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La Trobe University
Faculty of Health Sciences

MEMORANDUM

Cr Tania Pizzari
School of Physiotherapy

SUBJECT: Reference:  FHEC11/170

Srudent or Justin Crow
Other Investigator;
The motor patterning of the hamstring and gluteus
Title: maximus muscle in Australlan football players
following injury: Is it altered and can it be changed?

DATE: 7 February, 2012

The Faculty Human Ethics Committee's (FHEC)} reviewers have considered and approved
the above project.

Please note that the Informed Consent forms need to be retained for a minimum of 5 years.
Please ensure that each participant retains a copy of the Informed Consent form.
Resaarchers are also required to retain a copy of all Informed Consent forms separately
from the data. The data must be retained for a period of 5 years.

Please note that any modification to the project must be submitted in writing to FHEC for
approval. You are required to provide an annual report (where applicable) and/or a final
report on completion of the project. A copy of the progress/final report can be downloaded
fram the following website:
http://www latrobe.edu.au/research-services/ethics/HEC-application.htm

Please return the completed form to The Secretary, FHEC, Faculty of Health Sciences Office,
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enclosed for you to forward to the student(s) concerned.

Timothy M Bach, PhD

Acting Chair

Faculty Human Ethics Committee
Faculty of Health Sciences
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SCHEDULE

11.30-12.00 Armival of guests.
Possible tour of facilities.

12.00 -12.15 Introductions: Aims of
workshop and schedule of the day.

1215 -1.15 Each of our guests will have an
opportunity to introduce themselves
and touch on their background and
philosophies. Approx. 15-20 min.

1.15-1.30 LUNCH SERVED

1.30 - 2.45 Specific topics for discussion.

Justin Crow:  Exercise prescription in muscle activation.

Dawvid Francis: Use of muscle activation as a preventive and
warm-up protocol.

Dawid Buttifant: Muscle activation in performance enhancement
and future directions.

Ruben Branson: The role of medical interventions in managing
conditions of the hips and pelvis.

2.45-3.00 COFFEE BREAK

3.00-3.45 Gary Nicholls: Broad case studies are to be
opened for discussion by the group.

3.45 - 4.00 Thank you’s and departures.
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Invited guests

Dr. Shirley Sahrmann is Professor of Physical Therapy/
Meurclogy/ Cell Biology and Physiology at Washington
University School of Medicine, 5t. Louis, Missouri. She
received her bachelors degree in Physical Therapy, masters
and doctorate degrees in Neurohiclogy from Washington
University. She iz a Catherine Worthingham Fellow of the
American Physical Therapy Association and is a recipient of

the Association's Marion Williams Research Award, the Lucy
Blair Service Award, and the Kendall Practice award, the lohn H.P. Maley Lecture and
Mary Mchillan Lecture awards. Dr. Sahrmann has also received Washington
University's Distinguished Faculty Award, the School of Medicine’'s Excellence in
Clinical Practice Award and an honorary doctorate from the University of
Indianapelis. She has served an the APTA Board of Directors. In addition to her
numeraous national and international presentations, Or. 3ahrmann has been a
keynote speaker at the 3™ International Conference on Movement Dysfunction,
Woaorld Confederation of Physical Therapy, and at the Canadian, Australian, and New
Zealand national congresses. Dr. Sahrmann's research interests are in development
and validation of classification schemes for movement impairment syndromes as
well a5 in exercise based interventions for these syndromes. Her book Diagnosis and
Treatment of Movement Impairment Syndromes describes the syndromes and
methods of treatment. She maintains an active clinical practice specialising in
patients with musculoskeletal pain syndromes.

Dr. Alison Grimaldi is a sports physiotherapist who has
completed a PhD on muscle function around the hips and pelvis.
Alison presents courses throughout Australia on muscle function
ground the hips and pelvis, and the use of real-time ultrasound.

Alison also currently practices at a private practice in Brisbane.

Alison’s practical experience includes work in swimming and
gthletics at the elite level. Recently Alison was invited to be keynote speaker at the

3 International Conference on Movement Dysfunction in Edinburgh, Scotland.
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Mrs. Leanne Rath is a sports physiotherapist. She was
one of the first in Victoria to successfully achieve clinical
specialisation (FACP). Leanne is currently practicing at a
physiotherapy practice in Melbourne and has conducted

lectures on topics relating to the hips and pelvis. Leanne’s

extensive practical experience includes work with The
Australian Ballet, the Australian Institute of Sport, the Australian gymnastics team

lincluding work at the Olympics) and other national teams including the Australian

netball and athletics teams.

Mr. Paul Coburn is a sports physiotherapist currently

managing a busy private practice in Melbourne’s northern

suburbs. Paul's practical experience includes ten years as head
physiotherapist with the Richmond Football Club, as well as
‘J work with the Victorian Institute of Sport rowing squad. Paul

has coordinated the Master of Sports Physiotherapy program

at La Trobe, worked as a clinical leader with the Victorian Workcover Authority for
the last seven years and acted as medical advisor to the Professional Footballers
Association. Paul has also contributed to two recent qualitative analyses for the AFL
Research Board reporting on the prevention and management of hamstring injury

and groin pain in the Australian Football League.

101



Collingwood staff

Dr. David Buttifant is a sports physiologist who has been
employed as Director of Sport Science at the Collingwood
Football Club for the last ten years. David has previous
experience as Head of Conditioning at the North Melbourne
Football Club and also with the New South Wales Institute of
Spartin the lead up to the Sydney Olympics. In addition to being
an ex-AFL player with the Richmond Football Club, David has

| completed his PhD at Victoria University, and currently sits on

the AFL rezearch board. David recently presented a study on the effects of gluteal
muscle activation exercise on peak power output at the National Strength

Conditioning Association Mational Conference in Orlando, Florida.

Mr. Justin Crow is a physiotherapist currently employed as
rehabilitation coordinator with the Collingwood Football Club.
Justin has completed a Master of Applied Science (Exercise
Rehabilitation) and is currently enrolled in @ Doctor of
physiotherapy program at La Trobe University. Justin has
contributed to a report to the AFL research board on

prevention and management of groin pain in the AFL, and

published research relating to the screening of adductor
strength in elite junior Australian football players.

Mr. Gary Nicholls is a sports physiotherapist who has
worked at Collingwood Football Club since 1999, Gary has also
practiced at Olympic Park Sports Medicine Centre for the last
14 years. Gary has acted as chairman of the Sports
Physiotherapy Association and is currently president of the AFL

physiotherapists association.
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Mr. David Francis is an experienced
musculoskeletal physiotherapist who has recently
achieved his clinical specialisation (FACP). David
has worked az a physiotherapist with the
Collingwood Football Club since 1996, and
currently also manages and practices at a large

private practice in Melbourne’s south east growth

corridor.

Dr. Ruben Branson is currently employed as team doctor
at the Collingwood Foothall Club. Ruben also practices at
Olympic Park Sports Medicine Centre, Alphington Sports

Medicine Centre and other sports medicine centres

throughout Melbourne. Ruben’s past experience includes
warking with the Melbourne Storm and as team doctor at the

2008 Paralympics in Beijing, and world university games in

prevention of hamstring injuries in community-level Australian football.

Thailand. Ruben has contributed to research relating to the
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Introduction

huscle activation is a growing area of research in both the community and sporting populations. The
understanding of how pathology can affect muscle activation is improving. For example, delayed
muscle activation of gluteus maximus and mukltifidusz in combination with an earlier onset of biceps
femaoriz have been reported in sacroiliac joint pain (Hungerford, Gilleard & Hodzes 2003), and a
delayed onzet of transversus abdominus is seen in low back pain (Hodges, 2001), and longstanding
groin pain {Cowan et al., 2004). Suboptimal muscle activation levels and pattarns may also exist in
asymptomatic individuals (MacDonald, Hodges & Maosely, 2009} and may be implicated in the
pathogenssis of injuries around the hips and pelvis, which make up the majority of injuries seen in
Australiam rules football (Orchard & Seward, 2010). Consequently, an understanding about the
assessment and mansgement of issues relating to muscle activation in this area of the body is
conzidered to be of high importance in the manzgement of elite Australian football players (Pizzari,
Coburn & Crow, 2008).

The Collingwood Footbsll Club prides itzelf on providing best practice in the management of its
playing list. Conzequently, 2 workshop has been organised to facilitate discuszion with world leaders
im the field of muscle activation about how best to apply recent progress in the field and share new
ideas to assist in injury prevention, injury management and performance enhancement at the
Collingwood Football Club.

This literature review attempts to summarise some of the key points and recent literature published
relating to the tapic: MWuscle activation around the hips and pelvis in the context of Australizan
Football. Itis intended to provide some background information to the invited guests sbout
Australian football and also give Collingwood-based staff some background information on the
research undertaken by our invited speakers as well a5 a brief summary of some key literature

relating to the topic.

A schedule of proceedings, biographies of attendees and some supplementary information are also

included in the booklet in addition to thiz review.
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Australian Football

Australian football is currently the mast popular football code in Australia (Gray & lenkins, 2010) and
iz played at the elita level in the Australian Football League (AFL). Two teams of 22 players contest
four 20-minute guarters of match play. Only 18 of these players may be one the fisld at any ane
time while the other four players remain on the interchanges bench. Team players are generally
claszsified into three groups: forwards (offensive players), backs (defensive players) and nomadic
players who traverse the entire field. Australian footbzll iz 3 running game combining athleticism
writh speed that requires skilful foot and hand passing to score goals which are worth six points. Itis

slzo & contact game that typically can invelve = player sustaining collizions during 3 match.
Player characteristics in the AFL: Mean (SD) [(Gray & lenkins, 2010)

*  jAre=22602.9)years

*  Height =138 [3.0) cm

*  Weight = 36.3 (2.9) kg

*  Skinfolds = 47 (7.8)

*  Yertical jump =82.3 [2.7)

* 3RM bench press = 37.9 (11.5] kg
#  3RM leg press = 399 (43) kg

Sprinting

Acceleration iz an important part of the game and the ability of players to recover fram high
intensity exercize is 2 defining quality of ‘better’ players at elite AFL level [Young et al., 2005). For zll
paositions there are more than 150 high intensity efforts a match (fast run or sprint) that typically last

less than & seconds each (Dawson et al., 2004).

Cwerzll distances travelled im matches are typically 12 310m for nomadic players, 11 920m for
forwards and 11 220m for backline players (Wishey, Rattray & Pyne, 2008).

Change of direction

Agility and the zbility to change direction are key characteristics of Australian football. In particular,
the ability to change direction &t spead iz important az mare than half of all high intensity efforts

invaolve at least one change of direction [Dawson et al., 2004).
Kicking

Typically in an AFL game an individual player might kick the ball up to 20 times, not including the
wiarm-up. During = typical training session howsver a player is likely to kick the ball approximately
40 times.

In the kicking l2g the greatest muscle activity, as viewed in MRI, ocours in the adductor longus and
Tensor Fascia Lata (TFL) muscles. In the stance leg the semitendincsis and TFL muscle show the

highest signal changes. (Baczkowski et al., 2007)
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Injury characteristics

Auwstralian football typically sees a wide variety of injuries each year. On average = team with a
player list of 45 players will have over sight players missing through injury every week (Orchard &
Seward, 2010). A breakdown of injuries to the hips and pelvis during the 2005 sezson is summarised
below in Table 1. (zdapted from Orchard & Seward, 2010):

Table 1.

Injury classification Incidence Prevalence Recurrence
Harnstring strain 6.0 212 38%
Quadriceps strain 15 57 35%

Groin strain/Osteitis Pubis 33 13.1 J6%

Other hipfgroin,/thigh
including hip joint 0.5 2.8

Thigh/Hip Hzematoma 0.2 1.2

Buttock/sl) 0e 1.6
Lumkbarj/tharacic spine 15 5.1
All Injuries 35.5 136.7 20%

Mote: Incidence refers to average new injuries per club for the 2009 season (& player must miss 3
match during the season for the injury to be capturad by the survey), recurrence refers to the
percentage of new injuries that are a recurrence of an old injury, while prevalence is a product of

incidence x severity {matches miszad).

Hamstring Injury

Hamstring injury is the most common injury in Australian football. A trend for reduced recurrence
and increased prevalence might be explained by 2 mowve within the league towards increasingly
conservative management of this injury {Orchard & Best, 2002). Known risk factors for hamstring
injury are player age, past history of hamstring injury, strength deficits, indigenous race and & past
history of other injury [Prior, Guerin & Grimmer, 2003). Although injury risk is highest for the first
eight weeks following return to sport, 3 significantly increased risk is maintained so that football
players are approximately three timas more likely to suffer a recurrence a yvear after their initial
injury (Hagslund, Walden & Ekstrand, 2006; Gabbe, Bennell, Finch, Wajeswelner & Orchard, 2008).

It has been suggested that a high rate of recurrence may be attributed to the persistence of 2
shorter optimum musculotendon length for active tension in the injured muscle [Brockett, Morgan &
Prozke, 2004). Interestingly, testing during different stages of match-play in soccer players reveals a

significant change in angle of pesk torgue and peak eccentric torgue at the end of each half when
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compared to pre-exercise testing (3mall, McNaughton, Greig & Lowell, 2010). These changes could

explzin an increazed hamstring injury rizk that iz seen during the later stages of match play.

Hamstring strain injuries sustained during high-speed running are belisved to occur during the
terminzl swing phase, ar possibly the initial contact phase of the gait cycle during which phase the
hamstrings are lengthening and actively absorbing energy from the decelerating limb [Heiderscheit
et zl., 2010). A tight iliopsoas has also been implicated in hamstring injury risk as it may place the
hamstrings at & mechanical disadvantage at the end of the swing phase in running by increasing
relative anterior pelvic tilt (Thelen, Chmanav & Sherry, 2006). Similarly, it has been hypothesised
that impsaired coordination and muscular control of the lumbopelvic regiom may not allow the
hamstrings to function at optimal lengths and lozds during running (Sherry & Best, 2004). For
example, it has been suggested that an sarly activation of the hamstrings and erector spinas muzcles
relative to the gluteal muscles may be indicative of faulty muscle activation [Lewis & Sahrmann,
2009). This was also reparted in a survey of AFL medical and physiotherapy staff who considered
both the strength and recruitment of the glutezl and hamstring muscles to be key modifiable risk
factors for hamistring injury in their playing list (Pizzari, Wilde & Coburn, 2009).

Groin injury

In the AFL injury report, groin imjuries include a number of overlapping diagnoses including adductor
muscle strains, tendinopathy, osteitis pubis and sports herniaz. Using this claszification 2 high rate of
recurrence and chronicity is seen in the AFL, ezpecizally in first year players (Orchard & Seward,

2010}, Interestingly, it has recently been reported that players who hawve had a hip or grein injury in
their elite junicr years are over six times mare likely to sustain 2 hip or groin injury in the AFL (Gzbbe
et zl, in-press). It has been suggested that 2n imbalance between pelvic integrity and training load
may be central to the development of chronic groin injuries {Pizzari, Coburn & Crow, 2008).
Howewer, the complex imteraction between the hip, sbdominal and adductar regions means that

diagnosis and clazsification of injuries in this region can be difficult.

Altered muscle onset patterns in transversus abdominus hawve been identified in Australian football
players with longstanding groin pain (Cowan et al., 2004) suggesting that the carrection of muscle
activation patterns has a role to play in the rehabilitation, and perhaps prevention, of this condition.
Successful retraining of transversus sbdominus timing and activation level has been demonstrated in
patients with chronic nonspecific low back pain (Tszo & Hodges, 2008, Tsao, Galea & Hodges; in-
press). Howewer, it is currently unknown whether this approach would also be effective in
conditions such as longstanding groin pain. The resting thickness of the transversus abdominus as
measured on ultrazound has alzo been found to be decreazed in athletes with longstanding groin
pain (lanzen et al., 2010). Interestingly, improvements in self-reported sports restriction and pain
during the squeeze test following a training program incorparating both motor control of the
transversus abdominus and globsl strength exercises were found not to be associated with changes

in transversus abdominus thickness in athletes with longstanding groin pain (Jansen, Mens, Backx &
Stam, 2009).

Cne prospective study investigating risk factors for the development of chronic hip and groin pain in
Australian football players found that reduced total hip joint rangs of movement (ROM) and a lower
body weight were related to the development of chronic groin injury. OF 2ll of the measures of hip

ROM, dominant side external rotation [ER) ROM appeared to be the least pradictive measure,
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although all of these results should be interpreted with some caution as only four players in a group
of 29 actuzlly developed groin pain [Verrall et al., 2007). It has been postulated that a restriction of
hip joint ROM may result in greater stress across the superior pubic ramus and pubic symphysis and
thereby contribute to the development of a pubic overload injury (Verrall et al., 2005]. Interestinghy
though, another study of elite junior Australizn football players found that despite acceptable
reliability of testing, no measures of hip rotation ROM differed among players with or without groin
pzin (Malliaras, Hogan, Mawrocki, Crossley & Schache, 2009).

Aszsessment of hip joint BOM appears to have a role in the screening of players in Australian football.
Although normal hip joint ROM has been reported to be 30-20° for IR and 20-60° for ER, 2 group of
29 elite Australizn football players were found to average 20° for IR and 30° for ER (measured at 50°
of hip flexion) (Verrall et al, 2007]. Althaugh it is still uncertain why this might be the casze, it has
been suggested that it might be posszible for this restriction to develop secondary to joint stressors in
= similar way to the shoulder joint capsule in throwing (Verrall et al., 2005). In Austrzlian football
players that developad longstanding grain pain displayed an average hip IR ROM of 15° (Verrall et
zl., 2007). Anather study of athletic patients diagnosed with longstanding adductor-related groin
pzain found the average hip IR ROM to be 22° (Weir et al., 2010).

Hip imju

A study of 218 consecutive subjects with groin pain presenting to a primary care sports clinic
demonstrated that the most prevalent condition was hip joint pathology, with common dizgnozes
including acute lzbral tears and impingement syndromes. These patients also had an elevated

likelihoad of not returning to their pre-injury level {Eradshaw, Bundy & Falvey, 2008).

FAl refers to abnormal contact betwesn the acetabulum and the femaoral head or neck, and can
rezult frem either 2 non-spherical femorzl head or overhang of the acetabular rim {Laude, Boyer &
Meogier, 2007). The two mazin variants are pincer impingements where the zcetabular rim impinges
an the femoral neck at the limits of itz ROM, and cam impingements whers the non-spherical
femarzl head contacts the anterior rirn when the hip is flexed. Structural sbnormalities are
abviowsly a key factar in the astiology of thiz condition although increased pelvic tilt is likely to
promaote the occurrence of FAI (Siebenrock, Schoeniger & Ganz, 2002), and other factors such as
muscle sctivation and tightneszs that may also contribute to dynamic impingement should alzo be

considered.

The relationship between femorozcetabular impingement (FAl] and long-standing groin pain
appears strong with one study reporting that 64 out of 68 hips in patients with longstanding
adductar-related grain pain had radiolagical signs of femoroacetabular impingement (Weir, de Vas,
Maoen, Halmich & Tol, in-pressz). Despite = high prevalence of radiclogical signs however the FADIR
test for anterior hip impingement was positive in only nine of these cazes [14%), and thers waz no
relationship between the number of radiclogical signs of FAl within 2 hip and either total hip ROM or

= positive anterior impingement test (Weir et al_, in-press).

There have been eight different radiglogical zigns for FAI reported in the litersture, and it would
faollow that as the number of possible signs continues to increasse that the prevalence of the disorder
will also increase. However at prezent there is no clear consensus about how a3 diagnosis of FAI
should be made and 2 gold standard is lacking (Weir et al., 2010).
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Fal has also been suggested as a possible factor in the aetiology of hip joint degeneratiﬂnl Changes
to the muscles of the hip have been reported in patients with either hip osteoarthritis or
degenerative labral pathology and may be worth noting to assist management in the early stages of
FAl. Grimaldi et al., (2005a;2005b) reported that piriformis, lower gluteus maximus, upper gluteus
maximus, and gluteus medius were all smaller in size on the affected side in patients with advanced
hip pathology. Gluteus minimus also showed a trend {p=0.1) for reduced size in the affected side of
thiz patient group. [t is uncertain whether these differences between sides were the result of
muscle atrophy on the affected side ar muscle hypertrophy on the unaffected side due to increased
load bearing. Interestingly gluteus medius was shown to be increased in size on the affected side
compared to matched controls in patients with mild hip pathology. It has been suggested that this
hypertrophy of the gluteus medius in the early stages of hip pathology may be the result of increases
in relative hip adduction, and also that different responses of the three fascially different layers of
the gluteus medius muscle to hip joint pathology might warrant further investigation (Grimaldi et al.,
2009z).

During hip extension, when gluteal force is decreased, modelling suggests that an increased anterior
hip joint force will be present. Likewise, anterior hip joint force is expected to increase with
decreased activation of the iliopsoas during hip flexion (Lewis, Sahrmann & Maran, 2007).
Accordingly, the correction of a movement pattern that involves delayed gluteal muscle activation
during hip extension is recommended to reduce stress to the anterior hip {Lewis & Sahrmann, 2009),
and it would be follow that assessment of iliopsoas muscle function would be warranted in football
players with hip pain. It has also been suggested that when assessing and rehabilitating the lateral
stability mechanism of the hips and pelvis three anatomical layers should be considered. The upper
gluteus maximus and TFL, along with their attachments to the iliotibial band make up the superficial
layer. The intermediate layer consists of the piriformis and the gluteus medius, with the gluteus
minimus forming the deepest layer (Grimaldi, 2009c).

Diagnosis and classification of injury to the hips and pelvis

Diagnosis of conditions in the areas of the groin and hips is typically difficult. Conseguently, a
number of systems of classification have been proposed to aid the decision making of clinicians
when managing problems in this area of the body. For example, it has been progosed that groin pain
be classified into one of three broad groupings using a “clinical entity”™ approach: Adductor-
related/osteitis pubis, hernia and lower abdominal, and iliopsoas related pain (Holmich, 2007). This
classification however is challenged by another case series that reported a high prevalence of hip-
related pathology in patients presenting with groin pain (46%), and cases not clearly covered by the
above groupings such as external iliac artery endofibrosis and obturator neuropathy (Bradshaw et
al., 2008).
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Another system of classification, advocated by Sahrmann [2000), involves the diagnosis of
musculozskeletzl pain syndromes zccording to the directions of motion or stress that are
sccompanied by pain. In other words, the name of the =yndrome is the name of the movemsnt or
postursl alignment during which a person experiences pain or during which the motion iz performed
im & suboptimal manner. For example, femoral anterior glide syndrome occurs due to an inzdequate
pasterior glide of the femoral head during hip flexion, presents with groin and generzlised hip pain,
znd can be associated with both iliopsoas tendinopathy and bursitis (Sahrmann, 2000).
Classifications such as these can be useful to guide a therapist in their assessment, manzgement and

clinical decizsion making.

Injury prevention
Screening

Decreased hip adductor strength has been identified 2= occcurring both during and preceding the
anset of groin pain in elite junior Australian football players (Crow, Pearce, Veszle, Coburn & Pizzari,
2009). Thiz supports the suggestion that the onset of pain in the groin may be part of 3 continuum
of pathalogy in casez of pubic overload. It then follows that frequent screening of player adductor
strength might be an effective way of monitoring the responsze of a player to their training load and

sllow for early management of their condition.

Reszearch in professional dancers shows that zltered lumbopelvic movement contral 25 measured an
two movement control tests (knee lift abdominal test and standing bow] are predictive of
musculozskeletal injury [Roussel et al., 2003). Poor lumbopelvic contral has also been identified as
being = key perceived rizk factor for hamstring injury in the Australian football league, along with

sacroiliac joint and pelvic dysfunction [Fizzari et al., 2005].

Initial research suggests that there may be an association between playing sports involving lateral
maovement and the presence of pelvic asymmetry [Bussey, 2010). However, this research was
conducted in women playing laterally dominant sports such as ice hockey and it is uncertzin whether
it could be generalizable to Australizn football. It is known howsver that the size of the pzoas is
increzsed in the dominant kicking leg, while guadratus lumborum size iz greater in the stance leg in
alite Australizn football players [Hides et al., 2010). The importance of addrassing these
asymmetries is still unknown.

Tarzeted exercise

Exercises targeting neuromuscular control of the lumbopelvic region have been suggested for
imclusion in hamstring injury prevention programs for Australian football players (Cameron, Adams,
Maher & Mizsen, 2009). As eccentric hamistring training is known to facilitate a shift in peak force
development to longer musculotendon lengths it is also commonly used as 2 rehabilitative and
preventive measure in this condition {Heiderschit et al., 2010). For example, nordic hamstring
exercizes have been advocated for use in athletes to reduce hamstring injury rizk, possibly by

facilitating = shift in the length of optimal musculzr tension (Mjolsnes, Amaszon & Osthagen, 2004).
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A progressive retraining program for gluteus maximus in a triathlete has been reported to achieve
reduced EMG activation of the hamstrings during terminal swing and the first half of stance phase,
as well 25 improving hip extension strength (Wagner et al., 2010). This approach wsed exercizes and
progressions recommended by Szhrmann [2002). Although only level four evidence, it is possible
that a training program of this type that may reduce the activity of the hamstring muscles during
running gait could prove to be 3 useful tool in reducing the rizk of hamstring cramping and hamstring
strain in Australizn football players. It may also be of value to differentizte between the difference
im function of the upper and lower portions of gluteus maximus. During both walking and stair
climbing for example, the lower portion of gluteus maximus functions as the main hip extensar,
whereas the upper portion functions more like the gluteus medius muscle a= a laterzsl stabilizer

[Lyons, Perry, Gronley, Barnes & Antonelli, 1933).

