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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. 
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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 
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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 (Hägglund 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 & Hägglund, 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 
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(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 
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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 

et al., 2019). 

 

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

Study Design Participants Intervention Outcome 

De Mey, 
Danneels, Cagnie, 
& Cools (2012) 

Case 
series 
Pre-post 
test 

n = 40 Exp 
ALL = Athletes 
with shoulder 
impingement 
symptoms 

Exp = 6 wks x daily HEP 
with 4 x general strength 
ex: 3 x 10 each 

No pre-post training effect for upper 
trapezius, middle trapezius, lower 
trapezius, or serratus anterior 
measured with surface EMG 

Dinesha & Prasad 
(2011) 

Pre-post 
test 

n = 15 Exp A (2 
week program) 
n = 15 Exp B (4 
week program) 
ALL = recurrent 
ankle sprains in 
recreational athletes 

Exp A = 2 weeks daily HEP  
instability training 
 
Exp B = 4 weeks daily HEP 
instability training 

Earlier muscle onset time relative to 
trap door perturbation for both tibialis 
anterior (p<0.001) and peroneus 
longus (p = 0.016) in the 4/wk 
program compared to the 2/wk 
program measured with surface 
EMG.  

Ortega-Cebrian, 
Girabent-Farres, 
Whiteley, & 
Bagur-Calafat 
(2021) 

Pre-post 
test 

n = 37 Exp 
ALL = Shoulder 
impingement 
syndrome 

Exp = 12 wks x 3/week 
general strength training 

Earlier muscle onset time relative to 
deltoid onset during arm movement 
seen in the anterior deltoid (p = 0.00) 
and upper trapezius (p = 0.00) 
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, 
& Sharma (2021) 

Pre-post 
test 

n = 40 Exp 
ALL = Shoulder 
impingement 
syndrome 
 

Exp = 8 wks x daily HEP 
with 6 x general strength 
exercises (1 x 10 each) 

No change in muscle onset relative to 
deltoid onset during arm movement in 
serratus anterior, upper trapezius, mid 
trapezius or lower trapezius measured 
with surface EMG 

Sierra-Guzman, 
Jimenez, Ramirez, 
Esteban, & 
Abian-Vicen 
(2018) 

RCT n = 17 Exp A (with 
WBV) 
 
n = 17 Exp B (w/o 
WBV) 
 
n = 16 Con 
 
ALL = recreational 
athletes with self-
reported CAI 

Exp A = 6 weeks x 3/wk 
Bosu instability training 
with concurrent WBV 
 
Exp B = 6 weeks x 3/wk 
Bosu instability training 
without concurrent WBV 
 
Con = no exercise given 
 

Earlier muscle onset time relative to 
sudden inversion seen in peroneus 
longus (p = 0.007), peroneus brevis (p 
= 0.003), and tibialis anterior (p = 
0.007) from pre to post testing in Exp 
A (instability training with WBV) but 
not in the Exp B or Con groups (all 
p>0.05) when measured with surface 
EMG. 

Suehiro, Ishida, 
Kobara, Osaka, 
Kurozumi. & 
Watanabe (2021) 

Pre-post 
test 

n = 15 Exp 
ALL = recurrent 
low back pain 

Exp = 3 x 10 abdominal 
hollowing single-session. 

Earlier muscle onset time relative to 
deltoid onset during arm movement 
for IO/TrA and multifidus measured 
with surface EMG 

Tsao, Druitt, 
Schollum, & 
Hodges (2010). 

Pre-post 
test 

n = 20 Exp 
ALL = nonspecific 
lbp 

Exp = Single-session: 3 x 
10 isolated isometric 
contractions of lumbar 
multifidus at 5% RMS max 
and 3 x 10 lumbar 
extensions at 5% RMS max 

Earlier muscle onset time relative to 
deltoid onset during arm movement 
for multifidus 
 (p<0.036) and OI/TrA (p=0.026) 
measured with surface EMG 

 

Exp = Experimental group; wks = weeks; HEP = home exercise program; EMG = 
Electromyography; lbp = low back pain; CAI = chronic ankle instability, WBV = 
Weightbearing vibration, IO/TrA = Internal Oblique/Transversus Abdominus, RMS = Root 
Mean Square, Con = Control group. 
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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 WBV. 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 
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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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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 9th August, 2010 at the Westpac Centre in Melbourne, 

Australia.  

Invited attendees included: 

• 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. 

• 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. 

• 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. 

• 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: 

• 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. 

• 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. 

• 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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• The prescription of voluntary isometric contractions of the gluteus maximus was 

commonly accompanied by low load hip extension movement in clinical practice. 

• 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. 

• 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. 

• Some level of variability in muscle recruitment patterns was considered to be normal 

and healthy.  

• 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: 

• 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. 

• 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. 

• It 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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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 WBV 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: 

• An acute improvement in power output was observed following the series of low load 

exercises targeting the gluteal muscle group.   

• 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. 

• 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. 

• 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.  

• 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. 

• Training related soreness and absence due to illness are both factors that affect the 

ability to do practical research within a professional football setting.  

• It 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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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. 

 

 

 

 

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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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 
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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 & Hägglund, 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 5Hz 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 
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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, 

4th 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 

https://www.r-project.org/
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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.  

 

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

p value Mean (SD) Mean (SD) 
Age (years) 22.0 ± 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 
(m.sec-1) 

7.2 ± 0.2 7.4 ± 0.3 0.243 

Ambient temperature 
(°C) at testing 

21.0 ± 2.3 22.6 ± 3.8 0.741 

 
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) 

 

 

 

 



66 
 

 

 

 

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.  

 

 

Assessed for eligibility
(n = 15)

Randomized
(n = 15)

Allocated to ACT group
(n = 8)

Lost to follow-
up

(n = 0)

Analyzed:  (n = 7)
Excluded from analysis 

(corrupted data): (n = 1)

Allocated to CON group
(n = 7)

Lost to follow-
up

(n = 0)

Analyzed all variables: (n = 6)
MH data excluded from analysis 

(corrupted data): (n=1)

Excluded
(n = 0)
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Table 2. Pre-post differences in temporal characteristics of muscle activation during high 

speed running (% of gait cycle). 

 
  

ACT 
MEDIAN (IQR) 

CON 
MEDIAN (IQR) 

EFFECT 
SIZE 

P 

GLUTEUS 
MAXIMUS 

Onset diff -0.81 (2.9) -0.96 (3.8) 0.09 0.81 
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 
FEMORIS 

Onset diff -1.2 (5.2) -1.30 (3.6) 0.19 0.54 
Offset diff 0.2 (3.1) -0.46 (5.7) 0.15 0.62 
Duration diff 0.5 (3.4) 2.25 (4.1) -0.15 0.62 

MEDIAL 
HAMSTRINGS 

Onset diff -0.9 (1.9) -1.24 (7.5) 0.04 0.90 
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 

 

 

 

 

 

 

 

 

 

A = Gluteus maximus muscle activation pattern (CON group average); B = Gluteus maximus muscle activation pattern (ACT group average); C = Biceps 
femoris muscle activation pattern (CON group average); D = Biceps femoris muscle activation pattern (ACT group average); E = Medial Hamstrings 

muscle activation pattern (CON group average); F = Medial Hamstrings muscle activation pattern (ACT group average)
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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 (Hägglund, 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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