The development of a ‘stable core’ iz often recommendsd to assist in injury prevention. While the
core is generzlly conzidered to be the lumbo-pelvic complex, stability has been explained 25 a
dynamic state imwhich the body has sufficient stiffness to resist displacement from both internal
and external perturbations, 2nd involves an interplay between movement and stiffness without
being = simple rigidification of the body [Saunders, 2007). Core stability during locomation iz
belisved to be dependent on a high degree of neurormuszcular control of intersegmental shear and
torzion (Saunders, 2007) and the zssessment and retrzining of local spinzal and pelvic stzbilisers to
facilitate thiz may be an important component in an injury prevention strategy at an Australian
foothall club.

Poszturs

Postural education and correction may form an important role in injury prevention of Australian
football players. For example, it has been obzerved that different upright sitting postures result in
different muscle activation in the muscles of the trunk (2'Sullivan et 1., 2008; Reeve & Dilley, 2003).
For this reazon posture should be considered when retraining muscle activation around the trunk,
hipz and pelvis. Biomechanical modelling has 2lso suggested that an exaggerated anterior pelvic tilt
pasture could lead to a predisposition to have an excessively internally rotated hip joint (Neumann,

2010). This may be of importance in players with FAl and reduced hip IR RO,

Management of injury to the hips and pelvis

Exercise prescription to improve muscle sctivation

Exercises to improve muscle onset timing have been used with success in other areas of the body.
Izolated muscle retraining of transversus abdominus sppears effective subjects with low back pain
[Tzao, Galea & Hodges, in-press), wobble-board and other instability trzining methods appear
effective at retraining muscle onset times of the peroneal muscles in functional ankle instability
[Clzark & Burden, 2005; Akhbari, Takamjzni, Salatavi & Sanjari, 2007), and general strengthening with
or without izolated muscle retraining of the WMO appears effective in patellofemoral pain syndrome
[Cowan et al., 2002; Boling et al., 200&8). Currently little is still known about whether any of these
training modes might be effective in retraining muscle onset timing and patterning in conditions of

the hips and pelvis. It has however been demonstrated that both gluteal muscle timing and
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activation can be zltered with verbal cuesz [Lewiz & Sahrmann, 200%) and sbdeminal hollowing
[Chance-Larzen, Littlewood & Garth, 2010; Oh et zl., 2007) during a prene hip extension exercise in
healthy subjects.

Although measures of muscle activation were not recorded, a functionzl rehzabilitstion program for
acute hamstring imjuries, incorporating trunk stabilisstion exercize and agility training, has besn
found to be more effective at reducing injury recurrence that traditional rehabilitation invalving
strengthening and stretching (Sherry & Best, 2004).  Any ‘motor control dysfunction’ identified
following scute hamstring injury has been reported to become s focus of managemeant starting
immediately after the injury had ccourred [Pizzari et al., 2008). Core stability exercises incorporating
real-time witrasound to assess and attempt to improve the functioning of transversus abdominus,
multifidus and the deep hip rotators have also been reported to be currently used in the

rehabilitation of hamstring injuries in the AFL (Pizzari et al., 2009).

Retraining of the tranzversus abdominus taught using real-time ultrasocund has been shown to
correlate with improvements in function and pain in people with low back pain (Ferreirz et al., in-
press), while stabilisation training of multifidus also incorporating real-time ultrasound has been
demonstrated to improve cross-sectional area of multifidus and reductions in pain in elite cricketers
with low back pain when high-resistance exerciss is ceasad [Hides, Stanton, McMzhon, Sims &

Richardson, 2008).

Although the functioning of the transversus abdominus and multifidus have been shown to be
important in spinal and pelvic stability, less is known sbout the role of the deep hip rotators. The
composition of these muscles {large cross-zectional area and short fibre length ) would suggest that
they play a stabilising role for the hips and pelvis (Ward, Winters & Blemker, 2010). Les (1933] also
promotes consideration of the activity of the deep muscles of the hip to assist in the schisvement of

aptimum load transfer betwsaen the spine and the lower limbs.

hiedical and surgicsl mansgement and muscle sctivation

It has been suggested that in cases where deficient stability of the sacroiliac joint has besn
established, then specific exercize programs designed to improve lumbopelvic stability may not be
sufficient to improve pain and function (Cusi et al., 2010). This may be because deficient ligament
strength in the posterior aspect of the joint may not be providing a sufficiently stable baze to permit
zn effective muscle recruitment stratesy (Pool-Goudzwaard, Vieeming, Stoeckart, Snijders & Mens,
1588). Prolotherapy treatment, usually involving an injection of hypertonic dextrose sclution, aims
to induce the proliferation of new cells and encourage the production of dense fibrous tissus to
strengthen incompetent structures at their fibro-osseous junctions (Cusi et zl., 2010). Frolotherapy
imjections into the dorsal interosseous ligament of the sacrailiac joint in combination with exercize
therapy hawve shown positive clinical outcomes for 76% of patients at their 3-month follow up in a
study of 25 patients with sacreiliac joint pain {Cusi et al., 2010). These results contrast with the
results of a controlled trial reporting no difference in effect betwesn prolotherapy and the injection
of normal saline (Yelland, Glasziouw, Bogduk, Schiuter & McKernon, 2004). The application of
prolotherapy during the preseason has also been mentioned as a possible tool in assisting in the

prevention of hamstring strain injuries by improving sacroiliac joint stability (Pizzari et al., 2003).
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Corticosteroid injections have been listed as 2 management option for the treatment of bursitis or
synovitis around the hip. Injectionz of local anzesthetic may al=o be applied to painful structures
zround the hips and pelviz such as the iliclumbar ligament and posterior sacral ligaments (Fricker,
1957).

A guszlitative report into the uze of injections in the manzgement of hamstring imjuries in the
Australian football league reported that the use of epidurals, lumbar facet joint blocks and nerve
root injections are not uncommon where an injured player has concurrent low back issues |Pizzari st
al., 2008). Some clubs also mentioned wsing local anaesthetic injections into trigger points proximal
to the hamstring, and injections into the iliclumbar ligament as reguired. Although local injections
into the hamstrings were avoided by most clubsz, a few clubs reported routine injection of Traumesl.
Traumeel is 3 homeopathic remedy possessing anti-inflammatory and analgesic properties that is
sometimes imjected into the hamstring following a strain. Clubzs differed an whether the injection
went directly into the injury site or into another area of the muszcle, and two clubs reported that
they have stopped using the method as they felt that it “made no difference to recovery or slowed
down rehabilitation™(Pizzari et al., 2008). The effects on these various injection opticns on muscle
activation levels and patterns are currently uncertain, zlthough it might be hypothesized that =
reduction in pain fram an injection could facilitate an improvement in the activation of any muscles
that may have been inhibited by the painful structure.

It iz thiought that in some patients with adductor related groin pain that their pain may emanate
form the adductor enthesis. Where adductor enthesopathy is confirmed on MRI it may be treated
with entheszeal pubic cleft injections. A procedure that has been reported to provide pain relief at
ane year follow-up in competitive athletas with adductor enthesopathy (Schilders et al., 2007).

A recent review into the role of muscle imbalance in sports-related pain and dysfunction outlined
the potential for the uze of intramuscular injections of botulinum toxin (botox) in the sporting
population (Cullen, Boyle, Silbert, Singer & Singer, 2007). This review suggested that as botox
imjections provide short term redwuctions in foczl muscle overactivity, their use in overactive muscles
might facilitate the reactivation of relatively inhibited muzcles and aszist in the restoration of
aptimal maotor patterns (Cullen et al., 2007).

FAl can be managed arthroscopically with 2 variety of procedures available to surgeons. Commonky
the femaoral head and neck are smoothed and any labral lesions repaired or removed [Laude et al.,
2007). Hip arthroscopes have been reported to lead to good success rates in terms of return to
sport in profezsionzl athletes with FAl (Phillippon, Schenker, Briggs & Kuppersmith, 2007) and zre
become increaszingly utilized in Australian football.

Adductor tenotomy refers to 2 surgical procedure where the superficial fibres of the adductor longus
tendon are cut 2-4cm below the tendon insertion that has been shown to have zood cliniczal success,
passibly by transferring tensile stress from the superficial component of the tendon to the deep
portion of the tendon which still remains intact (Orchard, Cook & Halpin, 2004).

Surgical repzir of the abdominzl wall or fasciz near the inguinal ligament may be undertaken in the
mamnagement of athletes considered to have a ‘sports hernia’® or ‘conjoint tendon tear’. It has been
suggested that surgery may lead to more successful outcomes than conservative management in
this condition, which like other diagnoses of groin pain lacks consensus about what specifically
constitutes a diagnosis {Caudill, Nyland, Smith, Yerasimides & Lach, 2002). This condition is less
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frequently dizgnoszed in Australian football players thamn im football players im other codes. |tis
worth notimg that it has been contended that proper evidence does not exist for the theary that 2
sports hernia constitutes a credible explanation for groin pain, and that greater restraint should be
obzerved before surgical intervention (Fredberg & Kiszmeyer-Mielsen, 1938). Another similar
procedure is the inguinzl release. Thisis a laparoscopic procedurs that is combined with a mesh
repair of the posterior abdominal wall that is hypothesized to alleviate grain pain symptoms in
patients with tendernass over the inguinal ligament. One study of 73 consecutive patients
[sportsmen/women) reported that following the procadure patients returmed to full training at twao
to three weeks and 74% considered themselves ‘match-fit' by four wesks. This study also reported
improvements in pain severity, pain frequency and functicnal limitation in the cohort {Mann, Sutton,
Garcez & Lloyd, 2009).

Surgery to the symphysis pubis can also be wndertaken in players diagnosed with osteitis pubis, 2
painful inflammatory process involving the symphysis pubis and surrounding structures. Options
described in the literature include pubic symphysis stabilisation, pubic symphysis curettage and

polypropylens mesh placement into the preperitoneal retropubic space (Choi, McCartney & Best, in-
press).

The reazon why surgiczl and medical intervention including those listed above are effective is
contentious. It has besn suggssted that that the efficacy of many of these treatmeants may often be
attributed to the fact that they buy rehabilitation time, and that coaches and managers may be more
amizble towsards conservative rehabilitation when 2 player has had an ‘exotic’ intervention first
[Cook, 2010). The role that surgery may have in ‘resetting’ = patient's muscle activation pattern has
nat besn investizated, and it is often unfeasible for surgical studies to use =2 contral group to contral

for the effects of time or rehabilitation.

Cther management technigues

Exercize is not the only conservative trestment modality to influence muscle activation. Spinal
mzanipulation has been reported to increase the activity of the intermal and externzl obligue muscles
in people with low back pain, although it do=s not appear to have any effect on the activation ar
timing of onzet of transversus abdominus (Ferreira, Ferreira & Hodges, 2007). The use of a pelvic
belt also appears to slter muscle activation around the pelvis and trunk although actual changes
appear to be inconsistent between individuals (Beales, O Sullivan & Briffa, 2010). Similarly, taping
may also be useful in facilitating changes in muscle activation around the hips and pelvis (McConnell,
2010
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Summary

A high prevalence of injuries around the hips and pelvis continue to be seen in Australian football.
Understanding is growing sbout the role of muscle activation in many of these injuries, slthough a
lack of clear disgnostic criteriz for many of these conditions makes both research and clinical
practice difficult. Asssssment of muscle activation patterns and the prescription of interventions to
improwve them when sppropriate should be considered in both the screening of Australizn footbsll
players and the management of existing injuries. The role of muscle activation in performance

enhancement iz still in preliminary stages and warrants further investigation.
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Case Study

Classic 20 year old elite professional Australian football player with

a grade 1 hamstring muscle strain

* |Increased anterior pelvic tilt

® S5tiff in both hip joints

® ‘Overactive’ hamstrings and ‘underactive glutes’
* S5tiff into ankle dorsiflexion

® Overactive TFL

» Stiff and kyphotic thoracic spine
Case specific questions:
1. What would you do first to prevent future injury?

2. What is worth fixing and what isn't?

3. General thoughts relating to specific rehabilitation?
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Appendix C:

Workshop report for host organisation
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Muscle activation around the hips and pelvis
Workshop report

[ntroduction

Muscle activation arcund the hips and pelvis has been identified as an area of
phy=ziotherapy practice that is advancing rapidly in terms of its clinical
application within an Australian football club. The majority of Australian
football injuries are to this area of the body, and issues with injury incidence and
recurrence may be able 1o be attributed to the development of subeoptimal
muscle activation patierns in football players. Consequently, it was proposed
that a worksheop be conducted at the Cellingwood Football Club to explore the
role of muscle activation around the hips and pelvis in the context of Australian
foothall.

On Monday 9% August, 2010 leaders in the field of physiotherapy met with club
phy=ziotherapists, exercise physiologists and a physician from the Collingwood
football club. A half-day werkshop was undertaken which allowed for the
sharing of ideas and discussion of key peints relating to the worksheop topic,
Details about the organisation, budgeting and a summary of key outcomes from
the workshop are detailed within this report.

Organisation

After brainstorming was undertaken to identify key figures in the field of
phy=ziotherapy with experience relevant to the topic it was decided that within
any potential group of contributors a mix of research and clinical experience was
desirable. 1t was alse decided that a group larger than ten people might dilute
the effectiveness of the group. As six Collingwood staff were listed to attend, this
left up to four places for invited guests,

Dr. Alison Grimaldi was identified as a key researcher on the workshop topic,
having completed her PhD on muscle function around the hips, and was
recruited to attend. Dr. Grimaldi also teaches popular courses on the use of real-
time ultrasound to assess and manage conditions of the hips and pelviz, To
balance Dr. Grimaldi’s research experience, an experienced clinician was
targeted next. Mrs, Leanne Rath is a specialist sports physiotherapist with
experience working with the Australian Ballet and at the Australian Institute of
Sport. Mrs. Rath has also lectured on the hip/pelvic complex over a twelve-year
period and was known to be an innovative thinker on the workshop topic. Mrs.
Rath was also contacted and recruited for the workshop,

A guick scan of potential international contributors found that Dr. Shirley
Sahrmann would be completing 2 naticnal tour in August 2010, Dr, Sahrmann is
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Professor of physical therapy at Washingten University and world renowned for
her work on the classification of movement impairment syndromes around the
hips and pelvis. D, Sahrmann has also supervised a couple of recent papers that
model muscle activation patterns around the hip, Dr. Sahrmann was contacted
and accepted her invitation to attend the workshep as long as the Australian
Physiotherapy Association (APA) was happy for her to attend and the course
fitted into her schedule. Upen contacting the APA, it was agreed that Dr,
EZahrmann's flights could be rescheduled to later in the day on Monday 9% August
to enable her attendance at the workshop. Fortunately, the date for the
workshop alzo coincided with a course that Dr. Grimaldi, whao lives in
Queensland, was presenting in Melbourne, It was agreed that the Collingwood
Football Club weould cover her accommedation for one night to allew her to stay
in Melbourne for the workshop,

Given that none of the invited contributars te the woarkshop had any Australian
football experience it was considered important to recruit an experienced
phy=siotherapist who might be able to shed light on issues specific to Australian
football. Mr, Paul Coburn has ten years experience working at the Richmond
Football Club and has recently co-authored gualitative investigations on the
management af injuries to the grain and hamstrings in Australian football.
Consequently, Mr. Coburn was also recruited to attend the workshop. The list of
imvitees was ratified by Mr. Coburn, and my supervisars Dr. Tania Fizzari and Dr.
David Buttifant.

[ the lead up to the workshep 2 summary of recent literature relating to the
workshop topic was prepared. This summary was designed to familiarize
Collingweood staff with recent developments in research relating to the werkshop
tapic and help them prepare for the workshop, A workshop scheduls was
drafted which weould allow Collingwood staff to take ownership of a small
componsnt of the warkshop and facilitate discussion an a tepie that they
considered to be of importance and interest. For example, given my particular
interest is in exercise prescription, ] had time allocated to ask the invited
contributors about what prescription parameters they use in practice and
facilitate discussion on future directions relating to this topic. The schedule of
the workshop, biographies of presenters, and the literature summary are
contained in a booklet which was provided to all workshep attendees in advance
of the workshop.

Workshop outcomes

The workshop began with each invitee spending twenty minutes speaking about
their current research interests and initial theughts about the topic, Me Coburn
started proceedings by explaining that he had noticed a pattern in the
management aof injuries around the hips and pelvis, Mr. Coburn reported that
since the 1980's a new surgical methad for the treatment of groin or hip pain has
become popular approximately every five vears, and that although theze
treatments all appear to be better than rest alone, none of them offer good long-
term cutcomes, Mre, Coburn suggested that it might be time for sveryone to stop
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following these surgical trends and look at using new conservative management
options such as optimising muscle activation. He also suggested that new
conservative methods of optimising muscle activation may be paramount in the
management of groin and hip injuries. This generated discussion abeut concerns
over a new trend for the use of hip arthrescopy to manage hip impingement, It
was explained that the hip joint has a natural vacuuwm that is important to its
function, and that any arthroscopic technique would break this vacuum seal and
may therafore be detrimental to future hip joint funetion. Also, any removal of
hip labrum might also be detrimental due to its role in helping create a hip joint
negative pressurs,

Dr. Grimaldi led a discussion on the role of the deep lateral stabilisers of the hip
in normal mevement, [n particular the role of gluteus minimus was seen as
important due to its relationship with the joint capsule, and its tendency to
become underactive in the presence of pain, Methods of assessing and
improving the function of gluteus minimus and also the iliacus muscle were
discussed. It was generally agreed that the iliopsoas muscle is a vital compenent
in good hip function and very relevant in Australian foothall, especially given its
role in hip flexion movements such as kicking, Both D, Sahrmann and D,
Grimaldi agreed that this muscle was commonly underactive in conditions such
as hip impingement syndromes and that clients benefited greatly from exercize
that facilitate the improvement of its function.

Dr. Grimaldi also described research that she is currently undertaking on the role
of hip morphology on muscle function, She explained that the angle of the
femaral head and neck can show guite large variability and influence cptimal
length tension relaticnships in the hip rotators, This was considered an
interesting point as it had been observed that players at the Collingwood foothall
club run with their hips in an externally rotated position yet remain
asymptomatie. Dr. Grimaldi suggested that due to variability in hip merphology
this position can actually be the neutral position in some people and the one
where they may get optimal muscle activation. The implication of this
suggestion was that caution should be employed when changing a player’'s hip
range of movement or running gait, particularly if they are asymptomatic.

Dr. Sahrmann presented information about her approach to classifying commen
patterns of hip dysfunction and also one particular management technique that
she considered to be useful for the management of anterior hip impingement.
Dr. Sahrmann alse explained that she believes that problems and pain around
the hips and pelvis are the result of poor movement, as opposed to other schools
of thought which suggest that poor movemeant patterns genarally result firom
pain or pathelogy. D, Sahrmann also described recent research fromm her
university that found that inereased hip hyperextension during movemeant can
put increazed stress on the anterior structures of the hip jeint. For example, she
suggested that a 2° gverstriding in hip extension during walking correlated with
a 20% increase in anterior hip joint force, It was extrapelated from this that
players who overstride during running are likely to receive large forces to the
structures of their anterior hip joint.
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The next topic considered in the workshop was a guided discussion about
exercise prescription in improving muscle activation around the hips and pelvis,
Dr. Grimaldi explained that ance she has identified an underactive muscle she
Egets a client to perform 5-10 second isolated and isometric holds of that muscle,
She continues these halds until their quality of activation starts to deteriorate.
She encourages clients to practice this exercize dosage up o five times a day
until good activation is achieved. The next phaze of her management involves
the incorporation of the iselated muscle activation into functional movemeants,
Dir. Grimaldi also raised the importance of exercising specific to muscle fibre
type, For example, doing long endurance holds at low loads for muscles with
predominately type I fibres, and guick and strong movemsnts to train muscles
with predominately type 1 muscle fibres.

Dr, Sahrmann uses a very different approach to exercise which involves the
inducement of a hypertrephic response within a lengthened muscle to allow it ta
rest at a shorter length and thereby facilitate the return to an improved posture
and movement pattern. Dr. Sahrmann uses a strength/hypertrophy dosage to
achieve this. Dr. Sahrmann also believes it is important to not get too caught up
in izolated muscle function as she considers the whole movement itself to be
what is important and net the specific activation level of a single muscle.
Although Dr. Grimaldi and Mr, Coburn agreed that the performance ofa
moavement might be able to be restored by changing muscle balance, they both
expressed concern that when a movement is performed without the use of deep
pastural museles, simply practicing the movement may reinforce the
dysfunctional muscle activation pattern that is already present.

Dr. Sahrmann alse spoke about the importance of variability in muscle
recruitment patterns. She explained that muscles do not normally fire in exactly
the same way evary time and it therefore does not make sense to train one
specific activation pattern, [twas generally agreed however that the literature
was particularly lacking in its reporting of normal muscle activation patterns
around the hips and pelvis and that the collection of this information was an
important step in the management of conditions of the hips and pelvis,

The potential role of muscle activation exercise during a team's preparation for
an Australian football mateh or training session was discussed next. There wers
specific raparts of the use of valuntary isclated muscle exercise targeting the
gluteus maximus in conjunction with low load prone hip extension exercises in
warm-up protocols for both hamstring injury rehabilitation and hamstring injury
prevention, It was proposed that playvers perform izometric holds of important
deep stabilising muscles around the hips and pelvis during their warm-up
routine, The idea was generally approved of in theory by the invited
contributors, although the number of repetitions required to achieve the desired
effect without crearing fatizue of a player’'s deep muscle system was gueried. Dr.
Grimaldi suggested that as few as five repetitions might be appropriate, while
Mr. Coburn and members of the Collingwood staff were more confident that a
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player may be able to perform higher repetitions of isolated muscle exercise
without creating fatigue. The importance of quality of exercize was also stressed
as the performance of these exercises with incorrect technigue might reinforce
poor patterns of movement and have adverse effects on injury risk and
performance.

The invited guests were next challenged to identify future directions relating to
the topic and suggest what they would be consider worthy of investment over
the next few years, Mr. Coburn spoke about methods of lead monitoring and
ways of identifyring that a player is not coping with their training load as he
considers these to be parameunt to injury prevention. Mr. Coburn also made
reference to the idea that injuries te the hips and pelvis may often be the result
of an imbalance betwean pelvic stress from training load and pelvic integrity. It
was generally agreed that due to the complexity of the pelvic ring it was rave to
get any one problem in this area in izolation and any approeach which offered the
opportunity to prevent a disruption to the optimal function ef any of these
structures was a good idea,

Dir, Grimaldi also made suggestions relating to the use of technelogy in the
assessment and retraining of muscle activation and jeint posture, She
encouraged the use of real time ultrasound to assess muscle function, in
particular as computer programs are being developed to offer opportunities to
assess muscle onset timing using this device, She also described the use of a
strain gauge that can be worn during daily activities that provides feedback to
players about their posture. This could be useful as uneven postures can lead to
alterad lengrh tension relationships in musecles around the hips and pelvis. For
example, standing with one side in hip adduction will. due the force of gravity
during the day, strengthen the adductor muscle in this pesiton so that its length-
tension curve will shift which might create a muscular imbalance between sides.
Dr. Sahrmann also suppeorts this idea in terms of creating increased passive
tension on cne side and thereby influencing movement patterns., D, Grimald:
also suggested that the development of a reliable and sensitive test may be useful
in sereening players who needed clozer attention to the activity of the muscles
around their hips and pelvis. She cffered the example of the Star Balance Test
which is a test that can be used to assess hip and pelvic control in a functicnal
position.

The role of surgery and medical management eptions in inhibiting muscle
activity was discussed next. [t was suggested that the inhibition of overactive
muscles may be as important in restoring good movement patterns and muscla
function as increasing the activity of the underactive muscles, Treatment
techniques with a role in reducing superficial muscle overactivigy were
discussed, such as botox, dry needling, and surgical technigues which invelve the
cutting of superficial structures, such as in adductor tenctomsy. 1t was generally
agreed that these techniques were of more value than simply providing time for
conservative management techniques, but were also only of value when
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coinciding with conservative management that encouraged a return to a2 normal
muscle activation and movement pattern.

The workshop concluded with the presentation of a case study which invitees
were encouraged to comment on. The case presentation is included in the
workshop booklet and described the physical characteristics of a typical
Aunstralian Feotball player. It was agreed that it was difficult to know what to do
first weith this player without assessing them in person. Dr, Grimaldi howeaver
sugegested that she would address postural awareness as a first point of call,
followed by isolated muscle assessment and treatment as needed. Other

invitees suggested performing gait analysis and described the need to watch how

the player moved before making any further decisions about their management.

Key ideas to be considered for introduction by Collingwood Foothall Club:

# The increased use of real time ultrasound to assess and train the muscles
around the hips and pelvis, in particular the gluteus minimus muscle,

* Anincreased awareness of the importance of the iliopsoas muscle in
allowing optimal hip movement and preventing the development of
impingement syndromes,

# Caution should be exercised when attempting to change an asymptomatic

players hip range of movemeant or hip pesitien when running as their
particular movement pattern may actually be optimal for their individual
hip morphology.

# Overstriding during running can place increased stress on the anteriar
hip joint and benefit may be gained from addressing this technique fault
in players with or without hip impingement.

& [solated muscle activation exercise of key muscles arcund the hips and

pelvizs may be able to be introduced into warm-up routines before football
matches and training sessions cnce guality of exercise can be assured, and

an appropriate exercise prascription agreed upomn.

# The consideration of the Star Balance Test for inclusion in player
sCTEEning protocols.

# Increased caution when sending a player for arthroscepic hip surgery in
the light ef potential implication of a broken vacuum within the hip joint.

# The use of a strain gauge to measure pelvic and hip positien threughout
the day, Possibly with auditory feedback,
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Conclusion:

Aworkshop on the topic “muscle activation around the hips and pelvis in the
context of Australian foetball” was conducted at the Collingwood Feotball Club.
The workshop ran smocthly and to plan. The workshop attendees are expected
to all have gained ideas and knowledze relating to the topic, and some key ideas
are proposed for introduction at the Collingweood Football Clulk,
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LA TROBE

Facully of Health Sclences
UNIVERSITY

Infermation Form

Project title: The motor patterning of the hamstrings and ghuteus masdmus in Australian footbsll players following injury: s it
sltered and can it be changed?

Who are the researchers?
Dr. Tania Pizzari
o Physiotherspist
o Lecturer, School of Physiotherapy, La Trobe University (supenvisor)

Nir. Justin Crow
o Physiotherapist and Exercise Physiclogist
o Professional Doctorate student, School of Phiysictherspy, La Trobe university

What is this study about?
This progect sims to determine whether muscle patterning of the glutesl and hamsiring muscles is altered following injury in
elite Australian football players, and whether a smple low-level exercise program can changs i

Why am | being ashked to be in this project?
Wi are asking you to take part in this project because you perticipate in Ausiralan Football at the elite level. Paricipation in
this project i= on a woluntary basis.

What does the project invelve?
The project involves attending two testing sessions during the pre-season where the muscle activation pattern of your gluteal
and hamstring muscles will be assessed using surface electromyography durng twe mowvemsents:

o Prone hip extension: During this mowement you will be asked to lie on your front and it your knee up while keeping

your kg siraight.
o Box step-up: During this mowvement you will be asked to step up and owver a small bo:

Testing is non-imvasive and your musche pattern will be measwred by electrodes that will be taped to your skin using hypo-
sllergenic tape. The testing protocol will be conducted in a laboratory st La Trobe University and is expected to take up to half
an hour of your ime. Upon consenting to participate in the study you will also be asked to complete a short quesfionnaire
detailing basic demographic information.

Faollowing the initial testing sessions your club physictherapist will be contacted on & weeldy basis o determine if any injuries
hawve cccurmred. I you sustain & hamstring injury, ankle sprain ingury or an episode of low back pain over either the 2012 pre-
season, or 2012 football season you may be requested by the researchers to aftend the laboratory within 4-10 days of the
injury to re-test your muscle patterning using the protocol cutiined above.

Im addition to the tesfing protocol, at the post-mjury session you will also be taught a simple exercise program incorporating
izolated muscle activation. Immedistely after which you will be re-tested once more to establish whether the exercise has
altered your muscle patteming. Meither the testing protocol or the exercise program are expected to be in any way painful or
defrimental to your infury and hawe been designed so that this is the case. Neverheless if amy movemsant or position is
painful then testing or exercise will cease. You will also hawve the opportunity fo withdraw from the study at any time without
conseguence. The post-njury session is expected to take an hour of your fime.

What are the benefits of participating?

“our participation will assist in determining whether muscle patterning is akered following injury in elite Australian football
players, and whether a simple exercise program can alber it. This knowledge may lead fo better prevention and manasgement
of hamsiring injuries in Australian Football.

What are the rishs of the study?

The risks imvobved in this study are minimal due to the testing and exercise protocols using minimal force and speed and
being conducted in the presence of experienced physiotherapists using a safe and reliable procedurs.
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What happens te the results?

Results from your assessment and testing procedures will be kept confidential. The results of your testing procedures will be
entered into a computer uh'lisi'rda number system so that no-one will be able to dentify you. Only Dr. Pizzar and Mg Crow
will have acoess fo this information. During the projact the hard copy of questionnaire results will be kept in a locked filing
cabinet in the office of Or Pizzan. At the conclusion of the project, these resulis will be archived in a locked archive room at La
Trobe University., School of Physictheragy.

The results of the project will sppear in a thesis to be written by Mr. Justin Crow, in joumnal publications, and in presentstions
at conferences, but you will not be able to be identified in any of these repors.

Can | withdraw from the study®

Parficipation in this research project is voluntary and therefore you are not obliged to take part. You are also free to withdraw
from the projact at any stage i you change your mind. If you choose not to paricipate. or withdraw from the project at a later
=stage, there will be no conseguences or penaltes for this decision.

In addition, you can withdraw consent for your data to be used up to four weeks following the completion of your participation.
In this case. you are asked to complete the “Withdrawsal of Consent Form™ or fo nofify one of the reseanchers by e-mail or
tefephone.

Whe can | contact if | have any questions?
Any further question you may have regarding this project may be directed to the Senior Investigator, Dr. Tania Pizzan, School
of Physiotherapy, La Trobe University, on the telephone number (03) 8479 5872,

If you hawve any complaints or gueries that the imwestigator has not been able to answer to your satisfaction, you may contact
the Secretary, Faculty Human Ethics Committes, Faculty of Heslth Sciences, La Trobe University, Victoria, 3086 (ph: (03)
B478-2357, e-maeil: n.mecdonald@lstrobe. edu su).

What do | do now?
If you decide that you would like to participate in this research study then you are encouraged to contact Dr. Tania Fizzan at
the School of Physiotherapy on (03) 9478 5872 and advise her that you wish to paricipate in the shady.
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"'-' LA TROBE Faculty of Health Sciences

UNIVERSITY

Consent farm
Project titke: The motor patberning of the hamstrings and gluteus maximus in Australisn football players following injury: ks it
altered and can it be changed?

Staternent of Agreement - Participant's Copy

P hewve read and understood the information abowve and any guestions | have asked
hawe besn answered o my satisfaction. | agree to paricipate in this project. realizing theat we may withdrew at any ime and
withdraw consent for my dats to be used up to fowr wesks following completion of participation. | agree that research data
collected during the project may be ncluded in a thesis, presented at conferences and published in joumals, on condition that
neither my name nor any other identifying information is used.

NAME CF FARTICIPANT (in block letters). ...

SgMELUIES L. eeeeen DEEET
SEMICR INVESTIGATOR (in block letters): DR. TAMIA PIZZARI
Sigmebure: e, DiEBET
RESEARCHER (in block letters): ME. JUSTIM CROW
Sigmabure: o Dates ..
Wl (B Bandipe g ANl w e L i L i e Biacr i 5M
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Consent ferm
Project fitke: The motor patterning of the hamstrings and glufeus maximus in Australian footbell players following injury: ks it
sltered and can it be changed?

Staternent of Agreement - Investigators' Copy

L e, have read and understood the information abowve and any questions | have asked
hawve been answered to my satisfaction. | agree to paricipate in this project. realizing that we may withdraw at any time and
withdraw consent for my data to be used up to four weeks following completion of participation. | agree thet research data
collect=d during the project may be included in a thesis, presented at conferences and published n joumnals, on condition that
neither my name nor any other identifying information is used.

MAME OF PARTICIPANT {in block letters)... ...

Sigmebure: .. Dater
SEMICH INVESTIGATOR (in block ketters): DFR. TAMIA PIZZARI]
Sigmabure: .. DEbE
RESEARCHER (in block letters): ME. JUSTIN CROW
Sigmabure: . Dater ..
CAl=T i Bl Iy o L i W i um Bty M
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THE MOTOR PATTERNING OF THE HAMSTRINGS AND GLUTELS MAIMUS IN AUSTRALIAN FOOTBALL PLAYERS FOLLOWING INJURY: I3
IT ALTERED AND CAN IT BE CHANGED?

Please complete the following information and bring with youw to your initial testing session.

MName:

DOE: I I

Weight:

Number of years on an AFL list

Are you on any medication? YESINO

Please List:

INJURY HISTORY: (Please circle)
Have you ever had hamstring or hamstring tendon surgery? YES I ND

Do you currently have any injuries that are preventing you from completing allof wour prescribed fraining
sessions? YESINO

Please provide detail:

Have you ever had a hamistring strain injury that caused you to miss a match or training session due to the injury?
YES/NO

If yes, please detail which side and in which year each injury cccurred:
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Have you ever had an ankle sprain injury that caused you to miss a match or training session due to the injury?
YES/NO

If yes, please detail which side and in which year each injury cccurred:

Have you ever had an episode of low back pain that has caused you to miss a match or training session due to the
injury? YESIND

If yes, please detail which side (if applicable) and in which year each injury occurmed:
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Name:

ID Number: GPS: Control / Rx
Date: Time: Wind: Temp:
Item Record

Preparation

Sign indemnity form

Baggy shorts on

GPS and vest on

Electrode sites prepared: shave, sand, swab

Electrode placements: GMax

Electrode placements: Biceps femoris

Electrode placements: Medial HS

Footswitches inserted: big toe, MTPJ and heel

Warm-up: 200m, 100@60%, 100@70%, 100@80%,
100@gradual build to 90%

Testing

40:20:40 Trial 1

40:20:40 Trial 2

40:20:40 Trial 3

40:20:40 Trial 4

40:20:40 Trial 5

Intervention

Intervention (Control): 'Walking x 6 min

Intervention (Rx): Prone - neutral spine

10 x 10 sec Gmax squeezes L+ R

1x10reps Gmax PHEL+R

Testing

40:20:40 Trial 1

40:20:40 Trial 2

40:20:40 Trial 3

40:20:40 Trial 4

40:20:40 Trial 5

Post-testing

Take off electrodes and footswitches
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Predicting ratings of perceived exertion in
Australian football players: methods for live

estimation

Carey, D. L', Ong, K°, Morris, M. E., Crow, J* ', Crossley, & M*
'La Trobe Sport and Exercise Medicine Research Cenire, College of Science, Health and

Engineering, La Trobe University, Melbowmne, Ausiralia

‘548 Analytics Inmovation Lab, La Trobe Business School, La Trobe University, Melbowrne,

Australia
‘Essendon Football Club, Melbowrns, dusiralia

Abstract

The ability of machme learmming technigques to predict athlete ratings of perceived
exeriicn (FPE) was mvestigated i professional Australian football players. EFE
15 commonly nsed to quantifying internal training loads and manage njury nisk n
team sports. Data from global positoning systems, heart-rate monitors,
accelerometers and wellness questionnaires were recorded for each fraimng
session (p=3392) from 45 professional Australian football players acress a full
season. A vanefy of modelling approaches were considered to imwestigate the
ability of objective data to p]'&dm EPE. Models were compared using nested
cross validation and root mean square emror (FMSE) on RPE predjm:lms A
random forest model using player normalised nunning and heart rate variables
provided the most accurate predictions (RMSE = 5D = 056 £ 0.08 au). A
simplification of the mu-:lel using only total distance, distance covered at speeds
between 18-24 km'h™, and the pmdm:t of total distance and mean speed provided
similarly accurate PIEdlChD]]E (PMSE + 5D = 1.09 = 0.05 au), suggesting that
nmﬂjng distances and speeds are the strongest predictors of FPE in Australian
football players. The ability of non-linear machine leaming models to accurately
predict athlete RPE has applications in live player monitoring and training load

planning.
EEYWORDS: GPS, FPE, MACHINE LEAFNING, TRAINING LOAD
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Introduction

A rating of perceived exertion (FPE) 15 a subjective numernical value reported by an athlege
following physical activity (Foster et al., 2001). The rating represents the perceived amount of
effort expenienced by the athlete, from rest fo maximal exertion. In team sport environments, it
1s common practice to quanfify mmternal training load using a global FPE value reported post
traiming multiplied by the session duration (session-BPE) (Clarke, Farthing, Noms, Amold, &
Lanovaz, 2013; Impellizzeri, Fampmini, Coutts, Sassi, & Marcora, 2004; Eitchie, Hoplins,
Buchheit, Cordy, & Bartlett, 2013). Session-FPE traming load data is useful in monitoring
athlete injury nisk (Gabbett, 2010; Gabbett & Jenkns, 2011; Rogalski, Dawson, Heasman &
Gabhbett, 2013), perceived fatigue and performance (Saw, Mamn, & Gastin, 2016). In light of
these multiple applications, it can be desirable for plysical preparation staff to have a level of
control over the amount of EPE-bazed load that athletes expenence.

As RPE data 1s collected from athletes post-fraiming. it is difficult to confidently mtegrate into
future planning protocols. A predictive model may enable FPE-based training load planming to
be based on more confrollable external raming load parameters such as duration, distance, and
speed. With the growing adoption of athlete momtoring technology and live data capture
within professional team sport (Cummuns, Orr, O'Connor, & West, 2013} live estimates of
RPE may be possible, enabling training sessions to be extended, restncted or modified in order
to elicit a desired FPE response. For example if framing load lnmts are prescibed using
session-FPE, the data stream from athlete monitors will enable a live on-going FPE forecast as
the session progresses, thus reducing the chances of exceeding thresholds and placing the
athletes at higher risk of injury (Gabbett, 2010; Rogalski et al.. 2013). Similarly, if coaching
staff are attempting to structure traming at a specific exertion level, a live estimate of ntemal
training loads could provide immediate feedback on how close the session is tracking to target.
An accurate predictive model may also serve a more pragmatic purpose by allowing nussing

data values to be imputed on the rare occasions when circumstances prevent the cellection of
RFE.

Moderate fo strong relafonships between athlete FPE and heart rate have been reported m
previous studies (Bomesen & Lambert, 200%; Clarke et al, 2013; Impellizzen et al, 2004;
Eelly, Strudwick, Atkinson, Dmst, & Gregson, 2016; Lovell, Sirotic, Impellizzen, & Coutts,
2013; Micolo, Marcora, & Sacchetti, 2013). Respiratory frequency (MNicold et al, 2015),
numming distance and speed (Bartlett, O'Conner, Pitchford, Tomes-Fonda & Fobertson, 2014;
T. Gallo, Cormack, Gabbett, Williams, & Lorenzen, 2013; Gandine et al., 2015; Lovell et al..
2013), accelerations and collizions (T. Gallo et al., 2013; Gandino et al_, 2013; Lowvell et al .
2013}, wellness ratings (T. F. Gallo, Cormack, Gabbett, & Lorenzen, 2016), playing position,
and expenence (1. Gallo et al., 2015) have also shown associations with FPE. Accounting for
different mmdividual responses to external raming stmmlus has been shown to moprove the
accuracy of BPE predictions (Bartlett et al., 2016). These results suggest that a predictive
modelling approach incorporatng mmltiple fraiming wvarables and a consideration of
mdividualised responses may enable accurate FPE predictions.

The purpose of this study was to inwvestigate the accuracy of predictive models for EPE m
Anstralian football players using data typically collected duning traiming sessions. It extended
previous research by Bartlett et al (Bartlett et al., 2015) by considering a larger set of predictor
variables, alternate modelling approaches and different ways of accounting for individualised
responses to training stimulus. Out of sample error estimates were used to evaluate predictive
models to prevent overfitting and optimistic error estimates from resubstifution (Hawkins,
2004, Thus providing a robust assessment of the ability of these technigques to generalize to a
live prediction environment.
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Methods

FPE and training load data were collected in all field-based tramning sessions from a team of
professional Australian football players over a single season. These sessions represented
occasions when live data caphire was used Multiple predictor vanables and modellmg
approaches were considered and evaluated on their ability to predict BPE data.

Subjects

Data were collected from 45 male Aunstralian football plavers (mean = 5D: 238 = 4.3 yr, 183.1
= 6.6 cm, 85.7 = 8.2 kg) comprising the entire semior list at a professional club. Consent was
recerved from the club for the analysis of de-identified traming data. The La Trobe Umiversity
Faculty of Health Sciences Human Ethies Commuttee (FHEC14/233) approved the project.

Dara Collection

FPE were collected from the cohort over a penod of one competitive season (2013) using the
Borg CR.10 scale modified by Foster et al. (Foster et al_, 2001). This scale has previously been
employed in studies examining training loads and injury nsk in team sport athletes (Gabbett,
2010; Rogalski et al., 2013). All players were experienced in using the scale and ratings were
recorded within 30 minutes of the completion of tramng. Each player reported a single
exertion rating after each field trammg session. Field trammng sessions mcluded shall,
mndmamng and match simulation sessions. No data from competiive matches or resistance
training were included in the analyses.

Player physical movements and physiclogical responses were recorded from mmmercmlh
avallable 10 Hz GPS devices that mcmpnrated 10 Hz tm-axial accelerometers {Catapult
Optimeye $5) and heart rate monitors (Polar® T31) throughout each training session. Each
player wore the same device throughout the season and the club performance analyst collected
all data. The technology used had been validated as an athlete monitoring tool in Australian
football (Boyd, Ball, & Aughey, 2011; Fampinini et al, 2015; Varley, Fairweather, &
Amgheyl, 2012). Addibonally, plawrs reported wel.lness rallugs usimg a custormsed
questionnaire in the moming pricr to each trammng session. The questions asked players about
their levels of fafigue, motivation and soreness. These values were mcluded m the analyses as
there is evidence suggesting that athlete wellness levels can influence subsequent FPE data (T.
F. Gallo et al., 2016). A descrption of the vaniables collected is presented in Table 1.

Modelling Approach

In this study the task of predicting athlete RPE was treated as a supervised machine learming
problem (James, Witten, Hastie, & Tibshirani, 2013). For each umigue player traming session
(i) a set of predictor vamables (x;) was observed (Table 1) and an outcome label (y) was
recorded, the athlete RPE. A supervised machine leaming approach seeks to find a relationship
between the predictor vaniables and cutcome labels, enabling prediction of imknown outcomes
given new data. In this context, new data may be coming m the form of live sensor data from
players during training sessions. Two predictive modelling approaches were considered,
regression and classification.
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Table 1. Pradictor varizhlas

Category Variable Description
DCmradon Sescion dme (min)
— Dristancs Total distance (m) sbove 3 km-b™'
— Vel zopes 1.7 Distance covered (m) in velocity zomes: 3-7, 7-12, 12-18, 18-24,
2427, 27-20 & 2040 km-br
Time (min) spent in heart rate zones: 50-80, §0-70, T0-80, 80-
e = 85, 85-00, 90-95 & 05-105% of max hasrt rate
Acceleranons (High/Mad Tow) HMumber of acceleratons in zoaes: 1.5-3, 34 & 4-Sm-s~
. . Sum of igh infensity accelerations., decelerations and changes
Acceleration Explosive efforts of direction
Effort zomes 1-3 Mumber of times entering into velocity zones 37
Player load Player load Magmimde of rate of change of acceleration (Boyd et al., 2011)
Fatizme 1-10 rating
Smess 1-10 rating
Wellness Motivadon 1-10 rating
Mean ratng of body part sorensss (hamsmings, quadriceps,
General soreness evoins, calves, lowsr back)
Maan spaed Distance / duration (m-prin™y
Vel zone 4% Vel zone 4 / distance
Vel zone 5% Vel zone 5-6 / distamce
Player load per mimmte Flayer load / durzton
Derived el zomes 1-7 per minate Dristance in each velocity zone | duration
. Explosive efforts per mime Explosive efforts / duration
Explosive efforts per mefre Explosive efforts | distance
Drctance-load Dhistance = mean speed
TEIVP per mefre Edwards TRIMP (Edwards, 1993) / distance
Player load per TEIVMP Flayer load / TEIMP
Total accelerations Sum of all accelerations, decelerations snd changes of direction

Regression models

The regression approach treated the FPE response (y) as a continuous real-valued number.
This appmarh reflected that players were not restricted to mteger responses when reporting
their EPE. Models were ult using B (B Core Team, 2014) and the CARET package (Fuhn,
2008), the regression models considered were:

Linear regression
Multivanate Adaptive Fegression Splines (MARS) (Milbormow, 2012)

Fandom forests (Liaw & Wiener, 2002)

Suppert vector regression (SVM) with Gaussian kemel (Karatzoglow, Smola, Horml:,

& Zeileis, 2004)
» Newal networks (single hudden layer feedforward with sigmodd activation fimetion)
(Venables & Ripley, 2002)

Linear regression provided a baseline test for predictive accuracy and has been employved by
other studies on BPE and training data (Lovell et al, 2013). MARS, random forest, SWM and
neural network models were chosen to compare with a linear model as they are able to account
for non-linear relationships (Kubn & Johnson 2013). Neural networks were trained using
backpropagation and the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algonthm to optimise
weights (Venables & PRipley, 2002). Support vector regression with linear and polynomual
kemels was also considered but not included in final model companisons. The linear kemel
method gave accuracy similar to ordinary linear regression and a polynomial kemnel improved
accuracy but was outperformed by a Gaussian kemel
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For each model three different data pre-processing protocels (B1, B2, B3] were considered.

# Rl: Scale each predictor variable by subtracting the mean and dividing the standard
deviation (calculated from pooled player data).

# R3J: Scale each predictor vaniable for each player using means and standard deviations
calculated from each player’s mdividual data. This approach prevented the use of
wellness features as some players exlubited zero vanance mn these vanables.

# R3: Scale FPE outcomes as well as predictors for each player. Predictions were then
transformed back to the original scale before evaluating results. Similar to protocel
B2 this approach prevented the use of wellness variables as features.

For all scaling protocols, means and standard deviations were calculated from the training data
set and applied to the testing data before calculating emor metrics. Scaling the data by each
player’s specific mean and standard deviation (protocol B2 and F3) was performed m order to
try and account for the individual effects of age, experience, and fimess on FPE walues
(Bartlett et al., 2016; T. Gallo et al., 2015).

Classification models

The classification approach freated the EPE response as a discrete categorical vamable.
Although players were not resimcted in what they could report, an examimation of the data
showed that the majonty of outcome labels given were mteger or halfinteger values. The
classification models considered were;

Eandom forests (Liaw & Wiener, 2002)

Support vector machines (Gaussian kemel) (Karatzoglou et al., 2004)

Waive Bayes (Weihs, Ligges, Lusbke, & Raabe, 2005)

5.0 decision miles (Kuhn, Weston, Coulter, Culp, & CQuinlan, 2014)

WNewral networks (single hidden layer feedforward with sigmeid activation fimetiomn)
{(Venables & Ripley, 2002)

& Ordered logistic regression (Venables & Papley, 2002)

For each model three different data preparation protecols (C1, C2, C3) were considered.

# C1: Scale predictor variables by substracting the mean and dividing by the standard
deviation calculated from each plaver's individual data and restrict EPE to {1, 2
10} (10 classes). This restriction cansed a loss of traiming data when the cutcome label
was non-infeger, however due to the relative ranty of these events model performance
was not sigmficantly negatively mpacted.

= [2: Scale predictor vanables usi.ug the pu-:uled mean and standard deviation and allow
EPEm {1, ..., 10} or {45, 5.3, 6.5, 7.5, 8.5} (15 classes) to incorporate the most
commonly repm‘ted non-integer values.

» [3: Scale predictor vanables using the pooled mean and standard deviation and allow
FPEm {1, 2, ..., 10} (10 classes). Non-integer predictions were then generated by

ining the model probabilities for each of the 10 classes and employing the rule;

if the largest predicted class probability = 0.5 then retum the mean of the two most
probable classes (eg. if a tra.ulmg session was predicted to have an FPE of § with
probability 0.45 and FPE of 7 with probability 0.4 then retum an BPE of 6.5),
otherwise retum the most probable class.
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Feature sets

To investigate which fraining variables best predicted EPE values, seven combinations of
predictor vaniables were tested for each modelling and data pre-processing approach (Table 2).
The selected predictors were chosen to reflect findings from previous studies that heart rate,
nmning distances and speeds, accelerations and wellness ratings mmpact athlete EPE (Bartlett
etal, 2016; Bormresen & Lambert, 2008; Clarke etal. 2013; T. Gallo et al., 2015; T. F. Gallo et
al, 2016; Gandine et al., 2015; Impellizzen et al., 2004; Lovell et al., 2013; Nicolo et al.,
2015). The combmations were chosen to inveshgate the relative predictive ability of different
vanable categories when used alone and together.

Table 2. Feature sats for predictive modsls

Feature set Categories

Funming + Player Load
Accelsrations
Denved meirics
Heart rate
Funming + Denved memics + Player Load
Pamming + Derived meirics + Heart rate + Player Load
All vareablas

-1 & Lh da W Bd e

Model evaluation

Mested cross validation was used to evaluate the accuracy of each predictive model (10-fold
outer cross validation) and to hme mode] parameters (3- fold inner cross validation) (Varma &
Simen, 2006). The samphng for the mner and outer folds was not stratified by player identity.
This approach was taken to ensure that models were bemg evalvated on out-of-sample
predictions, giving a realistic estimation how well they will generalise to new data (Hawldins,
2004; Varma & Simon, 2008). Predictive accuracy of each model was assessed using the root
mean square error (Equation 1).

i —v)? (1)
\ n
Where #; is the predicted EPE, y; is the observed FPE, and n is the mumber of observations.

BMSE measures the mean difference between predicted values and actual values, giving an
mdication of how reliable the model will be when deployed. Smaller EMSE values mdicate

better predictive acouracy.

MModel parameters were tumed during the inmer cross validation leop using a gnd search
mplemented by the CARET package in B (Euhn, 2008). The values considered for each
model were;

RMSE =

s Newral networks: number hidden nodes = {1, 3,3, 7, 9, 11, 13, 15} and weight decay
= {0, 0.0001, 0.1}.

s SVM: regulansation parametﬁr— {025, 0.5, 1.0} and inverse kemel width
automueally chosen using the kemnlab Rpackage (Karatzoglon et al_, 2004).

= PRandom forests: mumber of trees = 500 and munber of randomly selected vanables at
each node= {2, 6, 10}.
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«  MAFRS: maxinmm mumber of model terms = {2, 8, 10} and maxinmm degree of
interaction = 1.
& C5.0mles: number of boosting iterations = {1, 10, 20}.

Results

There were 3398 observations of athlete FPE which were recorded from 435 players dunng the
season considered from on-field football raiming sessions. The median mumber of records per
player was 76 (range 28-100). The vanation m player record numbers reflected the different
levels of traming mtermuption cansed by player mpumes. The median FPE reported was 6
(ramge 0.3-10) suggesting that trammg plans mcorporated a range of intensity levels
throughout the season.

Regression models

Figure 1 shows the mean and standard deviation of FMSE for each tested regression model.
The best performing regression model (RMSE = SD = 0.96 = 0.08 an) was a random forest
using player normalised running, heart rate and denived metrics as predictors (set 6) and player
normalised EPE as the outcome label (protocel B.3).

Data pre-processing pretocols Bl and B3 gave sinmlar performance ocutcomes, and both
showed consistently better predictions than those using protocel B2, This suggests that if
predictive features are to be scaled by each mdividual player identity, 1t 15 mmportant to also
scale the BPE outcomes. This makes inhufive sense since BPE 13 a subjective value that 1s
likely to have some dependence on player 1dentity.

Models trained using only acceleration data (feature set I} or heart rate data (set 4) gave
significantly poorer predictions than other methods. Improved accuracy was observed with the
meclusion of more information to the models (feature sets 3-7). This result indicates that
nmning distances and speeds are the strongest predictors of athlete FPE in Australian foothall
players. It also highlights that metrics derived from distances and speeds cannot fully explain
the vanance in EPE and that predictions can be mproved by mcluding heart rate and wellness
variables.

For each pre-processing protocol and feature set pair, some common trends were seen in the
performance of each machine learning algonthm. Fandom forests consistently gave the best
FMSE values, followed by support vector machines (SVM) and neural networks in most cases,
whilst linear regression was generally the worst performing method. This result suggests that
there i1s complexity within the relationship between objective fraining measurements and
athlete FPE that is better captured by more powerfil machine leaming models than ordinary
linear regression.

Figure 2 shows the relative importance of each predictor vanable in the best performuns model.
The three varniables identified as most important in predicting EPE were; (i) distance covered
m velocity zone 4 (18-24 km b, (ii) total distance above 3 km-h™ and (i) distance-load (a
denived metnic caleulated as the product of total session distance and mean speed). High speed
velocity zones 3-7 were afforded litle importance m the random forest model. This imexpected
result may mdicate that mtermittent bouts of ngh mtensity nnnng influence FPE less than
sustained moderate mtensity nmning in Australian football players.
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Figure 1. Mean and standard devizdon of FPE prediction emmor fior regression models under data pre-processing
protecols B (scaled predictors), B2 (mdividualised scaled predictors) and B3 (ndividualized
scaled predictors snd owicomes) and featme sefs 1 (Fomomins & Player Load), 2
{Accelerations), 3 (Derved metics), 4 (Hear mate), 5 (Fmning, denved metmcs & Player
Load), § (Fuming, derived mefrics, beart rate & Player Load) and 7 (All variables). Smaller
BMASE wahies indicate better performance. Feamre set 7 was exchidad from protocols B2 and
B3 due o players exhibiting zaro varsnce in wellness varishles.

Given the small number of predictors 1dentified as highly impeortant, another random forest
prediction model was built and tested using only 3 predictor vandables and protocol R1.
Frotocol B1 was chosen as it 15 a simpler, and possibly more practical, data pre-pra-tessj.ug
protocol than R3. The model performed with RMSE £ 5D = 1.09 = 0.05 au which 1s only a
muner decline in accuracy from the best performung regression model This reduncfion in
performance may be worthwhile given the sigmificant reduction in model complexity by
reducimg the number of features from 33 to 3. A predictive model using only 3 sessional
distance and speed vanables may be possible to practically integrate with tramning plans.
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Figure 2. Felative importance of each predicior variable i the best performimg random forest regression model

Classification models

Figure 3 shows the EPE prediction results using classification models. The best performing
model (FMSE = 5D = 1.04 = 0.09 au) was a random forest using normalised nmning and
denived variables (set 6) with 10 allowed classes and predictions based off class probabilities
(protocol C3).

Data processing protocol Cl, which modelled EPE as a discrete 10-category vanable displayed
pootest performance, suggesting this restriction prevented models from reflecting the true
nature of athlete reported FPE. Protocol C2 allowed the responses to take a selected set of
common half-mteger values and lead to maproved predictions. The best performance was
observed in C3 by allowing for non-integer values based off predicted class probabilities.

Simular to the results observed with regression models, feature sefs confainng nmmng
vanables provided the most accurate predictions. The inclusion of heart rate and derived

metrics provided only marginal improvements in model predictive ability.

Fandom forest classification models gave the most accurate FPE predictions in nearly all
cases. Similar performance was observed for neural networks, C3.0 decision trees, support
vector machines, and ordered logistic regression models. A naive Bayes approach general gave
the least accurate predictions. Similar to the results from regression modelling, the more
powerfl machine learming techniques were able to better capture the relationships between
training vanables and athlete reported RPE.
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Figure 3. Mean snd standard deviagen of FPE predicdon error for classification models under dats pre-
proceszing protecols C1 (10 classes), C2 (15 classes) and O3 (10 claszes with mixing hased on
class probabilities) and feamre sers | (Funning & Flayer Load), 2 (Accelerstions), 3 (Derved

memics), 4 (Heart rae), 5 (Funning, derived metrics & Player Load), § (Fuonning, derived
memics, heart rate & Player Load) and 7 (All vanisbles). Smaller BMSE values indicate beter
performence. Feature s=t 7 was exchided from protocol C1 due to players exhibitmg zeto
varsnce n wellness variables.

Discussion

This study aimed to develop and assess the accuracy of predictive models in predicting RPE in
Australian football plavers from data typically collected during fraimng sessions. Collectively,
the results demonstrated that R_F'E could be predicted from a non-linear relgresman model using
total distance above 3 km'h’, distance covered between 18-24 kmh™ and the product of
distance and mean speed as predictor vanables. Including additiomal predictors such as
wellness ratings, heart rate and accelerations lead to only marginal improvements in predictive
ACCUTACY.

Modelling approaches

Training data was modelled to identify which interaction between measures could best predict
EPE data. Both the regression and classification approaches provided similar predictive ability
for BPE, with the two methods achieving a best case FMSE of approximately 1. The models
that could account for non-lineanty in the relationship between traming vanables and FPE
showed a clear tendency to give better predictions, simlar to previous studies (Bartlett et al..
2016). Suggesting that linear approaches were less able to capture the complexity of
inferactions between training variables and exertion ratings.
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The acouracy of classification models was dependent on the mumber of allowed classes.
Protocol C3 displayed the best performance by allowmng for non-integer predictions. This
putentaﬂt replicates the thought process of an athlete who cannot decide whether to give a
session a 3 or 6 BPE so chooses 5.5. Regression models gave margimally better predictions and
were simpler fo implement as they naturally allowed non-infteger RFE predictions.
Collectively, thiz demonstrated that a regression appmach may be more appropnate for
practical implementation in the prediction of FPE values using training monitoring data.

The different methods of data pre-processing showed only slight influence on model
performance. Normalising predictor vaniables and FPE responses by player identity improved
the accuracy of the models when compared to predictor scalmg without consideration of player
identity (Figure 1). However the improvements were only marginal and this pre-processing
procedure may be potentially compronised h} the introduction of new players to a team. or at
the start of a new competitive season when it is not possible fo scale predictors from past data.
For these reasons, a normalisation procedure that 15 not player idenfity dependent could be
more readily mplemented in a practical sething with nunimal impact on predicion accuracy.
As such, a global predichion model could assist m trammng planning using FPE data without the
need to consider individual athlete charactenisties.

Fredictor variables

The traiming variables identified as most important when predicting athlete FPE were related to
external training load Imeastres; distance covered at speeds between 18-24 km'h”, total
distance above 3 kmh”, and the product of total distance and mean speed. Such measures
encompassed information related to both trammung session vohume and mfensity, 1dentifying
both aspects as important conmbutors o perceived exertion mn team spnrt framing, in
agreement with previcus studies (Bartlett et al, 2016; T. Gallo et al, 2015; Gaudino et al.,
2015; Lovell et al., 2013).

The most accurate EPE predictions were from models that incorporated mmltiple nnning and
heart rate vaniables (FMSE = 5D = 0.96 = 0.08 au), supporting the suggestion that FPE 15
related to the imposed external demands and resultant physiclegical responses (Lovell et al.,

2013; Scott, Lockie, Knight, Clark, & Janse de Jonge, 2013). However, a considerably smjpler
model using only three vanables gave comparable prediction accuracy (RMSE = 3D =1.00 =
0.05 an} and mmpm‘ed favourably to previous modellmg studies uwsing nmltiple newral
networks (BMSE = 124 + 0.4]1 au)(Bartlett et al., 2016). It should be highlighted that the
choice of predictor variables in a practical seting may largely depend on the required task.
Using a smaller subset of vanables may be more appropnate for planing purposes when
manmal mampulatnn is required. When high accuracy is the most important objective, results
suggest that using a larger combination of variables from multiple sources may lead to better

performance.

Limitations and extensions

The study was limited to a single season worth of data due to changes in data collection
processes between competitive seasons. The accuracy of predictive models for previously
unseen players was not evaluated. As such the ability of models to generalize to a new player
joining the team was not investigated. A larger data set would enalble a better assessment of the
accuracy of the modelling approach taken.

The data used is from a cobort of professional Australian football players. It 1s likely that their
traiming history and physiclogical charactenistics have been shaped by the demands of their
sport and the models produced would not likely generalise well to other athletes. However, it is
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proposed that a similar approach would provide accurate results for other sports that use
sinular training montfonng and planming practices.

The lmutations of GPS devices for accurately recording movement pattems in team sports
have been previously highlighted (Jenmings, Cormack, Coutts, Boyd, & Aughey., 2010;
Bampinini et al., 2013). However results suggested that the cuorent level of acouracy was
sufficient fo |_:u'ed.1ct athlete RPE i Australian football Improvements i player tracking
technolegy may lead to improvements in the accuracy of predictive models.

Applications

Predictive models using live sensor data from GPS and heart rate devices allows for live FPE
forecasting during fraimmng sessions. Decision making regarding traming dnll mtensity and
duration to elicit desired exertion levels in athletes may be performed with increased accuracy
and confidence. It may also allow physical preparation staff to better match actual framing
outcomes with plans. An RPE estimation method also enables EPE-based planning of athlete
traimng loads. This has potential benefits for tramuing practiioners given the level of evidence
regarding mpury nsk and FPE-based framing load measures (Gabbett, 2010; Gabbett &
Jenkins, 2011; Rogalski et al., 2013).

A companson between predicted FPE values and actual observations may prove usefil for
player monitoring and retrospective analysis. Athletes reporting exertion ratings considerably
different to those predicted may indicate an altersd physical state, and may provide a useful
trigger for intervention.

Conclusion

Athlete FPE can be predicted in professional Australian football players using a machine
leamming approach Objective data recorded using GPS devices, accelerometers and heart rate
moniters can accurately predict EPE from field-based traming sessions. Fegression modelling
using non-linear machine leaming algonthms outperformed classification approaches and
linear approaches. The results could potentally enable athlete fraimng practitioners to momtor
an estimated RPE live during fraiming sessions and to plan future training to obtain desired
se5510n-FPE levels.
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ABSTRACT

Aims (1} To inestgate whether a daily aatexchronic
wiorkload ratio infomns injury risk in Austelian foathall
players; (2] to identify which combination of warkload
vanabla, acute and chronic time window best axplains
injury likslihood.

Methods Waorklaad and njury data were collected
from 53 athletes over 2 sesons in a prokssional
Austalian fothall dub. Aavechronic warkload mtios
were caboulated daily for each athleie, and modelled
against non-contact injury likslihood using a quadstic
wmlfionship. & warkload wadables, 8 aate fime windows
{29 days) and 7 chwamic time windows (1435 days) wes
eidesd (336 combinations). Fach parameter ombination
was compard for injury likelihaod fit {uing /Y.
Results The ratio of maderate spesd mnning warklaad
{1824 k) in the pevious 3 daw faaue ime
window] mmpard with fie peviss 21 days (deonc
time window) best explained the injury ikelihood in
matches (R*=0.7%) and in the immediate 7 or 5 days
fallowing matdhes I:H.'z=ﬂ.]'ﬁ-—ﬂlﬂl]. The 3:21 acui:
chranic workload mtio dsaiminated betwean high-risk
and bowerisk athlates (mlative risk=198-2 43}, Using
the prviis & dag o cakulate the acie workdoad fima
window yiskded similar rsuits. The chaice of acute tima
window significantly influenced modal pedomancae and
appeard to reflad the @mmpetition and taining
schadula,

Conclusions Daily woddoad rafios can inform injury
sk in Austelian foctball. Cinidans and condioning
coaches should ansider the sport-spedfic schedule of
compeftion and fraining whan dhoasing aate and
chranic time windows. Far Australian fotball, the st
of moderate speed running in a 3-day or B-day acute
time window and a 21-day chronic fime window best
explained injury risk.

INTRODUCTION

Traiming loads can influence pedomance’™ and
imury skt in team sport athletes The acute:
chromic workload matio i3 defined @ the mabo of an
athlete’s short4enn (acue ) Fanig load to the mean
of their longterm (chromic) trining load "™ The
acwbe wchromie workload ratio appears to be a valid
w0l to asess an athletes level of readines o
trmin or compete and ther nsk of injen®
Blanch and Gabbent?™ meported a quadratic relation-
ship (R*=0.53) berween the l-week [(acute) to

risk models may be possible by varving the way the
acute rchronic workload ratio & caleubned.

The acutechrome workload mto has previously
been qm:ﬁﬁﬁlusi:?-uliﬁaemimema] amd extermal
workload varidbles ™ Y Hulin er al™* ™ used
balk bowled and sesdon dursbon<rating of per-
ceived exermion (ssson-RPE)® in cricker;™ snudies
of rughy league wsed total distance ron ™
The mebbomnhips beween diferent acute:chmomic
workoad ratios and mjury nsk are yet o beexplored
in Avstralian foothall Tt & posible tha different
il or exenal workload vanables may have
greaer influence on ijury likelibood than others.

Acute workloads were defined = the tomal
amount of traiming load i the previous calendar
week, and chromic loads a8 the mean weekly load
in the preceding 34 weeka ™ ™ ¥ However, the
raboiale for thes tme windows are bated on
studies of swimmers mpenng for pedomance’ ©
and it @ mot lavown if varying these dme penods
will increase or decrease the acouracy of imjury risk
mide k. Furthermore, previous studies have maod-
elled workload ratos against injury Bkelhood i
the curnenst and subsequent weeka'® ™ It is not
known if workload mtios calubred on a dady
besis can explain imury likelbhood din individeal
traiming sesons and matches

This study aimed o (1) investgate whether
d.a'ﬂ].' acute wchromie workload ratos cn inform
mom-contd imury rik i tednig sessons and
matches, @ well as the subsequent 2 amd 5 days in
Avstralian foohall, and ) identfy which combin-
ation of workload variable (athlete traimng loads
maonitored wsng Global Postioning Syem (GPS)
devices, accelernmeters and sesson-RPE), acute and
chromic tme window (varyving between 2-% days and
23 weeks) best explained the variaton in omury
liketiboiminadl.

METHODS

Participants

All partcipants imvobved in the study were from
e profesaonal Australian foothall dub competing
i the Austrabian Foothall League (AFL). The cub
felded 45 athletes in the 2014 seston and 45 in
the 2015 season, giving a total of ¥ player-sesonm
from 53 wmigue athletes (mean=50 22 940 years,
18R 2267 om, BS7=R1 kg Informed comsent
wad meceived from the dub for collection and anma-

To clte: Careg T, lysis of de-identified training and inury daa The
Blnch P, Org K-L, Hweek (chronic) workload mtio and imjury risk in project was approved by the La Trobe Univesity
o & BrJ Soors Med a poaled set of athletes from cncket, rughy union  Faculy  of Heabh  Scences Human  Erhies
HTES51 1211280 and Australion foothall Tmprovements in injury  Commiges (FHEC14/233),

BHJ Carey DL, of ai. Brf Spoves Med 3017;51: 12151220, doi:10.11 36 X sporz-2016- 096309 m%_ 10f7
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Data collection
All players wore commensally available 10 He GPS devices and
100 He triaxial accelenvmeters (Catapult Optimeye 55) duning
all outdisor traiming sessions and matches, The technology used
has been previously validated for use 2 an athlete monitonng
tool in Australian football”" ™" Sewmiun-RPE data wen recorded
in all seswions that GPS devices were wsed ' While sesdon-RPE
& able to momtor loads in other taming modalities (eg, mss-
anoe traiming and croe-traming), theie daia wene mot avalable.
Semioms were  structured with 2 precompetition phase
{15 weeks), followed by a competitive phase (27 weels) with
regularly scheduled matehes wsually between & and § days apart.
The weeldy trammg schedule dunng the competiive phase
vaned depending on the mumber of days turnamwnd between
matches In geneml, the 2 days posmatch were dedicated 1w
recovery amnd the main trimng session was held 2 or 3 days
]:!ﬁrl:rr to the mext m.:tf..'h, the main tﬂ'i:l'liT!{ SESMIT W
mnever held within the moovery period. When the schedule
permitted, an addidonal accesory tmining  sesdon was
included in between the recovery period and the main traiming
day The competiive phase of the sexsion was defmed o begin
once the team started p].:}"iTla; match e .lg:i'rl:ﬁt u:rrnpetirlg
clubs. Thus intenclub practice matches were treated the same
= megular season matches i all inury risk analyses and pre-
competition taming seson were included in chromie losd
cakeulations.

Injury definition

Tnjuries were recorded and clasified by club medical aaff wdng
the Orchand Sports Injury Oasificaton System (OSICS) All
injunes were clasfed acconding to the mechanizm by which
they occwrned (oomtact o non-contact) & well @ severity (transi-
ent or tme les) Timelos injunes were defined = those
causing a plaver to be unavailable for training or competition. ™
In this study we focused on dme-kss non-oontact Ingures.
Transent injunes and trarmatic injunes caused by collkions and
other contact events wene excluded from inury nsk models

Injury lag periods

To accoent for posdble delay effects n mury oocurmence amd
reporting, we oomsidered three different inury g perods
(faure 1 On each training or match day, we observed whether
an inqury oocwrned: (1) that day (nolag ome), (2) that day or the
following 2 days, or (3) that day or the follosing 5 d:}s. These
periods wen: chosen to represent sk in: (1) 2 single m:mm, I:l}
a short penod pestsesdon not inclhuding the next maimn sesmion
and (3} a lomger period incorporating the next main session bt
it aove lappiig with more than omne competitive match.

Daily acute:chronic worklocad ratio
We prupose 3 method of dady acute chmmic workload cakeuls-
ton wing moving aversres of daily losds. Dhefining the

wordoad of an athlete on d.l}' 1 W, the acuterchmme waork-
load for that day (1) is calculated:

_E“_'.ﬁi (1)

[t |

where 2 and ¢ mepresent the tme windows (in days) over which
the acute and chmmie worklads are cleubted The formula
caleulates the workload mtio exch day by aking the averge
daily workload in the previous a days (e, mot including what
was dome on that day) and dividing it by the average daily load
i the previous ¢ days

In dﬂ'ﬁ:rling the above acuterchrome workload r.ltiu, then is
freedom of cholce in the parameters a and ¢ 2 well 2 the work-
load variable w In this study, we mvestigated the effect of
1.':1}"i:rg the acute and chmme tme windows on the J'rﬂ'd:}' af
the acuterchmmnic workload o o nfonn mjury sk, We
albowed parameters o vary such that: a {2, 3,4 5, 6,7, 8, %}
and ¢ £{14, 18, 21, 24, 2§, 32, 35} and considered each of the
S poasible combnnati one.

The set of workload vadables ¢ onddensd in this sudy is pre-
sented in table 1. For each of the & workload vanable chodces,
we examined 56 combinations of acute and chrome tme
weind v, vings a total of 336 unique parzmeber oom bin ations.
The discrete velocty bands used in this study (18-24 and 24 +
]-un"]'l} e chisen to mepresent the spumls at which Australian
foothall players reached their anse mbic threshold and sprinting
threshold, mespectively (unpublished data). Tndividualised vel-
m:it}' bands can offer a differem 'h'rbem're‘htilm af ru:lm'Tg;
demands; ™ however, these data were not availide in the
studied cohort.

Data analyss

For eaxch combination of acute time window, chromic tme
window and load variable {a, ¢, wl, we cloulted the acute:
chromie workload ratio (r) for each player, each day, Whork]oad
ratios veene binmed mto quantile groups and mjury likelbood n
each bin caleulated = the proporton of match or traiming ses-
sons resulting in injury™ To sccount for possble effects intno-
duced by choodng the number of quantile bing, models wen
generated for 7, % and 11 bins and resuls averaged to give a
e mobaed asesament of the srength of relsbionship between
wordoad ratio and inuery sk, All feures wene produced wsng
11 quantile bins for clarity of presentation.

Workload ratios were modelled agamst mjury sk wsing a
quadrate regresson smilar to Blanch and Gabbett."™ The inde-
pendent vanable was taken to be the mean of workload ratio
within each bin and the dependent variable the asaciated inury
hkellumnd. The abiity of each workload mto to explan inury
likelihood wa ssessed uwsing the B saristic, All modek were
created wsing the B satisheal programming language (B Cone

Figure 1 The definiion of s and

Chronic workloaxd

periods on a given day during the
season fighlighed in md). Note the

Dy

ﬂ:ax:mh::m wiriload and Mo injury lag .
2 day injury g
2ai7 Carey DL, ef ai. B J5pores Mad' 201751: 121531220, 90i: 101136 b Eports-201 5026308
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Team. B: a language and envirmnment for satisheal computing.
Vienna, Avstria 20140

Injured ployers were included in rsk anahses & soon = they
began rehabilitation at the cub Their workboads in rehabdlita-
Hon training were recorded and ther matio cakoubbions did ot
differ from other plavens. T avodd extreme spikes in woorklomd
ratio for plavers with abnormally low chome loads (ie, plavers
e turming from inqury or after a scheduled break), a data prepmo-
cemsing sep wa apphed to emove olrervations when the
chronic workload was <2 SDs below the mean.™ This did not
interfere significamly with match observations due to 2 selecton
proces that mesrced plyes from pamicipating in matches i
thiey did not have a suffucient fmess base.

RESULTS

Injuries

Orver the two R AN, e it p]:}'em upa-lem.ul a total of
178 tme-loss non-contact inquries. A breakdown of the mjunes
by tqury ste and activity pedormed on the date the mjury was
meoorded & shown i online supplemenany @ble 51, The major-
ity of injuries wene mecorded inomatches (n=5% and main train-
ing semions (n=6R)L The ditdbuton of match twmammnd
times and 'i1'|:i1.|.'r_!.I rates 5 shosn in table 2 Similar rabes 1:r|'-'i1'|j1.|.1'_!.I
[~3%) wene observed for &, 7, B and 9+day gaps between
matches, Table 2 ako shows that plavers were very manly
mequired to ply comecutive matches without at lesd a G-day
break. It = ]i]m]}' that this distribution of twrnarouwnd tmes is
meprsentative of other professonal Avstmbian foothall teams
amce the sport's goverming body gves comsideration to match
turnarund times when creating the competition schedule.

Acute:chronic workload ratio and injury risk

The ratis of 614 days distanoe load best explained the varation
i dnjury likelihood in matches and tramming sesions oombdned

Table 1 Workload variables mmsidered in workload mtio

madelling
Varizhble Definition

Datamce im) Distomce dbowe 1 ks

Smape-#FE(abitary  Abeteming of prroavwed exriooese son deatan
ity

Haper lmd lachrary tﬂm-ﬂ’:-ﬁ1h-qi-tdﬂrnf
iy dharge of acodma i’

i’ min™)

HER jm) Destarace: abowe 14 end

MER fm) Distonace between 18 and 24 km

HEF, high speed ruming MR, moderae pesd nnning.

Table 2 Distribution of times betwesn player matches and injury
rates

Time between Comnt {plaper Tne-dos s non- comtact ingury
5 B ao
] n 14
T 557 ix
] 345 15
-1 13

{mean R*=0.91; feure 24) However, when the relarionship
wax decomprsed by sesion type (Fgure 2B), we observed oom-
siderably different imury sk profle. Matches were ssocated
with higher imury Blelibood than traimmg sesions, i pective
af the athlete worlload mtio (relabtve rik (RR)=404, 95% CT
286 to 5.70) Thus, while it is appropriate to group matches
and tr.l:i:rl:iTl‘\_; SeSRIM S t-l:y:t}lcr foor boad iJ]i.‘I.IJ.ltid:lTli_, it may st
be 50 when analyvang mpury hlkelibood. Since mesult sugpested
that maost inqury nsk s contained within competitive matches,
we have focused our imury risk amalyses on matches. The fol-
Jowing sections exchude njunes sustained duning the precompe-
ttion phae (n=65) and inures by plyers completing
e bl itation of previouws njures (n= 16}

Bast pradiciors of match injury risk

Figure 3 shows the hest peforming (highet mean R rik
misdels for each inqury kg penod in matches only. The mato of
3:21 days moderate speed munming load (ghbghted celk) was
observed to commtently explain inury ke hlbood for each time
perisd  comsidersd  (mean RE=0.76-082L Thi compared
favourably with the 7:28 distance rato (mean R =0.04-041),
and  with ]:!TE\'"H:I'I.L‘G stuchies LL-:iTg workload mtios caloulated

weekly (R =053)."
The best performing imury rsk modelk displyed dmlar
shapes to these seen in previous studies.’ "' ™ Irnespective of

the acute time window, chronic Hme window or workload vard-
able, the sk profiles sugpeted that athletes minimzed their
hkelibiod of non-contact m]1.|.1].' when 'ﬂu}' .lppn:l.li;]'lm.l roatch e
with workload ratos amund (LA-100 Ingury Blelhood was
greater for athletes with lower or higher ratios

To investigate the different level of sk, a RE analss was
performed on injury likelbood for workload mtios in the mange
L8-1.2 versus all observations outdde of this mnge. The agmif-
cant RR vahees for matches (95% Cls excluding 1) ame shown in
table 3. BB values including a 2-day or S-day imury g period
are included in online spplenentarny ables 5253 These daa
quantify the level of sk amocated with being outdde of the
‘safe’ range {0.8-1.2) for differemt acuterchmmc workload par-
ameter onimbd nations.

Similar to figure 3, the BR analyas identified moderate speed
g with a 3-day acute tme window as able to dienminate
betwesn high-nisk and low-nsk athletes in matches and the sub-
sequent 2-5 days (RR=22%2 5%). High speed mumnning work-
load ratics were ako highlighted by the RR analyss in wble 3;
however, the magmtude of sk was not Sgnificantly higher
(RR=2.74 v 2.59) than for moderae speed munming and B*
vahues were Jower (R*=0.24 vz 0L65) This suggested that while
high speed runming workload ratios appear to influence inury
risk, moderate speed rumming may be a better choice to tack in
Australian foothalL

Effects of varying aarte and chenic time window
Figu.r\e 4 showes the e flects of v:r}nm_; the acute and chimomie time
windows on the .Il'l"H‘l}' af moderate :ipm] ru.'rnthg ook |l
o o explim mon-contact inury rsk in Avsrmaban foothall
matches (gure 4A) and the subsequent 2 (fgure 4B) or 5 days
{fgure 401 Moderate speed runming was chosen for the work-
load varable due bo it Jppm'irgzc a top 3 woorkboad paameter
misre than any other chodee (Egume 3

Peaks in model B for scute windows of 3 daws and chronic
windoves of 21 days are clear for each inqury by period, and oor-
mespoiwded to the hghlighted worldoad rabes i faure 3. The
el perfo mmance contoins s ted that acute Hime windows
of 3 and & days generated better pedforming injury rik modek,

Carey DL et ol BrJ Spors Med 2017,5121215-1220, oot 10.1136/mjsports- 201 6-E3 09
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Figure 2 Relationship fwith 95% CI)
betwesn 614 dismncedoad ratio and
nan-cantact injury léelibood for: (4)
maiches and Faining sessions
combinad fmaan ['=0.91) and )
matches fmean A¥=0.54) and waining
sessions (mean k=053 sepamtaly.

Figure 3 Injury likelihood profiles
fwith 95% () of the top 3
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Table 3 Relative sk of non-contact time-loss injury in matdhes

Acute wirdow | days) Chromic wimdow idas) Variakble Relative sk (25% C1) Mem B
5 4 High speed running 274 {115 10 £33) o4
3 i IWhodera e speed numing 2155 {112 1o S68) S
5 4 High speed running 2145 {108 10 £76) -]
3 n IWioderat & speed naTirg 243 {11 12 532) ors
3 n IWoderat e speed naming 2124 (108 to 490) (<11
5 A IModerat e speed naming L1810 1o 547) o
9 L] SewvionrRFE LST {117 1o 131 o4e
5 Fi] Sevion-RPE LES {18 1o 28] fuis

A B c

P = 18 — a — — T

__‘j ) ¥ o q) % o

: =p

=R 3 b =

| —

-: m .o} m —]

] —t 02

LEEE B T 15 2 15 " 1 E -

I 34 5 & T E B 231 4 3 T o8 9 3 4 5 & T B 9 K
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Figure 4 Effects of varying ace and chronic fime window on model B performance for: (A match injuries, (B) match injusies and following
2 days, and () match injuries and the following 5 days. Moderate speed mumning used a5 e workload varnisble.

and that performance was highly senstve to the choke of an
acute time window The optimal choke of a chromic tme
window wa les clear, but 21 or 28davs (3 or 4 weeks)
appeared to be a valid chodee.

Effects of including injury lag periods

The stmilanty in maode] performance acros each imury lag
period (hest RA=0.76-082, mean R*=026-0.28 and peak
HR=219—1T4} !ﬂ.l.w\l:ﬂtd that the d.lﬂ}' acuite rehmonie worldoad
matio cn inform inury sk in Avarahan foothall maiches and
that imcluding a forward looking inqury bg penod does not [g-
mificantly improve the ability to explam vanations in match
iy mabes.

DISCUSSION
Daily acute: chronic workload ratio and injury risk
Acuterchmme workload mtios wdng moderate speed runmmg, a
Jday or f-day acwte tHme window and a 21-day or 28 -day
chirome time window were best able to explaim mon-comtact
mnjury risk in the following theee tme periods: (1) maches, (2)
matches and the next 2days, and (3) motches and the mext
Sdaye The pedormance of mjury risk models suggreds that it is
vahd to track Australian foothall pliver workload raboes on a
daily bads. This extends previous studies that found workload
ratios, caleulated on 2 weekly basi, and explained inqury rsk in
ericketers™ and ru#'h}-ph}'l-.'ﬂ e

MWon-oomtact injury nsk was sgnibeantly higher in compe titve
matches compared with traming sesions (RR=4.04, 5% I
286 wo 5.0, -mwed:mﬂutn'l]m'y risk models can be -:I:mm;t]'l-
ened by modelling match inpuries separately bo traning 1njuries.
Previous studie 7+ 1.L~:|r|g wu-l&]}' wiorkload ratios avoided this
wswe by conddering time spans that covered multiple traiming
sesdons and potentially multiple matches,

Inqury likeldwsod profiles in fgure 3 have consastent shape 1o
previous study fndings™ " " gpesing that othletes are

mimmum imury nsk when their worldosd mbios ame m the
range (LE-10. Bk moemases = plyens have mtos on ether
side of this egon, Tking the matio of 3:21 daos moderate speed
runming, the mode]l prediced that mach inury rsk doubled
(from 1.8% to 3.6%) if the workload rato deviated from 1 to
1.4 or (L5, This resul, wing a daly workload ratio, extends
conclusions from previous studies” that rapid changes in train-
ing oads ane ssociated with meresied imury Tkelfhood . The
rate of incresse i igury nsk may differ for different parameter
combinations, evidenced by the divengence of the curves in
frure 3. However, a lack of data for athletes with very high
wordoad mtics leading i matches prevented the ident fica-
ton of particular worldosd ratics = more ‘nsky’ than others
{due to a lange overlap of CTs).

Choice of acute and chronic time window
Figure 4 shows that the choice of an acne window sgm fuant]y
i fluencess the ablity of worklosd matios to explan ey kel
hisd in matches and the days following. Modemae speed
mun g rtos captured with acute tme windows of 3 or & dayws
and chronie time windows of 3 or 4 weeks were best able 1o
explain mqury  Hlkelhood, Inury models wsine  previously
reporbed parameters of T-day acute and 28-day chrome distance
loads™ exphined les of the varance (mean R'=0004-40.41) in
this study population. We suggest that teams mode] ther own
data s that over a period of years they will find which mtio s
it weeful for them

The structure of a profesdonal Avstralian foothall season
means that 3-day acute periods inchude the main training ses-
sl ]:!ru:rr to matches but never the ]JTE\'“:I'I.L"G match. Resuls
'I'naﬂ'l]'g}rtn'g _:I-J:}- actte Hime windows may reflect this -q:ﬁ.'lﬁc.
structure, Similarly, &-day acute windows will include the previ-
o match when teams are scheduled for a short turnaround
hetween matches but will not for konger breaks.

Carey DL etal. 8rJ Sports Med 2017;51:1215-1220. dok 10. 1136 /jsports- 2071 6-025305
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Thesa obsenvations suggest that it may be best practice to
dmemmmnnhnﬂureﬂmsﬂu:lﬂienfan
athleta’s mmpstition and training when monitoring i

{ie, different windows may be aptimal in sparts uﬂ:mmt
schedules such & baskethall, somer or oricket).

Choice of workload variable

Moderate speed mnming wa the workload varable that
explaned a quadratic vartation in imury Hlelhood [R=0.76
082y and diseriminated between hgh-risk and low-rik athletes
(RR=23-24) While parameter combinations uwsing other
wiorldoad variables were able to generate modek with high R*
and FLR, it .:ppemd @ consstently as moderate speed
runming. Thus, in professonal Avstmalon foothall, dstance
covered at a velocity of between 18 and 24 km'h 15 an appoopri-
ate choice of workload varable when uwsng the acute:chrome
workdoad ratio to momtor mjury rek. This & potentially a con-
sequence of the specific demands of the sport and phy s ological
characteritics of competing athletes and ahernative workload
varables may be mone ated to other sports

Choice of injury lag pericd

Figures 3 and 4 show the differences between inqury models for
the likelihood of imjury in: (1) matches, (1) matches and the fol-
bowing 2 days, and (3) matches and the following 5 das.
Mode b showed smilar abality to explan varation in mjury lke-
bhood (fgure 3) and similar changes in pefommance when
varying acute and chromie time windows (fgure 4) This sug-
gests that managing one chaice of athlete workload ratio jusng
an appropriste acute and chrome time window) may be effective
in meducing inury sk o omatches md the daws immediately
ol hrweimgz,

Limitations and extensions

The study comsidered inuries dzsifed = non-conbet and
casiingg the athlete to be unavailable for tranng or oo mpe tition.
Injury data ako contained more deailed subclsdbeatons by
type of patholmy (muscle, tendon, bone, Hgament or joint
imjury }; however, an examination of imjury nsk within each sub-
claw was beyond the scope of this study A lager sample of
imjunes may enable futune studies o examine the melabonships
between acute and chronie tme windows, workhoad varables
and i flerent inury pathologme.

Aunstralian foothall was the only sport consddered in ths sudy
The reported msuls may mot generalise to other spors due o
the differences m physcal derands. Investigations mbo diffe rent
chunces of acute xhmme workload mtio parameters may lead o
improved athlete monitonng tools n other sporns.

Previous studies of traming loads and inquries have neported
that risk factors are impacted by chronie loads™ = well = vari-
ables such = plaver age and experience.’ Different modelling
techmiques able to inoorporate multiple rek faoton were oomsid-
ered to be hevond the scope of this study Future muodelling
attempts moomorating these factos may be able to improve on
'r]'u:]:u'uh.'hwpdmufﬂwm]m}' mnﬁ:hmﬂ]mt}nsmul}'

The analyses in this sudy compared the inury risk for ath-
letes with acuterchronic workload rates. between 0U8 and 1.2 1o
thime outside of this range. An extenson oonside red beyond the
S0 e of this sh.ul}' el be to COmpans the RE of Jp]:u'l:l.'ldn:rg
matches with a low worldoad ratio (underload ing) versus a high
wirrdoad ratio (ovedoading.

CONCLUSION

Dm]}' acuterchrome worldoad ratios were able 1o E.H.]ZIH:I'I the
vanation in non-contact nury hlkelthood m Avsralian foothall
plavers. The 3:21 days modemte speed munning rabo was the
conm brination that pu'ﬁmd best—it ]:m:n-:illm.l a better model &t
than the commonly used 7:28 days mtio, The resulis s shed
that the best chodcss of acute and chronie tme windows may
nesed b0 be identified sport by sport or team by team and it may
depend on the speafic sructure of an athlete's competiton and
h:irl:i:rlgﬁi:]'ml:.l]t

What are the findings?

» The acutexchonic workload ratio, caloulated on a daily
basis, can explain variafions in non-contad injury sk in
Australian foothall players.

» The mtio of moderate speed running loads in a 3-day or
Gday acute time window and a 21-day or 28-day chronic
fime window best explained injury risk in matches and the
following 2-5 days. Including a forward looking injury lag
peiiod did not significantly impeove the ability to explain
variations in injury mes.

# The sz of an acute time window showed stong influance
over the ability of the workload ratio to inform injury risk

How might it impact on dinical practice in the future?

» [Daily monitoring of the acute:chronic wodkload mtios a
valid tool for injury risk management in Australian foohall.
# The schedule of training and competition should be
mnsiderad when choosing the size of acute and chronic
o "
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Abstract

To mvestigate whether traiming load monitornng data could be used to predict
mjures m elite Australian football players, data were collected from athletes over
3 seasons at an Australian football club. Loads were gquantified using GPS
devices, accelerometers and player percerved exertion ratimgs. Absolute and
relative training load metrics were calculated for each P].ﬂ"rEI each day. Injury
prediction models (regularised logistic regression, generalised estimating
equations, random forests and support vector machines) were built for non-
contact, non-contact time-loss and hamsting specific mjumes using the first two
seasons of data. Injury predictions were then generated for the third season and
evaluated using the area wnder the recerver operator charactenstic (AUC).
Predictive perfmma.u:f was only marginally better than chance for models of
non-contact and non-contact time-loss mjunes (AUC=0.63). The best performing
model was a multvanate logistic regression for hamsiring mjunes (best
AUC=).76). Injury predichion models built using traiming load data from a single
club showed poor ability to predict injunies when fested on previously unseen
data, suggesting limited application as a daily decision fool for practiioners.
Focusmg the modelling approach on specﬂiu: jury types and increasing the
amount of training observations may improve predictive models for mjury

prevention.

EEYWORDS: INJURY, MACHINE LEARNING, TRAINING LOAD
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Introduction

Trammg loads are known to be associated with mpumes m team sport athletes (Carey et al.,

2018; Colby, Dawson, Heasman, Fogalski, & Gabbett, 2014; Hulin, Gabbett, Lawson, Capuﬂ
& Sampson, 2013; Malone et al, 2016; Mumay, Gabbett, Townshend, & Blanch 2016;
Fogalski, Dawson, Heasman, & Gabbett, 2013; Thomton Dela.ue;-': Duthoe, & Dascombe,
2016). Momtoring and adjusting loads to reduce myjury nsk 1s considered to be an important
aspect of athlete management (Soligard et al., 2014), especially since injures can have a
detrimental effect on team sport performance (Hagghmd et al, 2013). Existing studies have
found associations between injuries and both absolute and relative training loads (Drew &
Finch, 2014). Therefore monitoring these metrics has been recommended m recent reviews
(Bourdon et al., 2017; Drew & Finch, 2016; Seligard et al., 2016). Relative training loads are
typically quantified using the acute:chronic workload ratic (Blanch & Gabbett, 2016; Gabbett,
2016; Hulin et al., 2013; Murray et al., 2014; Williams, West, Cross, & Stokes, 2016b). This 1s
calculated by dividing the short term (acute) training load for an athlete, typically around 7
days, by their load over a longer (chronic) peniod, typically 3 weeks or longer. Absolute
traimng loads are usually reported using cunmlative totals or absolute weekly loads (Colby et
al, 2014; Bogalski et al., 2013). Other methods of traming load calculation that take into
accoumt daily vanations, such as monotony and strain, are also useful for athlete monitoring
(Foster et al., 2001).

Multiple mefrics exist for quantifying load in feam sport athletes (Bourden et al, 2017;
Soligard et al., 2016). External loads refer to objective measures of tramming activity such as
traiming duration. nmmng distance, or accelerations (Bourdon et al., 2017; Sohgard et al,
2016). They can be measured using sensor technologies such as glubal positioning sy stems
(GP5) and accelerometers (Bourdon et al., 2017; Soligard et al., 2016). Internal training load is
defined as the physiological and ps;,‘chnlnglcal response to external loads. Intemal load 1s
typically assessed using meirics denived from heart rate, blood lactate and athlete raings of
perceived exertion (FPE) (Bourden et al., 2017; Soligard et al_, 2016).

It has been suggested that machme leaming approaches may provide a way to progress the
field of training load monitoring and injury prediction by allowing for non-linear pattern
recogmtion and mteractions between variables (Bittencourt et al,, 2016; Bourdon et al., 2017).
Despite existing studies reporting associations between training load and njury (Carey et al.,
2016; Colby et al., 2014; Fogalski et al., 2013), the ability of load monitoring to predict future
mjury n Australian football is not well established. Studies in rughy league populations have
examined the performance of training load models to predict injuries in new data (Gabbett,
2010; Thomton et al., 2016). Cumently no specific modellmg methodology has established
superionty for acl:urate injury predictions. The ability of models to predict particular injury
types 15 unknown. Yet to be explored are techmiques to deal with the large imbalance between
mjured and non-injured observations, and how the volume of data used to bwld predicove
models affects the quality of predictions.

This study mvestigates the ability of fraining loads to predict future mjuries m elite Anstralian
football players using statistical leamuing approaches. The proposed aetiology of sports myury
15 complex and nmlbfactonal (Windt & Gabbett, 2017). Fecent evidence suggests that traming
loads are a major nisk factor (Soligard et al. I'I}lﬁj. Insights into the ability of training load
models to predict mjury may assist decision makng by coaches and athletes, and narrow the
focus of future research.

Eelative and absolute training loads were included as predictor variables in this investigation
to align with previous studies (Direw & Finch, 2016). Age was mcluded as a proxy for playing
expenience, which has been identified as a potential moderator of the relationship between
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training loads and injuries (Fogalski et al, 2013). A binary indicator variable for whether a
player was scheduled to play a match was also mcluded because injury rates in Aunstralian
football are higher in matches than traimng sessions (Carey et al, 2016). The modelling
approaches considered were informed by comparable studies in ughy league that used random
forests, generalized estimating equations and logistic regression (Gabbett, 2010; Thomton et
al, 2016). In parhicular, generalised esumaung equations have been proposed as an appropriate
way to model repeated observations in injury msk factor studies (Williamson, Bangdiwala,
Marshall, & Waller, 1996). Support vector machines were also used to fit potentially non-
linear relahunshlps (Wapmk & Vapnik, 1998). Different data processing protocols to deal with
collinear predictors and unbalanced classes were compared and leaming curves were
constmicted to explore how the amount of available data influenced the quality of future
predicticns.

Sampling strategies to combat class imbalance have not been considered i previcus modelling
studies. Problems with mmlitcollinearity were examined by uwsing PCA for dimensionality
reduction. as has been suggested for nmltivariate traming load analysis (Weaving, Jones, Till,
Abt, & Beggs, 2017; Williams, Trewartha, Cross, Kemp, & Stokes, 2016a). Univanate and
multivariate predictive models were trained on two years of player menitoring data and
evaluated on one year of unseen future data in order to get a realistic estimation of predictive
ability. Models were mmpared using the area imder the receiver operator characteristic (AUC).
Particular emphasis was given to the method of evaluating predictive performance given recent
commentary on the misuse of the term predicion i sports science studies measuring
association between nisk factors and injury (MeCall, Fanchim & Coutts, 2017).

Methods

Participants

The participants involved in the study were from one professional Australian football club. The
club fielded 45, 45 and 43 players in the 2014, 2015 and 2016 seasons respectively, giving 133
player seasons from 73 unique athletes. Informed consent was received from the club for
collection and analysis of de-identified traming and injury data. The project was approved by
the La Trobe University Faculty of Health Sciences Human Ethies Committee (FHEC14/233).

In the 2016 season the club participating in this study fielded a comparatively high mumber of
new players due to multiple season long suspensions. The impact of this on the predictive
models was explored by companng the results for new versus refurning players. This enabled
evaluation of the mpact of mtroducing new players on the performance of Injury medels.

Dara Collection

Player tracking data were collected using commercially available 10 Hz global positioning
system (GPS) devices and 100 Hz triaxial accelerometers (Catapult Optimeye 55). All players
were monitored during all outdoor training sessions and matches. The devices used in the
study are valid for use in this athletic population (Boyd, Ball, & Anghey, 2011; Fampmim et
al, 2013). Additionally, plavers gave a rating of perceived exertion (FPE) after each session
(Foster et al, 2001). Missing data were imputed using predictive mean matching (Buuren &
Groothwis-Oudshoom, 2011).

Club medical staff recorded all ijunes. Injunes were classified using the Orchard Sports
Injury Classification System (O5ICS) (Rae & Orchard 2007) and were categorised as contact
or non-contact. Injury severity was classified as either transient (not causing vnavailability for

traiming or matches) or time-loss (causing the player to be imavailable for regular fraining or
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match activity). Hamsiing mmjunes were defined to imclude all mjures when the OS5ICS
“spectfic’ category was "Hamsiring stramn’ or “Hamsining tendon injury”™.

Training foad guantification

Tramming loads were quanfified using 3 different raming load vanmables (Table 1). For each
worklead vanable (w) a mmber of metrics were denived on each day and nsed as the predictor
variables for mjury models. The traming load metrics were chosen from the existing literature
associating them with injury nsk.

Table 1. Workload variables and descriprions.

Training load variable Definition
(i) Distance (m) Diistance zbove 3 km'h
(if) Moderate speed mnning (WISE) (o) Dristance beraresn 13-24 km'h
(iiii) Hizgh speed ninning (HYE) (n1) Dristance above 24 kmb
(iv) Session-FPE (arbimary units) (Foster et al | Eating of perceived exernon multiplied by session
2001) dhration
Propristary memic measuring the magnimde of rae

; : : 1
() Flayer load (arbiwary units) (Boyd et al, 2011) of change of acceleration

{1) Total distance coversd has been used a load mefmc m previous mjury nsk studies m
Australian football (Carey et al.. 2016; Colby et al., 2014: Hulin et al.. 2015; Muray et al..

2016) and provides a measure uf global mmmng lead.

(i) Moderate speed nmning (MSE; 18-24 kmv'h) was included because it had previously been
identified as a nisk factor in Aunstralian football (Carey et al., 2016).

{1} High speed mmning (HSE; 24+ km'h} has been identified as a specific nsk factor for
hamstring injury as well as general non-contact injury (Colby et al., 2014; Duhig et al., 2016)
and 13 PDIE]:I.Ilﬂﬂi a better measure of fraining miensity than total distance.

(1v) Session-EPE was included as internal load metric. FPE is a subjective metric that can take
nfo account influences such as heat stress, residual fatigue and other contextual factors that the
other objective measures cannot. Additionally it has been identified as an mjury risk factor in
previous studies (Gabbett, 2010; Fogalska et al., 2013).

(v} Player load 15 a workload mefnic based on accelerometer data, that has the potential to

caphire mformation about activities such as tacking, jumping and collisions that the mmning
bazed metnics cannot (Gabbett, 2015).

Folling averages (C) were calculated on each day of the season (i) using a 3, 6 and 21 day
accummlation window. These time periods have been 1dentified as appropniate for quantifying
cummilative load in Australian football (Carey et al., 2016; Colby et al., 2014).

i—1

- N M
G = j;{ — forc €(3,6,21}
Exponentially weighted moving averages (EWAL) were calculated darly with 3, 6 and 21 day
decay parameters (N). An exponentially weighted moving average weights the mfluence of
training loads less the longer ago they happened. The method used was adapted from Williams
et al. (Williams et al., 2016b} so that the value calculated each on day *i” had no dependence on
the traiming lead that day (w,). This is necessary to aveoid information recorded on the day of an

52

166



ITC55 — Volome 172018 Tssue 1 WWW iacss.org

mjury being used to try and predict that injury.
EWMA; = 1-wi_, + (1 —A)- EWMA,_,
l:N I for N € {3.6,21}

Training monotony was calculated each day as the average traming load in the previous 7 days
divided by the standard deviation of daily loads over the same time (Foster et al., 2001).
M::unntnnj, represents the vanation in training done by an athlete, with higher values md.u:ahng
more monotonous training. Training strain was calculated as the sum of load i the previous 7
days nmltiplied by the framing monotomy. Strain 15 an extension of cumulative framing vohmme
that mcorporates a weightmg factor based on the amount of daily vanaton (Foster et al.
2001). Monotony and stram were not calculated for HSR due to players frequently
accumulating zero HSE. load in the previous 7 days.

Daily acute:chromic workload raties () were demved for each wotklead wvarable. The
acute-chronic workload ratio represents the relative ameount of short term (acute) training load
compared to the long term (chronic) load. 3 and 6 day acute time windows were used with a 21
day chromc window. These choices have been identified as appropriate for discnmimatng
between high and low nsk athletes m the study cohort (Carey et al., 2016). When players had
no chronic workload (and by defintion zero acute load) they were assigmed an acute:chrome
workload ratio of zeto.

[-1

=yu/yy

J=i—a J=i-c

Exponentially weighted acute:chrome workload ratios were included as a modification of the
acutecchronic workload ratic where the rolling averages were replaced by expomentially
weighted moving averages (Murray et al., 2016; Williams et al, 2016b). Muwray et al
suggested that the exponentially weighted acute: c]lmmc workload ratio gave a befter indicator
of mpury nisk than the rolling average method (Murray et al., 2016).

In total, for each of the 5 traming load metrics (Table 1), 12 features were denived: 3. 6 and 21-
day rolling and exponentally weighted average load. ACWE. and exponentially weighted
ACWE l:usmg 3:21 and 6:21 day windows), as well as monotony and stram (excluding H5E),
resulting m 33 workload features. The mclusion of a large number of features reflected the
mmltiple mmpury nisk factor findings from previous studies (Carey et al., 2016; Celby et al.,
2014; Duhig et al., 2016; Hulin et al., 2015; Malcne et al., 2016; Murray et al., 2016: Rﬂga]ski
et al, 2013). There was no a-prion justification to exclude any. The size of the feature space
and the possible comrelabons between predictor vanables was given particular consideration
when choosing the modelling and data processing approaches.

fnjury classification

Three different types of mjury were considered; any non-contact (NC), non-contact causing
time-loss (WCTL) and any hamstmng (HS). Sepa.rate models were bult for each mjury
outcome to investigate whether predictive models performed better for specific inury types.
Hamsiring mjunes were chosen as they were the most frequently occumng specific mjury in
this cohort and are a commeon injury in Australian football (Orchard, Seward & Orchard,
2013). A possible lag period between spikes in training load and increased injury nsk has been
reported m previous studies (Hulm et al.. 2015). Models were also built for the hikelihood of a
player sustaining an injury in the next five days to investigate whether including a lag period
could improve predictive performance.
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Modelling approach

Predictive models were bult on two years of load and mjury data (model training data) and
tested on one season of unseen future data (testing data) (Figure 1). Evaluating models on a
season of mnseen data 15 requred to get an estimate of the ability to predict mjunes.
Multivaniate stafistical models can have many degrees of freedom and can be tuned to fit a
particular data set very well To test whether a model will generalise and be useful in practice.
the predictions mmst be evaluated on a new data set (Kuhn & Johnsen, 2013).

| seasonaoi4 || Semsem20i5 || Semond0i |

L Il ]
T T

Migded training data Testing data
Figure 1. Dara split for mode] raming and testing.

Models were built to try and predict whether an athlete would be mjured, given knowledge of
their training loads. Each day that a player completed training or a match, or reported an injury,
was included as an cbservation in the mode] training data. Predictions were then generated for
each fraining or match day i the testing data set and evaluated against actual injury incidence.

Prediction algorithms

Multiple algorithms were tested to compare their ability to predict injury in team sport athletes.
Multivanate models were constructed using all 58 tramng load vanables as well as two
additional features; player age (vears) and a binary indicator variable for whether or not the
player was scheduled to play a in a competitive match that day. The approaches considered
Were:

= Logistic regression (LE) 15 commonly used to model mpury outcomes (Colby et al., 2014;
Gabbett, 2010; Murray et al, 2016). Elastic net regularisation was mntreduced due to the
large mmaber of predictor vanables used (Zou & Hastie, 2003).

» Random forest (FF) models were chosen for therr ability fo fit non-linear patterns in data
and deal with collinear predictors (Breiman, 2001). Fandom forests have been used in
mjury prediction studies in mugby league (Thomton et al., 2016).

# (Generalised estimating equations (GEE) are an extension of generalised linear models that
account for comelations between repeated observations taken from the same subjects
(Liang & Zeger, 1986). A binomial link function and auto-regressive correlation structure
was used (Williamson et al., 1996).

= Support vector machines (5VM) with a radial basis fimction were used to model the
potentially non-linear pattern between load and mjury n high dimensional data (Vapmk &
Vapnik, 1998).

In addition. umvariate LR models were constructed for each training load vanable (Colby et
al, 2014; Gabbett, 2010; Murray et al., 2018) to provide a companson for the more complex
mmultivariate and non-linear models used.

Models hyperparameters (elastic net mixing parameter and regulanisation strength for LE.
number of trees and variables sampled at each node for FF and regulansation penalty for
SVA) were tumed wsing 10-fold cross validation on the model traimning data and a grid search
method (see supplementary table 1 for details). The choice of hyperparameter that gave the
best performance (area mmder F.OC curve) dunng cross validation was then used to construct a
model on the full traming data set (2014-15). This model was then tested on the hold-out
season (2016). All analyses were performed using the B statisfical programming langmage.
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Dafa pre-processing

To allow for players to accunmlate sufficient traming loads to caleulate workload rafios and
exponentially weighted moving averages, the first 14 days of each season were removed from
the model traiming and testing data. This loss of data could potentially be avoided in future
studies if momtoring of chrome workloads extended mto the off-season pemod Players i
rehabilitation tramming were excluded from moedelling until they returned te full raiming.

Many of the training load wvariables collected were likely to be comelated (Weaving et al..
2017). Thus our prediction problem may suffer from multi-collinearity, potentially leading to
mstability and emors in the model bmldmg process (Kuhn & Johnson, 2013). Pnncipal
component analysis (PCA) 15 a dimensionality reduction process that reduces a large number
of predictor vanables to a smaller number of umcorrelated vanables (called prncipal

components) to combat the problems asseciated with mmlti-collineanity (Kulm & Johnson,
2013). PCA has been advocated as a way of dealing with collineanty in multivanate traiming
load modelling (Weaving et al., 2017). It has been employed in previous studies of training
load monitoring (Weaving, I-.'Ia.tshalll Earle, Newill, & Abt. 2014; Williams et al. 2014a). To
explore the effects of PCA pre-processing, each mmultivanate model was framed with
unprocessed data and data pre-processed with PCA and the results were compared. Principal
components were calculated using the singular value decomposition method (Jolliffe, 1986). A
95% cunmlative variance threshold was used to exfract m principal components, where m was
the smallest number of components that explamed at least 95% of the total vanation m the data
(Jolliffe, 1986; Kuhn & Johnson, 2013).

Class mmbalance refers to prediction problems when one class 15 far more common than the
other (Kuhn & Johnsen, 2013). Injury prediction suffers from large class imbalance smce
mjuries are far less common than days when a player doesn’t get mpured Severe class
mmbalance can cause prediction algomthms to have trouble comectly predicting the rare class
(Kuhn & Johmsen, 2013). Two samplng TBC]ZIIIlq'l]EE WerTe m]plemmted to combat class
mmbalance. Under-sampling randomly removes non-mpury days from the model ulding data
until there 15 an equal mmber of mjury and non-mjury days. Synthetic minonty over-sampling
{SMOTE) synthetically creates new mpury samples m the model traming data and under-
samples a fraction of the non-injury days to even up the classes (Chawla, Bowyer, Hall, &
Kegelmeyer, 2002). Each model was built using unprocessed data, ymder-sampled data and
SMOTE sampled data.

Model evaluation

To evaluate the performance of each modelling approach, predicted injury probabilities were
generated for each traiming or match day m the full testing data set. A receiver operator
characteristic curve was constructed and the AUC calculated. Importantly, each model was
evaluated on exactly the same data set (1.e. no under-sampling or SMOTE applied to testing
data) to allow for farr compansons. A perfect model would have AUC=10 and random
guessing would be expected to produce AUC=0.5. This gives a performance metric preferable
to ermor rate for problems with unbalanced data; where low emor can be achieved by sumply
predicting the more common class every time (Kuhn & Johnson, 2013; Thomton et al., 2016)
(e.g. 1if the injury rate 15 1%, a model always predicting no-injury 1s 99% accurate).

To estimate the vanability infroduced nte the modelling procedure by randomly sampling the
data dunng the pre-processing and model tuming stages, 50 repetifions of the entire process
were mun, generating a set of performance estimates for each model Under-samplng and

SMOTE sampling miroduce varability into the modelling pipelme because they select a
random subset of the training data before the model building stage. A different selection may
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result in a different model. Variability 1s also introduced during the model tming stage. During
cross validation the traimng data set is randomly partiioned imfo 10 folds, model
hyperparameters are then chosen based on the performance across these folds. It is possible
that when the process is repeated the composition of the folds will change. In this circumstance
a different hyperparameter will be chosen and a different model created.

Results

The number of reported injunies (and frequency relative to the number of sessions) is shown in
Table 2. Hamstring injury rates were similar across seasons (0.004 vs. 0.003 injuries per
session), however non-contact (0.035 vs. 0.014 munes per session) and non-contact fime-loss
(0,017 ws. 0.009 mjuries per session) injury rates were lower.

Table I: Injury couwnts and rates (relative to totsl monber of sessions) o the mode] waming and testing dam.
(MC = non~contact, WCTL = non-confact tirms-loss, HS = hamering, “lag’ suffix indicates outcoms is

iy within 5 days).
Injury cutcome Model "‘““"ME;J’“' (2014 & Testing data (2016)

WC 331 (0.035) 57 (0.013)

NCTL 156 (0.017) 42 (0.009)

HS 36 (0.004) 13 (0.003)

NC-laz 1601 (0.174) 479 (0.103)

MCTL-laz 784 (0.085) 205 (0.063)

HS-lag 183 (0.020) 23 (0.019)

Total records (march & mraining) 5203 4664

Predictive ability of different modelling approaches

Predictive performance was limited for mulfivanate models when using un-processed data
(Figure 2). Using regulansed LE to model hamsting mjunes performed best (mean
ATIC=0.72), all other nmltivariate models had a mean AUC of less than 0.65 on the testing
data. Univanate models performed worse than multivariate models for each injury outcome
(best AUC=0.6 for NC and NCTL. and best AUC=0.7 for HS).

Attempting to accoumt for a possible lag time between traming load spikes and injury
occummence (NC lag, NCTL lag and HS lag in Figure 1) did not improve predictive
performance (mean ATUC=030-0.57). In general. models provided predictions only marginally
better than chance.

The performance of HS imjury models (particularly LE. and BF) was more variable than non-
specific mjury models (Figure 2). The mcreased vanability 15 likely due to the smaller number
of H5 injuries in the model training data (n=36). The random inclusion or exclusion of one or
more of these injuries during the model building stage has a greater inmpact on the final model.

No particular prediction algorifhm showed a strong tendency to outperform others across
different mjury outcomes. The more complex models (BF and SVM) did not tend to
outperform generalised linear moedels (LE). Accounting for mdividual clustering effects (GEE)
did not lead to better results.
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Figure 2: Area under RIOC cwve evalusted on the testing data sef (mesn and standard deviaton of 50
repettons) for different prediction alponithmes and injury outcomes (po data pre-processing). (MC =
mon-confact, WCTL = non-contact Gme-loss, HS = hamstring. “lag” suffix imdicates putcome is mjury
within 5 days. GEE = {(Genemalized estimating equation, LE = regulanzed logisic regression, BF =
random forest, SV = support vector maching).

Hamasiring injury prediction

Begularised LE for hamsinng imjunes showed better performance (mean AUC=0.72) than
other models (Figure 2). The model gives a predicted injury probability each day, how this
translates inte practice (1.e. modifying player traming and preventing injuries) is dependent cn
the preferences of the decision maker. Specifically, how they weight the consequences (cost)
of a false negative (missed mjuﬁ]l relative to a false positive prediction (unnecessarily
cancelling or mndJ.ﬁmg a session by decreasing volume or infensity). To illustrate this we
considered three arbifrary relative costs: 1 missed i mjury (Le. one we didn’t predict) costs as
mmch as 30 umnecessarly modified sessions (aggressive misk), as much as 100 sessions
(moderate nsk), or as much as 1000 sessions (conservative nsk). The estimated ophimal
performance metries for the three choices are shown in Table 3. There 15 a trade-off between
comrectly predicting more injunes and meorrectly flagging non-injury sessions. In general the
AUC values for other models in the study were simular or below the HS model. suggesting
they would not perform sigmificantly better than the results m Table 3.

Table 3: Estimated optimsa] performance of HS injury models fior different relatve cost ratdos (valnes reportad as

median of 5 repetions).
. Frobability Probability
Cost uft;::se True Falze Positive Negative injury imjury
rd:.tlg to fal positive positive likzelibood likzelibiod given Eiven
“ili:'e rate rate ratio ratio postive negative
pos prediction  prediction
50 (agzEressive - -
rick) 0.08 0004 172 0.93 .05 0.003
100 [m 0.54 0.11 5.0 0.52 0.0 0.001
)
1000
{conservabve 0.92 0.53 1.7 0.14 0005 00004
rick)
Effect of dafa pre-processing

The effects of different data pre-processing protocols are shown in Figure 3. Model
performance varned wnder different protocols, yet the differences m predictive abilify were
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generally small. Feducing the mumber of predictors to a smaller, imcorrelated set by applymmg
PCA pre-processing caused munor performance mmprovements in the models considered
(Figure 3). This suggested that multicollinearity was a potential cause of poor performance
when using un-processed data. Addiionally. the vanabality m performance tended fo decrease
{especially for BF models).

Under-sampling non-injury days led to performance decreases for all models except the SVM
(Figure 3). This is possibly due to the information lost from the model training data when a
la.tge number of the non-mjury days are removed. Under-sampling may not be appropnate for
the imjury prediction problem. SMOTE sampling did not lead to any major performance
mmprovements (Figure 3). In the SMOTE procedure new injury observations were synthetically
created using the common charactenistics observed in actual mjuries. This may not help the
generalisability of models if new mjuries show little resemblance to past ones. SVM models
were the exception, and benefited from both sampling methods wsed, suggesting their
performance was more negatively affected by immbalance between m_;ur:, and non-mpuury
observations. Cnmbmmg SMOTE samplmg and PCA pre-processing was similarly
unsuccessfil in mproving predictive performance.

Mo pre-processing FCA | Under samping | | SMIOTE sampling | | PCA and SMOTE
L r.— ¥ .
&
. | Madel
o | il | | = cFF
- 1 [ — LK
@ 07 S | I -
' — ] e 5
ne| W uF R -l-'it ¥ ¢ & T T B o L | 9w
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- + i L L 2 1 i X L
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Figure 3: Effects of dam pre-processine protocols and sampling methods on model performsnce (mean and
standard devistion of 50 repettions) for each njuory outcome (M = non-contact, MCTL = non-
contact time-less, HS = hamsiming. GEE = Generalised estimsting equation, LE = regularized logistic
regrassion. BF = random forest, 5% = support vector machine).

Applying samphing methods to the data to try and reduce the amount of imbalance between the
number of mjured and non-injured cbservations led to increased vanmability m the results
(Figure 3). This 15 a consequence of randomly removing different subsets of the data before
building models m each smlation. FOC curves for the best performuns models (lughest mean
AUC) for each mpoy type are shown m Figure 4. BOC curves for the modelling procedures
that meluded vnder-sampling and SMOTE sampling of the fraining data showed mmuch more
vanability between the 30 repetitions (Figure 4(a-b)). The best performing hamsinng model
(Figure 41:1:)) which didn’t use any sampling methods, showed only very small vanablity
between repetitions (nearly perfect overlap for each repetition).
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Figure 4: PO curves for 50 repettons of the best performing (hizhest mean ATC) modelling process for each
mjuary type: (3) 5V with under-sampling fior WC, (b)) BF with SMOTE sampling for MCTL and (c)
LE wath PCA for HS injuries (WC = non~contact, BCTL = non~contact time-loss, HS = hamsiming.
LE = regulanzed logistic regression, FF = random forest, SWVA{ = support vector machine).

Frincipal component analysis

PCA pre-processing applied to the full training data set (i.e. before amy sampling strategies
were applied) required 14 principal components to explain 95% of the vanance in the data
(Figure 3(a)). The first two components accoumted for close to 60% of the varance. This
implied that much of the mformation contained in the multiple training load metrics could be
captured m a lower dimension. The comelation between the predictor vanables and the first
two principal components 15 shown m Figure 3(b). A clear grouping effect betwesn vanables
of the same types was observed The relative training load variables (ACWE. and exponentially
welghted ACWE) were related to the principal components in simmlar ways. The grouping
could also be observed for 21-day cumulative loads and 3-day cummlative loads. Separation
between monotony, strain (calculated over 7 days) and 6-day cummlative load vanables was
less clear. This was potentially due to their simular timescales. The two non- training related
vanables, age and match mdicator, were not strongly comelated wath erther of the first fwe

principal components.
Model performance for new versus returming players

Predictive accuracy of NC and NCTL mjury models did not sigmficantly change when new
players and retuming players were considered separately (Figure §). Hamstring models

to perform better on returming players, suggesting they may have started to identify
patterns leadmg to hamstring mpury in the existmg playing group. However, of the 13 total
hamstring injuries in the testing data; 10 were to new players and only 3 to returning players.
The inflated results for the retuming players may be a consequence of the small sample size
and not tmuly representative of expected firture performance.
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Fesults of principal component analysis applied to full maining data set. (3) Scree plot showing the
percentaze vartance explamed by the Srst 14 principal conponents (the nnmber required to pass $3%
onmmilafive variance explained). (b) Verable factor map showing how comelated each predictor
wariable is with the first swo principal componsnts (3 representanve subset of varsble libels were

chosen for fipure clamsy).
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Figure 6: Model performance (mesn and standard deviztion of 50 repettions) for (3) new players and (B)

reirmning players (FCA pre-processing).

Effect of increasing the number of model training samples

The performance of predictive models can be mfluenced by the amoumt of data available to
build models (Kuln & Jolnson, 2013). A leaming curve shows the performance of 2 model on
the training and testing data sets as the size of the training data set is increased. Thas indicates
whether performance is improving or plateauing as more data is used Leaming curves were
constructed for two injury models (Figure 7) to investigate whether the poor performance
could be atnbuted to msufficient amounts of data.
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Figure 7: Leaming curves showing mesn and standsrd deviadon of performance for; (3) LE model of HS
mjuries (b) SWVAL model of NCTL mjumes (both with PCA pre-proceszing). (MCTL = non-contact
fme-lass, HS = hamsming. LF. = regnlarized logisdc regression, 5WVA = support vector machine)

—— Testing tata —— Trairing dat

The performance of LR to predict hamstring inpury (with PCA) 15 shown in Figure 7(a). Test
set performance increased as the amount of data used the build the medel increased, suggesting
the model was learming fo recogmse hamsimngs mjumes better. The performance on the
training and testing sets appeared to converge to a simular level (mean AUC=0.7-0.8) once the
full data set was used However this represented a limited ability to predict injuries (Table 3);
meaning the model was umable to fully explain the relationship between the predictor and
outcome variables, or had underfit the problem. Underfitting suggested the model was unable
to capture enough complexity in the data or that the predictor varial:lles did not contain enough
nformation to predict injuries (Kuhn & Johnsen, 2013).

Figure T(b) shows the learning curve for an SVM model for NCTL injuries (with PCA). The
performance on the model traming data was near perfect but test set performance was well
below desired levels. The leaming curve suggests the model may be suffering from overfitting;
1t has perfectly fit the injuries in the model traiming data but does not generalise well to new
data. Potential strategies for addressing this are collecting more data (especially more positive
myury samples) of penalising the model for increasmmg complexty (regulansation) (Kuhn &
Johnson, 2013). The increase in performance observed when the size uf the training data set
was mmcreased from 460 to 9203 samples was approximately 3%. Estimating fiurther
mmprovements 1s difficult given the potentially non-linear relationship, hmﬂ.m.er it appears at
least an crder of magmitude (tenfold) more data may be needed.

Discussion

Models of the relationships between frainng loads and mjunes in elite Australian footballers
showed limited ability to predict future injuries. Multivariate models of non-contact and non-
contact ime-loss injunes performed better than univanate models, yet only margmally better
than would be expected by random chance (mean AUC=0.7). The levels of performance were
conyparable to similar modelling in mghy leagne (AUC=0.64-0.74) (Thomton et al, 2016).

Considenng hamstring mjuries on their own led to improvements m model pa‘fmman:e (best
AUC=0.76) (Figure 2-4). Implementing such a model m practice would require practitioners to
consider how mmuch modification of player training they are willing to accept in an attempt to
prevent injuries. Results suggested that p]'edlcung half of the hﬂmsl:nﬂg imjuries would incur a

false positive rate above 10% (or more than 1 m 10 player sessions unnecessanly modified)
(Table 3). The multivariate models used in this study provided improved predictive ability
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compared to findings by Ruddy et. al. (Ruddy et al, 2016) m a larger cohort of hamstring
mjuries n Australian football {JLUC=':] 50.63).

Pre-processing data to account for nmlticollineanty of predictors (with PCA) and sampling to
reduce the level of class imbalance resulted In munor improvements to predictive performance
{'l-'lgu.re ). Particularly in the more mmplex models (SWVH) that tended to over-fit the model
traming data Consideration of these issues may improve predictive performance in futre

modelling studies.

Results from the PCA analysis showed the different training load wvamables to strongly
comrelated (Figure 5(b)). A large proportion of the total variance in the 60 variable data set
could be captured by only a few principal components (Figure 5(a)). The metrics used m flus
siudy were ongmally chosen in an attempt to represent different physiclogical demsands
mposed on players. The results suggested that in Australian football the different metrics
contain largely overlapping mformation. This finding highlights issues with performing
nmiltivariate fraining load modelling without initially treating the data to exiract orthogonal
components (Weaving et al., 2017). The amount of redundancy in the predictor vanables may
also partially explain the mal:ulm to predict injunes with high accuracy. The inclusion of
multiple GPS and accelerometer denved metnics provided hLitle additional information and
future studies may benefit from meluding different sources of information in modelling
approaches (e.g. anthropomorphic measurements, imjury histories or psychological profiles).
The intemnal training load variable (sEPE) did not appear to provide different information to
external loads (Figure 5). The strong comelations between different trainmg load mefrics may
be a consequence of the particular demands of training and matches in Australian football, and
it is not known if this finding generalizes to other athletic cohorts.

Possibilities for improving injury prediction models

The learming curves for different modelling approaches are shown m Figure 7. These provide
some indicators for ways fo potentially improve the performance of future mjury prediction
models. Underﬁltl.ug models (Figure 7(a)) can be improved by increasing the model
complexity or by increasing the number and vanety of predictors (Kuln & Johmson, 2013).
This suggests that linear models such as logistic regression may not be well suited to
modelling complex mjury relationships, supporting the contention of Bittencourt et al
(Bittencourt et al , 2016). The more complex models (FEF and SVM) tended to owver-fit the
small number of mjuries m the data (Figure 7(b)) and did not generalise well to future mjury
observations. Collecting more player monitoning and injury data (=10 team-seasons) may
provide a way to construct practically useful prediction models.

Given the low mjury per session rate (0.4% for hamstnng to 3% for all non-contact) and the
large number of possible sk factors, a probabilistic approach to load and mjury nsk models
that allows for clmical judgement given context and other sources of information may improve
outcomes. Fuhme studies may see progress by taking this appreach and not considenng mjury
prediction as a binary classification problem.

Litifity of wraining load monitaring for injury risk reduction

Fesults of this study suggested that traiming loads models were limited in their abality predict
future injuries for an athlete on a given day. However this not does not mle out training load
monitoring as a valid practice. There 15 strong evidence (Blanch & Gabbett, 2016; Carey et al.,
2016; Hulin et al., 2015; Malone et al., 2016; Murray et al.. 2016; Soligard et al., 2016) that
rapld increases in load and spikes in acute:chromic workload Iatio are associated with increases
n team mjury rates. For this reason, measuring absolute and relative training loads in team
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sports to monitor load progression and allow for informed modification of plans 15 stll
considered best practice (Drew & Finch, 2016; Scligard et al., 2016). Using individual training
loads as a daily decision tool for athlete injury prediction has limited utility in this study.

Limitations

The professional sporting team participafing mn thos study had comparatively high player
tunover. This may have mmpacted on the accuracy of mjury prediction models (Figure 6) and
restricted the ability to build player specific models. The small injury sample size was a
consequence of conducting this study within a smgle club. There were an msufficient munber
of mjury records of a paricular type (other than hamstrings) to create different mury specific
models.

This study included a mumber of the commonly used traimng load measures (GPS and session-
FPE) and denved metrics (cummlative load, acute:clromic workload ratio, monotonmy and
strain). Funming demands in relative speed zones, subjective wellness and fatigue markers and
biomechamical screening data were not available. These variables may contain relevant
information to Improve predictive models.

In both the model raimng and testing seasons |_:|lx1,51|:al preparation staff were aware of the
emerging body of research on tramming loads and mjury nsk (Colbwy et al., 2014; Gabbett, 2010,
2016; Hulin et al., 2015; Fogalski et al., 2013) and gave consideration to this when plaJ:u:u.ug
trammmg. This may - have influsnced the distribution of traming lead vanables recorded.

Practical applications

The results of this study highlighted the limitations of using training load based predictve
models as a daly decision tool for practiioners n Austrahan football. We outlined how a
practitioner’s judzement on the “cost” of an injury relative to a modified training session can
mfluence how a predictive model is implemented in practice (Table 3). Improved predictive
performance for hamstrmg specific models suggests that modelling specific myury outcomes
mstead of general non-contact injuries may be more informative for assessing mjury nisk in
practice. The findings relating to insufficient data set size and poor model performance address
am 1ssue likely encountered by practitioners operating in a team-sport environment.

CONCLUSION

Models of training load. age and session type showed limited ability to predict future injury in
Ansiralian footballers. Hamstring specific mpry models showed better predictive pﬂfarmame
than general non-contact models. Future studies may benefit by considering specific injury
types as outcomes varables. Predictive performance also improved with increasing quantity of
data. This lughlishted the lmutations of predictive modelling attempts conducted within a
single team and the need for collaboration or larger cohorts. Traming load may be an important
mjury risk factor to momitor, yet considering it mn isolation as a daily decision tool has limited
ability to predict myury.
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Optimizing Preseason Training Loads in Australian Football

David L. Carey, Justin Crow, Kok-Leong Ong, Peter Blanch, Meg E. Morris,
Ben .. Dascombe, and Kay M. Crossley

FPurpoge: To investigate whether preseason training plans for Awstralian foothall can be computer generated wsing curnent
training-load guidelines to optimize injury-nisk reduction and performance improvement. Methods: A constrained optimzaton
pmblem was defined for daily total and s print distance, using the prescason schedule of an elite Austmlian football team as a
temiplate. Maximizing total training volume and maximizing Banisermodel-projected performance wene both considered
optimization objectives. Cumulative workload and acwte:chronic work load-ratio constraints were placed on trainin g programs to
reflect curnent guidelines on relative and absolute raining loads for injury-risk reduction. Optimization softwane was then usad to
generate preseason training plans. Resulis: The optimization framework was able to generate training plans that satisfied relative
and absolute workload constraints. Increasing the off-season chronic trining loads enabled the optimization algorithm to
prescribe higher amounts of “safe” training and attain higher projected pefformance levels. Simulations showed that using a
Banister-mode] objective lad to plans that included a taper intraining load prior to com petition to minimize fatigee and maximize
pmjected performance. In contrast, when the objective was to maximize total tmining volume, more frequent training was
prescribed to accumulate as much load a5 possible. Conclusions: Feasible training plans that maximize projected performance
and satisfy injury-risk constraints can be awtomatically generated by an optimization problem for Australian foothall. The
optimization mathods allow for individealized training-plan design and the ability to adapt @ changing training objectives and

different training-load metrics.

Keywords: AFL, injury, perfformance, workload ratio

Trining-load prescription in team-sport athletes is a balance
between performance i ement’-? and injury-risk reduc-
tion** The manipulation of training intensity, duration, and
frequency to induce improvements in athletic performance is a
fundamental ohjective of tmining-plan prescription.” To inform
this process, mathematical models of the relationship between
training loads and performance have been proposed for multiple
athletic populations, ~** Banister ot a' modeed the response to a
traiming dose using 2 time-decaying functions representing fit-
ness and fatigue. This allowed performance to be projectad at a
later time by taking the difference between the modeled fitness
and fatigue functions. While the accuracy of these models in
predicting performance has been limited,"¥ they provide a
genemalized basis for tmining prescription. Studies modeling
teamr-sport performance are fewer, possibly due to difficulties
in quantifying individual performance in a team environment and
mixed training methods.

Training load has been identified as a risk factor for injury in
recent reviews, with both absolute and nelative loads needing to be
considered when assessing injury risk.** The acute:chronic work-
load ratio quantifies an athlete’s nelative amount of shor-term
{acute) to long-termm {chronic) training and i an injury-risk factor
in a number of eam sponts. 5% In addition, there is evidence
that cumulative absolute workloads can influence injury risk in
Australian foothall?

Camy, (row, Momis, Dascombe, and Crossley are with La Trobe Sport and
Exarciee Medicine Remmrch Cente, ond Ong, the SAS Analytics hinovation
Lah, La Trobe University, Mekhoone, VIC, Amstralia Blnch & with ghe Schonl
of Alied Healéh Sciences, Griffith Univessity, Gold Coast, (LD, Anstrabia. Carey
{d.careyi® latrohe adn an) i comespon ding amthor

Curmenily, physical-preparation staff are tasked with balancing
the training guidelines associated with injury-risk reduction and
performance improvement when prescribing training loads. Math-
ematical optimizaton & a method that may help in this process,
particularly as more data on training-load monitoring become
availahle 2542 Optimizaton is the task of finding a set of values
{decision variahles) that maximize an objective function (goal) and
satisfy a set of constraints. Optimizing training loads has been
explored in studies of tapering® and to generate trining plans for
performance improvement.'* Mo study has explored optimization
modeks that incorporie training guidelines for mjury preventon
based on cumulative loads and workload ratios in team-sport
athletes.

Thizs study aimed to determine the extent to which curnent
training-load guidelines {for relative and absolute training loads)
can be used to generate optimized preseason training plans in
Australian foothall and © investigate the effects of wvarying
optimization @rges and load consrains on the compuier
generated plans.

Methods

The task of planning preseason fraining loads was posed a5 an
optimization problem. The decision vanables wene the amwount of
training prescribod each day, and constraints were defined based
on recommended acwierchmonic workload ratio and cumu lative
load limie for injury-risk reduction.

The fixture for an elite Australian football club was used as
a template. Players wene schoduled to play 3 practice matches 98,
104, and 112 days from the stant of preseason and their first
competitive match on day 125, Outside of fiese maiches, training
loads wene shle to be freely prescribed on each day.
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Decision Variables

The goal of the optimizaton procedure was to genemte a full
prescason training plan by specifying the workload value (w)
each day:
w; =tmining load onday i; i= {1,2, ... 125}

In thiz study, total distance and sprint distance (SD) werne exploned
since Mt of the research 1o date has examined the nelationship
between these variables and injury risk in team spont. -2 How-
ever, in general, the workload variable could be substinnted for
any method of trmining-load quantification.

For clarity, the following sections describe the complote
optimization formulation for ol session distance and then present
the simple modifications needed to adapt the method to SD. This
illustrates how the methodology can be generalized to different
training-load nepresentations.

Constraints
The optimizaton model required tmining plans to satsfy 5
COnSTans:

* Daily training loads wene constrained to be O to 30,000 m

{a generous wpper bound based on unpublished data from
Previous Se880ns).

0 <y = 50,000
* The acute:chmonic workload matio {r) was calculaied on a daily
hasiz, using a 6-day acute and 24-day chronic tme window,
fiound to be appropriate for this cohort, ™

(L. =l
23 LA

j=i=

=

Training plans werne constrained to keep daily workload mtios
in the previously described “safe zone™ for injury-risk reduc-
tion (L6 < r< 1.3).59

* Three-weekly cumulative distance loads of 73,721 to 86,66 2 m
wene reported o increase preseason injury risk in Auwstralian
foothallers {odds ratio 5.49).* To account for this, a mlling
21-day cumulative load { C;) was calculaied and constrained to
ot excead 73,721 m.

i=1
C= E W
==z

= 73721

+ Rest days {(w;=0) need to be considered when planning
training in professional team sport due o contractual entitle-
meents. Rest days werne included by replicating the proposed
rest schedule at the foothall club, While it can be argued that
the timing of rest may be a component of designing an opti-
mal plan, considerations around public holidays, weekends,
and player requests wene considered beyond the scope of
mathiematical constraints.

+ Match demands were taken from the 2015 AFL GPS Report™
and incorporated by constraining the total match distance o be
13,200 m (wyzs=13,200). This is an average value and may
not neflect the largest loads seen in matches or the differences
between playing positions. By increasing the match-dem and

Optimizing Training Loads in the AFL 185

constraint the method can be adapted to prepare for higher

maich loads.

Preseason matches in the AFL ame subject to altered rules
that generally involve mwore intenchange players and shorter
match durations. Unpublished data collected in the participating
club suggested that total distances covered were approximately
15% lower in preseason matches than in in-season matches
{h'm.u;‘":: 1 1.220]

Calculating cumulative workloads and acuie:chronic work-
load ratios at the beginning of preseason requires knowledge of
off-season chronic Joads. At the participating club, players ane
generally given, and expected to folow, an off-season training
program but ane not monitoned with GPS devices due o league
restrictions. As such there is an inherent assumption that players
ane completing their off-season training . Two lkevels of off-season
chronic load wene considered {representing ty pically prescribed
loads): 14 kmiwk and 21 kmdwk.

Objective

Twao objective functions {f, &) were considered. Objective A was
to maximize the total amount of training distance in the preseason,
representing the simple goal of allowing players to complete as
much raining as possible without violating injury-risk constraints
{assumed desimable for team sponts).

125
Falw)=%"w
=1

Objective B was i maximize the Banister-mode]-projected per-
formance on match day. This objective was chosen & it inchided a
conszideration of the fatiguing effects of tmining, as well as a
realistic goal of trying 0 maximize playes’ preparation before
their first match. Banister-mode] parameters wene adapted from a
study of middle-distance runners,"* as mo such research has been
undenaken in Australian football.

i=1 . i=1 .
i) -
p.-=ﬂu+h§ WE —sz W
= =1

=1 k=2 n=45 n=11

Felwl=pus

Modifications for Sprint Distance

Adapting the optimization problem outlined herein to SD (defined
as the distance covered above 753% of an athlete’s reconded top
spoed®) requires only a few parameter changes:

* The three-weekly cumulative load constraint was changed to
C;= 1,433 to reflect findings on increased injury risk by
Colby et al.?

* Regular and preseason match demands were changed to 268 m
and 200 m of 8D, respectively.?

* Off-season chronic loads were considered at 150 miwk and
225 mfwk of 5D i reflect levels typically prescribed by the
participating club.

These example values are taken from a stedy of 1 team and
miay not represent the demands of other athletes. It is recomimen ded
that constraint be tailored o suit eam-specific demands when
adapting this methodology.

LSPP Vel 13, No. 2, 2018
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Simulations

Training plans were initialized by mndom sampling from a nomal
distribution: mean (standard deviation)=3 ki {1 km) and 30 m
{10 m) for distance and 5D, respectively. Starting from the mndom
training plan, the optimization software sought o find a solution
that satisfied all the constraints and maximized the objective
function {see supplemental movie available online with this
arnticle).

Optimization was performed using the MATLAB softwame
package (MATLAE 8.1, The MathWorks Inc, 201 3, Natick, MAJ),
the nonlinear programming solver and the sequential quadratic
programming algorithm, Default step and function convergence
tolerances were used | 107%). Twenty simulatons were nm for dis-
tance and S0 under each combination of objective and off-scason
chronic load.

Results

The optimization approach produced solutions that were able to
satisfy both the acute:chronic workload ratio and cumulative
workload constraints. Each simulated preseason training program
converged to an optimal objective valee within a similar number
of iterations (Figure 1), sug gesting that the optimization-problem
formulation and the algorithms wsed were appropriate. Increasing
the off-scason chronic-load parameter nesulied in higher total
preseason training loads under optimization objective A (Figume |
[a] and 1[c]) and higher pmojected performance under objective B
{Figure 1[b] and 1[d]).

The distribution of prescribed session distances and session
5D loads for each objective i shown in Figure 2. Each simulation
had slightly different distribuwtions (ie, the lines in Figure 2 do not

Tota| SO (k)

perfectly overlap), meaning it was possible for the optimizaton
software to achieve the same objective value using slightly differ-
ent training plans. Changing the objective of the optimization
problem resulied in different load distributions in the generated
training plans. In general, plans constructad with the objective of
maximizing Banister-projected performance (ohjective B) pre-
scribod more shont sessions {distance <5000 m and SO <100 m),
as well as mome long sessions (dis@nce ~TOD-11,000 m and
S0 =100 m).

Samiple preseason training plans {for distance and 5D gener-
ated by the optimization proced ure are shownin Figune 3. Plans for
toial session distance (Figure 3[a] and 3[b]) were generally similar
under the different chjedtive functions. The longest prescribed
sessions wene ~135 km and scheduled approximately 30 days inio
preseason. A notble difference was observed near the end of the
preseason before the first regularseason match. Plans siming to
maximize otal distance (Figune 3[a]) prescribed frequent training
up to and around matches, whereas those generated using the
Banister model refrained from prescribing any training in the 2 to
3 days preceding the first competitive match (Figure 3[b]). This
difference can likely by attributed to the fatigue component of the
Banister-ohjective function wsed. Refraining from raining befone
the first regular-season match allows for the fatigue component
to decay toward zem and the projected performance level to be
maximized.”

SD plans (Figure 3[c] and 3[d]) showed a different load
progression than that of distance plans. A gradual increase in
SD load was prescribed by the optimization software, with
maximal loads not reached until around 90 days into preseason.
Similar to distance plans, wsing the Banister model to guide
training led to a reduction in 5D load leading into the first match
(Figure 3[d]).

a0’
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Projected performance ()
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F|g.| rel — Con VTR & of 20 amulaied e EOn ramang plans T (@) i@ ames nnder ohgective A | b ditanes imder olyactve B.ic) aprnildstanee
{50 under objective A, and () 5D under objective B. Objective A 18 00 madmize o] presesion load; obdectve B is o maxim ize Banister-projected
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Discussion

This study aimed to determine whether trmining-load guidelines
could be used &0 gencrate optimized prescason fraining plans in
Australian foothall and how varying optimization targets and load
consraint influenced the computer-generated plans. The nesults
demonstrated that the total and 5D distances acmss preseason
training programs could be generated using an optimization ap-
proach. Cumulative load and acwte :chronic work load-matio guide-
lines for injury-risk reduction " were able 0 bhe satisfied on
cach day of the preseason plan when they wene defined as mathe-
muatical constraints. The theoretical approach taken, based on match
demands and workload constraints, gencrated prescason plans
{Figures 1 and 3) comparable to those previously mepored in
professional Australian foothall teams {mean total distance =
314—411 km, mean total SD=2.7-H.9km).* This nesearch extends
the approach of Schaefer e al™ by including constraints hased on

injury-risk factors and putting the approach in a sport-specific
COniext.

Choice of Optimization Objective

The choice of optim ization objective influenced the distribuwtion of
training sessions prescribed by the model (Figure 2). The gencrated
plans wene generally similarin how they progressed loads until the
latter stages of the prescason, prior to the first competitive match
{Figune 3; days 112-125). Maximization of projected performance
with a Banister mde] {objective B) was achieved by reducing
training frequency leading into competitive matches, This reduc-
tion allows for the fatigwe component of the Banister model to
decay iward zero,” maximizing the projected fitness level. This
aligns with previows theonetical resulis from Fie-Clarke of al®
where a taper hefore competiion maximized projected perfor-
mance. Maximizing totl preseason volume (objoctive A) was

LISPP Vel 13, No. 2, 2018
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accomplished by prescribing more frequent moderately sized ses-
sions. Mo frequent training is a way to accumulate mone |oad
(the goal of objective A) withowt breaking acwte:chronic work-
load constrints. Mo taper is included since ohjective A does not
include consideration for fatigwe accumulation, suggesting that a
Banister-maodel ohjective may be mone appropriate.

Effect of Off-Season Chronic Load

Muodifying the off-secason chronic-load parameter changed the
amounts of prescribed trmining and projpected pefomance in the
generated plans (Figure 1) A higher off-season chronic load
(21 konwik fordismnce or 225 méwk for 5D enabled the optimizer
to prescribe larger “safe” trmining volumes (Figune 1 [a] and 1[c])
and achieve higher projected performance (Figure 1[b] and 1 [d]).
These findings highlight the potential benefit of prescribing and
adhering to training plans during off-season periods to promote
follow-on positive effects. The importance of high chronie work-
loads aligns with the findings of Malone et al®* that they may be
protective against injury in Gaelic foothall.

Ability to Customize Plans

The methodological famework outlined in this study allows for
customization and individealization of training plans depending
on the preferences of the practiioner and needs of the athlete and
team. For example, mare ag gressive orconservative trining plans
could be generaed by simply modifying the workload-ratio
constraint, lowernng it to 1.1 for a safer plan or mising it to 1.3
if the wser iz willing to accept higher injury risk.* Individualized
planning could be incorporated by changing the off-season
chronic-load pamameter or cumulative-load constraint. For exam-
ple, first-year players or athleies returning from injury could be
assigned a lower off-season chronic load or a lower acceptable
cumulative load—and have their plans represent this lower load
capacity.

The framework also allows for customization to suit different
team objectives. For examiple, a team may want to employ a game
sityle that requires a higher amount of SO This could be mcorpo-
rated into plans by increas ng the match-demand constraint for 5D
from 268 o 350 m jor whate verthe desined lev el may be). The time
frames wsed in this study (125-d preseason with practice matches
ondays 98, 104, and 112} can be modified forteams or sponts with
different schedules. This could be accomplished by moving the
timing of the mach-demand constraints (eg, for a 3{-d-shorter
preseason: weg= 13,200 and wgg 74 g2 =11,220).

The optimization objectivecan also be adapted to suit different
goak. Instead of maximizing projecied performance (peaking) at
round 1, the wser may prefer to have athletes peaking for each
preseason practice match, as well, or a maich later i the season. A
plan with this goal could be gencrated by changing the objective
fumction to be the sum of Banister-projected performance on each
practice-match day or on a day later in the season.

In general, the optimization approach described can be wsed
to generate training plans that consider a number of combinations
of the madifications described herein, allowing for rapid trouble-
shooting of different trining strategies.

Limitations

This study presented a method for optimized training-plan gen-
eration in the coniext of a standard Australian football preseason.
As such, the paameters considered were specific to the cohort

of menest. A full evaleation of the effects of varying medel
parameters to reflect different possible taming philosophies and
timelines was considened beyond the scope of this study. The intent
of the study wasto determine if training plans could be generated
using an optimization approach. As such, there were no data
available on e implementation of a generated plan to allow for
comparison between planned and actual loads. Future studies ane
needed to evaluate theeffects of an optimization approach on injury
occurmence and performance.

A Banister impulse-respon se model was wsed to mode] athlete
responses to training loads. ' A discussion of the merits of wsing a
Banister model for team-spont athletes was considerad beyond the
seopeof this study, and it is possible that other models may be mone

appropriate.

Practical Applications

The methodology owtlined in this repont provides an adaptable
framework for phy sical-preparation staff i quickly create athletic-
training plans that objectively optimize training goals while satis-
fying injury-risk and ife-halance constraints (ie, days off) withouwt
exposing their plans to subjective bias. Practical applications
include ndividealized training-plan design and adaptability to
changing training objectives. The famework described also pro-
vides fheomnetical scope for testing different training strategies and
assumptions {eg, how much mome total fmining volme could
athleies attain if acwte:chronic workload-ratio limis are increased
to 1.5, or are athletes able &0 reach match fitness levels if their
off-season chmonic loads are reduced by S0% 7).

Conclusion

Feasible preseason training plans for Australian foothall can be
awvtomatically generated using an optimization approach that max-
imizes performance while being constrained by injury-risk guide-
limes. Training plans gemerated for athletes who enter preseason
with higher off-season chronic loads prescribed larger wotal train-
ing volumes, This allowed larger pmjecied performan ce improve-
ments while theoretically avoiding exposure to high-risk training
pattems. The methodology described allows for individwslized
training-plan design and the ahility to adapt to changing training
objectives.
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ABSTRACT
CAREY, DL L, K. M. CROSSLEY, & WHITELEY, A. MOSLER, F_.-L. ONG, L CROW, snd M. E. MORRE. Modeling Taining
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than oo mtimmon s methods {1274 Evalnating models using the orea mndar ghe ROC corve inon mecdy identifiad disoress models & soperior
in over 3% of simulations. Brierand o garitmic scoring was mo e suited i assessing mode] performance with ks than 6% discoete mnde]
selaction ree. Condusions: Many sindiss on the mhitionship betosen rining loads and injoy St have osed regression modeting have
signi ficant mintons doe to impoper discestization of contimuous varizhles and risk estimates. Contimons methods are more soied o
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selction. Mesmmes of mlibration am mom mfommative jodging e wility of injory sk modds. Key Words: ACUTELCHRORIC
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tion practiioners, clinicians, and rescarchers

sports science and sports madicine is estimating the
nisk of injury during sporting competitions and taming (1,2).
Relation ships bebween tmining loads and injuries have been
studied extensively in recent publications (2-14). Tamning
load has boen reported as a key imjury nisk factor in recent
oonsensus stwtements (1,15). Swdies of training loads and

O ne of the challenges for coaches, physical propara-
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injuries often model the reltionships between continuous risk
faciorms (2.g., cumubative load or acuie:chronic workload mtio
[ACWRY]) and binary outcomnes (injury or no-njury) (4-14).
Discretization is the practice of tansformmng contimious
data mip discrete categories and is a prevalent methodo ko gy in
studies of training load and injury risk (4-10). Discretization
methods in sports medicine research include median splits
{5,7), percentiles (5,6,13), z-score categories {4,7), and arbitrary
bins (8-10). These methodologices have not been critically
examined in the context of modeling training loads and in-
Jurics, Discrctization of contimeous covariates m nsk models
has been enticized in other ficlds (16-19). Discretation of a
continuous risk factor into categories assumes that cach in-
dividual within that category has equal risk. For example, if
cumulative training kad & split into low, medium, and high
categorics using percentiles, then it & assumed that cach ath-
lete in fhe high calegory has identical nisk, imespective ofhow
broad the category is (iLc., an athlete at the 6 7th percentile is
considered to beat the same risk as one at the 99th percentile).
This practice causes 4 loss of information becase within-
category varation & ignored (17). The loss of information
lowers the smtistical power of the study and may meduce the
ability to detect relationships between vanables, morcasing the
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likelihood of a false-negative reanlt (17,1 820). Discretization
can also lead to mflated false discovery raies (17,18). It is
comman for studies using discretizaton 0 anabyze results by
choosing a reference category and making multiple compar-
isnns to each ofher category, increasing the chance of finding
asignificant result (17). It has also been shown by Wainer
et al. (21) that categorization of continuous variables can
make trends appear in otherwise unrclated data if there is
freedom to choose the boundanies of the categonies Modelng
micthods that allow mek factors o vary continsously, such as
cubic regression splings and fractional polynomials have thene-
fore heen advocated as appropriaie aliomatives io discretization
for modeling nonlmear risk profiles in epidemiology (16,20).

The increase in studics investigating training load as a nsk
factor for injury has been accompanied by an increase i
studics exploring injury prediction (5,11,12,14,22,23), Injury
prediction models have been evaluated and compared usng
metrics, such as sensitivity, spacificity or areaunder the receiver
operator chamcteristic curve (ALUC) (5,11,12,14,22 23, These
sconng metrics anc designed to evaluate bmary predictions
(ie., injury or no-injury) and look at how often the model
predictions match the actual outcomes (24). In a practical
setting, where there is a clinician or coach to synthesias other
sources of information to make a contextuabized judgment, a
model would not be expected to make a yea/no decision. In
this scenario, it could be more informative to evaluate injury
risk models using measures of calibration | 19,25). Calibration
refers to how well a model is able to estimate the probability
of an event (24).

In this study, we critically evaluated the modeling and
evaluation methodologies found in the existing lterature on
the relationships between training load and mjury. Training
load dats collected from Australian football (6) and soccer
(26 ) wene used to generate a set of hypothetical data sets with
kmown injury risk profiles (2 7). Discrete risk models using
z score, percentile, and arbitrary binning methods (4-10)
were compared with continuous methods, regression splines,
and fractional polynomials (16,20). Modek were evalated
using measures of discriminaton (AUC) and calibration
(Bricr score) to assess which metrics were the most infor-
mative for assessing the utility of nsk modsls (24).

METHODS
Training Load Data

The ACWER is a rclative traiming load variabke cakculated
by dividing an athlete’s acute workload (typically 1 wk) by
their chronic workload (typically 4 wk) (2,27). Itis a bounded
confimuous vanable that has been sudied extensively as an
injury risk factor (2-14). The ACWR data wene pooled from
two studies on separate male populations; a two scason study
at asingle Australian Foothall club {6) (r = 2530, and a two-
season study of 17 soccer teams in the (atar S League
(26) (r = 23,742). One-week acute and 4-wk chronic periods
(overlapping) were used for both data sets. Total distance was

used as the load varable in the Australian foothall dat set
and training/match duration in the soccer data set (the only
available load metric). Combined, these data had a mean and
standard deviation of 1.05 and 0.42; similar to values reporied
in previows stidies (5,7,8) (se Figure, Supplemental Digital
Content 1, histogram of ACWER vahies, hitp:/link s e, com!
MSES/B302). The poolng of data from independent sounces
was done to ensure the distibution of values used in the
simulations was as representative as possible (Le, #1sa good
approximation of what a researcher could expect to collect in
a hypothetical futare study). Alemate ACWR calculation
methods that use exponentially weighted averages (28) or
decouple the acute and chronic time windows (29) have been
proposed. These modifications likely change the distribution
of ACWR values (2.g., decoupling canses the ACWR to be-
come unbounded). Despite this, cach method still produces a
contimsous variahle and the investigation into the effacts of
discretization in this study remains relevant rmespoctive of the
ACWR calculation method. Ethical approval for this study was
ohtamed from the Shatallah Medical Cenetics Centre, Approval
mumber; 20124017 and the La Trobe University Faculty of
Health Sciences Human Ethics Committee (FHEC4233).
Informed consent was obtained from the participating teams
fior the analysis of deidentified data

Injury Risk Profiles

Traditional research designs collect data and build models
in an attempt to estimate the true relationship between
varables of interest (e.g., ACWR and injury). To evaluate
different modeling approaches we have used a different
strategy . Artificial mjurics were inserted D existing training
load data hased on predefined risk profiles. This enshled us to
compare different models based on how well they wene ableto
recover the tnie melationship in the data Three predefined
theometical risk profiles were considensd (Fig. 1),

# Ushaped: To align with the hypothesized relationship
between ACWR and imjury (2,27), with mmimum nisk
comesponding o ACWR = 1.

100% 4

5%

50% 1

Injury risk

25%

0%

Acute:chronic workioad ratio
FIGURE 1 —Theoretion] ris k profiles used to simulste injuries.
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# Fht: To represent the null hypothesis that ACWR does
not influence injury sk (every observation poses a
umifiorn %% injury risk ).

# S-shaped: An alternative risk profile that has injury risk
a5 constant (2%) for ACWR < 1 then rises sharply o
very high injury risk.

Diewmils on the mathematical form of risk curves can be
found in the supplementary text (see text, Supplemental
Digital Conient 2, equations of Tisk profiles, hitp//Tnbks b,
com/MSS/B303),

Simulating Study Data

Toexamine the outcomes of different modeling approaches,
we simulated hypothetical new studies using the data collected
from Australian foothall and soccer (6,26). The simulation
procedure was:

# Choose a sample size (M) and randomly choose N,
ohservations of ACWER from the pooled data distribution
(sec Figure, Supplemental Digital Content 1, histo gram
of ACWR values, hitp:/links. e com/MSSB302),

# Asgign an inmjury probability {p) to each observation
using one of the predefined hooretical nsk profiles
{Fig. 1).

+ Randomly generat injurics by treating cach observa-
tion as a Bemoulli trial with probability of injury p,
Simply, this means for an ohservation with mjury risk
of 20%, we mndomly assigned it an injury or no-injury
lahel with probability 0.2 and 0.8, respectively.

We considered study sizes of 1000 and 5000 ohservations
(representing a single-season or multiseason study in team
sport) and three different nsk profiles (U-shaped, flat, and
S-shaped). For each of these six combinations, we simulated
100 studies to estimate the variahility in any results . Simula-
tions werne performed using the R statistical computing
language (30). An implementation of fe simulation proce-
dure 1= mmcluded in the supplementary code {see text, Sup-
plemental Digital Content 3, simulation code, http:/links.
I comMSSBI04).

Training Load—injury Models

Two types of modeling approach wene considered, discrete
and continucus, Discrete models were defined as those that
applied a discretization strategy o the ACWR values bglore
modeling them against injury incidence. We considerad three
different discretization methods i reflect fiose found i the
existing literature (4.5, 7- 10,1 3).

* D1: Normalize ACWR values (z-score) then split inio
SCVEN CAEQOTes using cutpoimts: §{=oo, =21, =1, 0, 1,
2, 3, = 4,7,

& D02 Split mto five quantilss (5,6,13).

# [3: Split the ACWR into five categories using the
cut-points: {0, 1, 1.35, 1.5, 2, ==} {10).

After discretization, ACWR was modeled against injury
incidence using binary logistic regression, with the central
group used as the reference level. This method of analysis
replicates that commonly used inprevious studics (8-110,13).

To contrast the disorete models, two continuous modeling
methodologies (C1 and C2) were considensd. The continuous
methods apply a transformation o the independent varable
(ACWER ) within the logistic regression. This alkows for nonlinear
relationships that vary contimuously to be modeled.

# Cl: Resiricted cubic splines model mehtionships by
subdividing the range of values of the covariate (at loca-
tions called knots), and fitting acubic pobymomial between
each pairof knots. The polynomials are constrained 0 join
smoothly at each knot and to be incar i the two outer-
most regions | 19). Resiricied cubic splines are a common
method of analysis in epidemiological stdies of non linsar
dose—response relationships (16,19.20). Spline models
were fitied in R using the spiines package (30). Spline
regression models were constructad with thmee internal
knaots placed at equally spaced percentiles (19,20). The
number of knots was chosen a priord in tis study but in
general can be chosen by comparmg multiple options
using an objective criterion {e.g., Akake information
criterion (ARC)) (19).

# (2 Fractional polynomiak are a flecible method of
mosdeling non lincar, contineows relationships. Fractional
potynomials consider a combination of candidate fime-
tions and select a final model afier a series of tests for
nonlingarity and complexity (31). A potential bencfit of
fractional polynomials over cubic splines is that they are
more interpretable. The fnal model can be described by
a closed form equation and offers potential insight into
the undertying relationship. Their drawhack is that they
are a global model (1.2, they fit the entire range of data
with a single fimction) and, therefore, cannat fit local
fieatures as well as splines. Fractional polynomial models
were fitted in R using the mfp package (30,32).

Presently, fow studies of the relationship between ACWE
and injury have used modeling methods that allow for
nonlinear trends and avoid discretization of the ACWER. An
implementation of cach modeling method considened is included
in the supplementary code (sce ioxt, Supplomental [hgital
Content 3, simulation code, http:/Vlinks v com/MS5/B3(04).

Each of the models | discrete and continuous) was used to
produce estimates of injury risk for each ACWR observation
in the simulaicd data sets, This replicates a study design
from a team sport environment where workload nisk facior
and mjury outcomes are recorded daily.

Evaluating Injury Models

Comparison between true and modeled risk
curves, A direct comparison can be made between the
modeled risk profile and the true risk profile in this study

MODELING TRAINING LOADS AND INJURIES
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because the function used to simulate the injuries was
predefined (ie., it is exactly kmown, as shown in Fig. 1).
Fuoot mean square emor (RMSE) (24) was calculated for the
difference between the true nisk and predicted nisk for each
observation in each simulated study. This provides a measune
of how well the modeling procedure was able to recover the
true risk profile usad to genemaiz the data

Fale discovery and false rejection rates. The flat
mjury risk profile was used i estimate the fake discovery
rate for each modeling approach (Fig. 1). Data simulbsted under
the flat profile contained no association betwcen ACWR and
mjury risk. Thenefone, any simulated study finding a significant
melationship in e data could be considersd a false dscovery
(Type 1 aror). Significance ieating for discrote models (D1,
02, D3) was performed by comparing the reference ACWER
kvel i all other levels in the discrotized ACWR (4,5, 7-10,13).
A simulation was deemed to have asignificant finding if any of
the 95% confidence intarvals for the odds mtios did not contain
1. Significance testing for spline regression (C1) and fractional
polynomials (C2) was performed by comparing to anull model
wsmg the hkehood mto test with & = 005 (32).

Falsz nzjaction rates (type Il armor) were estimated for cach
model by counting the number of times no significant result
was found when the data were simulated with a U-shaped or
S-shaped risk profile. Discretizing contimious v ariahles cases
adecrease in statistical power (1 7,18), poentially causmg the
false rejection rates of discree models to increase.

Receiver operator characteristic. The AUC hasbeen
used to evaluate predictive models of traiming load and injury
in previous sudies (5,11,12,14). The AUC measumes the
ahility of the model © d seriminate between the two cukome
classes (injury and no-injury ). It has been used as a way to
sclect the best performing injury prediction model in studies
comparing multiple methods (11,12,14,23). Cross-validation
{10-fold) was used to obtain estimates of AUC for cach
simulated study. Without some kind of resampling or out-of-
sample testing, the resuls can be positively biased (e, they
will be better than could be expected in prctice) (24).

Calbration. Calibration is 2 measure of how well a
model is ahle to estimate the probability of an event. It can be
assessod visually by consiructing calibmtion curves (19,3 3).
Calibration curves show how closely the predicted probabil-
ities match the observed event mtes (i, for observations
estimated to have injury risk of 20%—was the actual injury
incidence mate on those days around 20%67). Calibmtion can
also be assessed quantitively by computing the Brier score
or logarimic scoring rule (19). In the case of a binary out-
come varishle, the Brier score is calculated as the square of
the probahbility assigned to the incomect class (eg., if the
model predicts injury with probability 0.2, and there was no
imjury, the Brier score would be 0.2% = 0,04, but if there war
an injury, then the score would be 0.58% =0.16). A lower Brier
score indicates a betier model. The logarithmic scoring rule is
evaluaed by taking the naral logarithm of the probability
assigned to the corneet class (2.g., a predicted imjury proba-
hility 0.2 and no injury would score log(0.8)= =0.22, and if’

there was, an injury would score log(0.2) = = 1.61). A higher
score indicates better probability estimates. Logarithmic
sconng may be mone appropriat than the Brier score in the
case of rae event estimation (34). Brier and loganthmic
scomes were estimated for each model and simulated study
using 10-fold cross-validation (24).

Longitudinal Models of Traning Loads and Injury

For clanty of message m the previous soctions, we have
simulaed ACWR and injury data with no comelation struchure
and used logistic regression assuming ndependence of ob-
servations to illustrate the effects of discrotization. However,
training load monitoring data collected flom sporting teams
often consists of repeated measurements taken from the same
athletes. It is therefore possible that the observations from the
same athletes will be correlated. To investigate the effects of
this comelation on injury risk modeling, we simulated lon-
gitudinal trining load data sets using the SimCorMultRes
package (35) (see text, Supplemental Digial Content 3,
simulation code, http://links ww.com/M3S5/B304). Injuries
were simulated in fhe data by defining a marginal risk pro-
file and specifying a within-subject comelation strength (35).
Four lon gitudinal data sets were simulated ( 1040 times cach)
to investigate the effects of different sample sizes, within-
subject comclations and marginal risk profiles. The fimst
simmlated S0 nbmva.tbmt‘mlﬂ]ﬂ:tk:i]:mlt with all-shaped
marginal risk (Fig. 1) and a within-subject comelation of 0.1.
The second increased the comclation strength to 0.7, The thind
considered a larger sample size of 100 observations from 50
participants. The fourth considered the cffect of reducing the
strength of the marginal risk by reducing the injury nsk by a
factor of (1.5 for each ACWR value.

Each longitudinal data set was analy zod using naive logistic
regression (ie., asuming independence of observations) and
gencmalized cstimating cquations (GEE) (36). The GEE
models have been wsed in previous sudics of training load
and injury (5,12,14). The GEE models were fitted using the R
package gespack(37) using a binomial link and exchangeable
waorking correlation structure. Both analysis methods allowed
fior the relationship between ACWR and mjury risk to vary
contimously using restricied cubic splines (a5 previously
described). Modeling appmaches were compared for their
ahility to recover the predefined marginal effect of ACWE on
imjury risk using RMSE. Additionally, significance testing
was performed for cach simulated study result by companng
to a mull model using a likelihood ratio test (see text, Sup-
plemental Digital Content 3, simulation code, hitp:/links.
harw . com/M S5/B304 ).

RESULTS
Simulated Studies

Dietails of the simulated studies (injury summary statistics)
are fiound in supplementary Table 1 (see Table, Supplemental
Digital Content 4, simulated njury statistics, http:/links. Tww.
com/MSS/H305).
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Comparson betweean True and Modeled
Risk Profiles

A visual inspection of how well each modeling procedurs
was ahle to recover the rue risk profile used to generate the
data & shown in Figure 2. | is clear that models that discretized
the ACWR (Fig. 2{ID1-3)) arc unahle to fully capture the
U-shaped relationship. Contimuous modeling methods C1
(spline regression) and C2 (fractional polynomials) fared
much better at fitting the tue risk profile (see Figures,
Supplemental Digital Content 5, S-shaped risk, hitp:/links.
leow comMSSBI06 and Supplomental Digital Content 6,
flat risk, hitpe//link s hawcom/MSS/B30T).

The RMSE performance of each modeling strategy under
the different simulation is shown in Figure 3.
Continuous modeling methods (C1, C2) had noticeably lower
RMSE for data generated usmg a U or S-shaped injury risk
profile { particularty in larger simulated studics with N, = 5000},
The difference between discret and continuous methods was
less pronounced for the flat injury nisk profike. In general, the
total error and varianee in error for each model tended 1o
decrease when the simulaied sample size increased from
1000 to 5000 observations,

Falss Discovery Rates

Discrer modeling methods had higher false discovery
rates than continuous methods (Fig. 4). For 100 simulated
studies with flat injury risk profile (ic., no reltionshipin the
data) and S0 observations, discrete models (D1, D2, D3)
had false discoveries 21, 16, and 16 times, respectively. The

continuows methods had false discovery rates of 7/100 and
3/100 for C1 and C2, respectively. Alarmingly, in the 100
simulaied studies, we found that at least one of the three dis-
cmie methods had a false discovery 42 times.

Choice of reference level Discretizing the ACWER
then running a logistic regression introduces another choice
into the modeling procedure when the meference level is
chosen by the esearcher. There has been little consistency in
existing sdics, with the lowest (10,13), highest (%), and
contral ACWR interval (5) being used. This fieedom of
choice is an issue because it can change the reported find-
ings. For example, using discrete model D1 and a flat risk
profile; 11 of 100 simulations had a false discovery if the
highest interval was used as the reference, but if the central
interval was used, this increased to 21 of 100 false discov-
eries. Avoiding discretization and modeling a continuous
relationship removes this choice.

False Rejection Rates

Discrete methods (D2, D3 ) had higher false rejection s
when data were simulated with U-shaped or S-shaped nsk
profiles (see Table, Supplemental Digital Content 7, fake re-
jection rates, hitp://Ilnks baw.comMS5/B3E). For data scts
with 1000 observations and a U-shaped risk relationship, 59
and 57 of 100 simulated studies did not find a significant
result when analyzed using discrete methods D2 and D3
reapectively. The fake rejoction rate was much lower when using
mcthods D {31000, C1{T2100) or C2 (19 100). As expected,
increasing the sample size from 1000 to 5000 observations
reduced the false rejection mates for each modeling approach

100%-D1 1007 D2 100% D3
TE%= T5% < TE%4
&0%= R, = 50%, 4
26%= p— 5 = \‘- 2554
3 0% T ) ¥ T 0% T i T L] 0% ¥ L] ¥ T ]
= 0 1 2 a 4 i 1 2 3 4 0 i 2 3 4
g‘ 100%{C1 100% {C2
=
Ta% - TE%
5% < 0% 4 |
A% o 25% 4
0% 1 0% 4
T T T 1 T 1 T T T T
] 1 2 3 4 0 i 2 3 4
Acute:chronic workload ratio
FHGURE I~ Comparison of 100 simulsied study resobis (&, = S0 and U-shaped risk) snaboeed wing discrete models (I, Dk, D) snd continuous

mesdeds {Cl, CI) Sofd fne represents the true risk profile used to generate the dets and esch grey line represents one simulsted study resul.
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(see Table, Supplementl Digital Content 7, false rejection
raies, hitp:/ink s Jww. com/MS5/B30E).

Receiver Operator Characteristics

Amca under the receiver operator chamctenstic (ROC)
curve was estimaied for cach of the 100 simulated studics
using 10-fold cross-validation (24). The contimious analysis
methods had higher median AUC values ut did not clearly
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FIGURE 4—False dismvery raks (of 100 simulsied studis with &, =
Z000 mnd st risk profile)

outperform discreie methods under this evaluation memc. I
ALC was used t0 smlect the best performing model n each
simulation, we fiound that one of te discrete models was chosen
on 38 of 100 occasions and 31 of 100 occasions for U-shaped
and S-shaped risks, respectively (Table 1)

Calbration

To compare with ROC aurves, Brier and loganthmic scores
were estimated for each model usmg 10-fold cross-validation
(19.24). When the Brier score was usad to sclect the best
performing model in cach simulation, discrebe models were
chosenononly 6 of 100 oocasions and 0 of 1 0 oocasions for
U-shaped and S-shaped rsks, respectively (Table 1). When
loganthmic sconing was used the rates were 3 of 100 and 1 of
100, Brier and logarithmic scorimg favored the contmuous
methods far mone than evaluation with ROC curves,

Calibration curves offer 2 way to visually evaluaie injury
nsk models (Fig. 5). A calibration curve shows the relhtonship
betareen the predicted prohabilities and acteal event ocourmence
ke (perfect calibration is represented by the diagonal line). An
exemplar set of calibmtion curves & shown m Figure 5 (one
simulated study with U-shaped nisk and N, = 5000). Ideally, a
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TABLE 1. Comparim of model seicine mtes wsing MUC, Bder soom, and logarifmic
soddng s e evaluation metdc (3 - S000)

Na Tisws Selscied 23 Best Madel |10 Simalsed Shadie )

U-Saaped Aisk E-Saaped Hisk
Meod I MIC  Bder Logawitmic AMC  Bder  Logaritmic
m Fi] & 3 16 1] 1
o2 2 1} 1} 1} 1] 1}
0a L} 1} 1} 1] 1] 1]
4] £ L] m ] k] k-]
[ 7 ] x5 41 o ol

well-calibrated risk model will have a curve that is close o the
diagonal line and covers a large mnge of prohahilities (ic., has
confidence i identifying both high- and low-risk scenarios).
Discrete model D2 provided litle information other than the
baseline mjury rate. Model D3 did not appear to be well
calibmied. Models D1, C1, and C2 were well calibmied (close
to diagomal line), however, the continuous methods covered a
much lrger range of probabilities.

Longitudinal Data Models

The GEE and naive logistic regression models had simmi-
lar ability to recover the marginal effect in cach simulated
longitudinal data set(Table 2). Median RMSE values wene
near identical for cach approach. Increasing the sample size
{100 ohservations from 50 participant) lowerad the median
EMSE wvalucs whilst increasing the within-participant corne-
lation strength increased the median RMSE (Table I).

The naive logistic regression approach (assummg inde-
pendenceofobservations) had higher false rejection rates {i.e.,
lower statistical power) than the GEE approach (Tabke 2). The
difference in fale rejoction mtes hecame more pronounced
when the strength of relationship between ACWE and mjury
rik was decreased (47/100 for logistic ws 18/100 for (GEE).
Using alarger sample size causad the false rejection mate o drop
to zem for both methods. Increasing the strength of within-
participant comelation did not have a strong effect on false
rejection raes.

DISCUSSION
Discrete versus Continuous Modeling Strategies

Discrete models showed Emited ability to capture the nisk
profiles used to genemte the simulation data (Figs. 2-3).
Discretization forced the modek to fit an unrealistic and
discontmuous step profike to the data (Fig. 2 and Supple-
mental Digital Content 5, S-shaped rik, hip:/links bww.
com/M55/B306). This illustrates how discretization of
contimuous nisk factors can lead to inaccurate estimation of
effiects (17,20). Figure 2 shows how using percentile splits
{method D2 ) groups a large mnge of ACWR values together
and provides an inaccurate estimated effect that is far lower
than the true risk for ACWR values greater than 2. Similarly,
the ACWR categonies used m method D3 assum ¢ homo gene ity
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of risk over the range 0 1o 1, leading © an estimated effect that
cannot capture the rise in risk seen for small ACWR valugs, Cur
simulations suggest that the discrete methods found i the
current literature (4-8,10,13) anc unsuited to modeling the
continuous U-shaped nsk profile between ACWR and injury
propased in the literature (2,27).

Contimsous modeling metiods (spline regression and
fractional polynomials) were better sued to fitting the
nonlinear risk profiles (L-shaped and S-shaped ) and provided
maone accurate estimated effects. This was demonstraed by
lower RMSE scores (Fig. 3) and ako confirmed visually by
the 100 smmulations shown in Figure 2. These t"ndjn_gs abgn
with recommendations from other fields that contimuous
modeling methods are preferable to discretization (17,20).
Futurz studies may benefit from using continuous modeling
methods instead of discretizing continuous training load var-
ighles when analyzing their relaionship to injury.

False Discovery Rates

Data generated under the assumption that ACWR had no
relationship to mjury nisk (Fig. 1, flat nsk profile) was used
to estimate the false discovery mte for each modeling ap-
proach. False discovery mtes were inflated by usng discrote
models (16%-21%) (Fig. 4). Splitting the ACWR. inio mul-
tipk categorics before modeling leads to multiple com par-
sons betwoen groups and may explan the higher false
discovery mtes (17,1 8). Discree method D] used the maost
categorics (7 groups) and had the highest false discovery mate
(21%:). A secondary isuc was the choice of reference level
when categorical predictors ane used in generalized lincar
models {e.g., logistic or Poisson regression). Discrete model
D1 had 21/100 false discoveries when the central ACWR
category was used as the reference but onby 117110 if the
highest was used.

There is currently no consensus in the literatune reganding
the discretization strategy or choice of reference level when
modeling ACWR and injury risk (5,5,10,13). The apparent
freedom of choice of discretization and reference level may
have caused highly inflated false discovery rates i previous
studies (38). When a choice of only three methods was
considered in our simubations false discovery mtes weore as
high as 42% (Fig. 4). Contimious modeling methods do not
require choosing a reference level and do not suffer from
multiple compansons between predictor categores. Spline
megression and fractional polynomials had substantialby
lower false discovery mies (7% and 3%).

False Rejection Rates

Models that transformed the contimuous ACWR into dis-
crete categories showed higher false mjection rates i the
simulated sudics (see Tabke, Supplemental Digital Content 7,
false mejection rabes, hitp:!links. T comMSSB308). This
aligns with findings from other smdics that discretization
lowers statistical power (17,1 8.20). Simulations wsing a larger
sample size (N, = S000) wenz not as prone to false ejections,
highlighting the benefits of larger sample sizes. The negative
consequences of discretization on smtistical power ane partic-
ularly relevant for reszanch in elite sport cohorts where sample
sizes ane often constrainod.

Evaluating Injury Risk Models

ROC curves. Comparing models using the area under
the ROC curve did not always identify that continuous
methods wene better fits to the risk profiles (Tablke 1) RMSE
scones showed that continuous methods were clearly superior
when modeling U-shaped or S-shaped risk profiles when a
sample see of S000 ohservations was used (Fig. 3). Despite
this, AUC imcomectly identified discrete methods as SUPETIOT
im 38 and 31/100 simulations for 1 and S-=haped risk (Table 1).
Thi auggests that using AUC as the sole evaluation metric
when selecting mjury prediction models (11,12,14) nns the
risk of selocting an inferior model

A ROC curve is constructed by sampling trough the
possible decision thresholds that could be applied (i.e., cut
points where the models makes an mjury or no-injury pre-
diction). This may not realistically represent the purpose of
the model if it to be used for risk estimation. If the output of
the model is used along with context and clinical judgment,
and not required to make a binary decision, then AUC may
not be an appropriate evaluation metric {25). The ROC curves
also assume that false positive emors and false negative emaons
are of equal consequence (39). This is likely not the case
when a filse negative means an injured athlet and a false
positive may be 2 modified or missed fraining session. We
suggest that ROC curves in isolation are insufficient to
evaluate the performance of injury prediction models.

Probabilistic scordng and calibration curves. Eval-
uatmg the modelng strategies with Brer scores and loga-
rithmic scoring strongly favored the continuous models
(Table 1). nscrete modek were selected in only 6/100 and
0/100 simulations using the Brier score and 3/100 and 1/100
when using logarithmic scoring . These provide a much closer
reflection of the RMSE scores { ground truth) han evahiating
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models with AUC, The Brier and logarithmic scores are
prohahilistic scoring mles designed to evaluate probahility
estimates (19) and are therefore better suited 10 assessing njury
rigk models. We suggest that Brier scores, logarithmic scoring,
or another comparable probabilistic scoring rule (34) be in-
cluded in fitture studies to compare njury risk modsls,

Calibration curves (Fig. 5) provided an informative visu-
alization of the performance of injury risk models (33 ). They
showad how closely the risk estimates of each mode] matehed
the observed injury rates and how well cach model discrimi-
nated between high and low rsk instances. Figure 5 clearly
shows that continuous models gave mone informative proha-
hility estimates {closer to the observed event rates and over a
larger range of values) than the discrete models Calibration
curves show absolute risks and thus may be a more important
result for elinicians and decision makers (440).

Longitudinal Models

Extending the smulation study to mclude comrelated
within-individual chservations showed the negative effects
of incomectly sssuming independence between repeated
measurements, The maive logistic regression approach had
higher false rejection rates than a GEE approach (Tahle 2).
Assuming independence can cause the standand emors for
fime varying covariaies to be overestimaied (4 1) and may have
been the cause of the inflated fake rojection rates. When the
strength of the “signal™ in the data was decreased the difference
between logistic and GEE approaches became more pro-
nounced, and the naive logistic approach had very high fake
rejection rate (47/100). This highlights the importance of ac-
counting for cormclated observations when modeling longin:-
dinal training load data, particularly i the expected strength of
signal in the dat is small.

Both longitudinal modeling approaches showed similar
ahility to recover the true marginal risk profile. This is likeby
because the pammeter estimates from logistic regression and
GEE modek are generally very similar (41). In all simulations,
larger sample sizes improved the accuracy of mode] estimated
effects, suggesting the potential benefits of collaborative
studies with large sample sizes.

Limitations and Exlensions

Restricted cubic spline regression and fractional poly-
nomiak were consikdered as the aliemative modeling methods
in this study. Altough they are common approaches for
modeling non lincar relationships (16,20) they are not the only
possible approaches. A number of ofer nonpammetric and
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