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ABSTRACT 
Anterior cruciate ligament (ACL) injuries are arguably the most debilitating injury an athlete can 

sustain in sport. The majority of ACL injuries are non-contact and occur during sidestepping and 

single leg landing tasks. In-vivo, in-vitro and in-silico research has identified that combined knee 

extension, valgus and internal rotation moments elevate ACL strain and are therefore associated 

with an athlete's risk of sustaining an injury. There are two biomechanical approaches typically 

used to reduce the strain on the ACL; 1) modify an athlete’s technique in an attempt to reduce 

the external moments applied to the knee and; 2) improve the strength/activation of the 

musculature supporting the knee when external joint loading is elevated. With this in mind and 

upon review of an injury prevention framework specific to non-contact ACL injuries, a 

“biomechanically focused” injury prevention training program was developed. 

Study one tested the effectiveness of the biomechanically focussed injury prevention program 

on the incidence of ACL injuries and athletic performance in elite female field hockey players 

(n=26) over two consecutive seasons. Injury incidence and athletic performance variables were 

measured across both seasons, with biomechanical risk factors assessed during Intervention 

Season 1. Training was successful in reducing both ACL and total lower limb injuries over two 

seasons, while maintaining and/or improving athletic performance. Coach and athlete 

compliance, training exposure and program design should be considered upon implementation 

into community level sport. 

Following the successful implementation of the training program presented in Study one, it was 

important to explore the influence of training on the kinetic, kinematic and neuromuscular risk 

factors associated with ACL injury in Study two.  Seventeen elite female hockey players 

participated in biomechanical testing of unplanned sidestepping manoeuvres at; baseline, 

following a 9 week intensive training phase and again following 16 weeks of maintenance 
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training. In order to understand training on an individual level athletes were classified as 

responders (n=5) or non-responders (n=11) based upon changes in peak knee valgus moments 

following intensive training. Responder athletes possessed peak knee valgus moments that were 

44% higher in magnitude to athletes within the non-responder group prior to the training and 

following training reduced these by 30%. While there were no changes to kinematics, elevated 

hip muscle activation and medially directed muscle co-contraction at the knee were found to 

complement the kinetic findings following intensive training phase in all athletes. These benefits 

were retained in the maintenance training phase. The results from this study supported those 

from Study one and provide evidence for targeting and measuring biomechanical factors 

associated with ACL injury, in parallel with injury rates, when implementing training programs.  

Study three addressed current limitations associated with ACL injury risk screening by employing 

a cost-effective 2D motion analysis screening tool capable of identifying high risk techniques 

associated with ACL injury risk. Frontal and sagittal plane measures of full body kinematics in 2D 

were recorded concurrently with 3D measures of peak knee moments during unplanned 

sidestepping of junior (n=15) and senior (n=15) team sport athletes. Movement patterns such 

as high dynamic knee valgus, low knee flexion angle at foot strike, elevated trunk flexion range 

of motion (ROM), increased trunk lateral flexion, large peak hip abduction and knee flexion 

ROM, were effective in predicting peak knee moments during unplanned sidestepping. All 2D 

measures had good to excellent intra- and inter-rater reliability. The power of this screening tool 

will enable coaches, medical staff and trainers to: 1) identify athletes who are “high-risk” and 2) 

place these athletes into individualised injury prevention training programs.  

The outcomes of this research have significant implications for the development of ACL injury 

prevention training paradigms. The first two studies (Chapters 3 and 4) provide a blue print for 

an ACL injury prevention program where exercise recommendations (see Appendix D) are body 
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weight based and therefore easily implemented in a wide variety of training environments. In 

order to identify those at risk of injury and direct injury prevention protocols toward these “high-

risk” athletes, Study three (Chapter 5) provides a cost-effective and clinically relevant screening 

tool available to the community level athlete.  

These studies in combination have the potential to be translated into real world training 

environments and further bridge the gap between injury prevention research and practice.  
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CHAPTER ONE 

INTRODUCTION 

1.1 INTRODUCTION 

Anterior cruciate ligament (ACL) injuries are arguably the most traumatic and debilitating 

injuries and athlete can sustain in team sport. These injuries often require surgical repair 

followed by extensive long-term rehabilitation upward of 9-12 months 1 2 and as such, sporting 

seasons and often entire careers are prematurely halted for these athletes. Statistics show that 

only 63-81% of athletes are able to return to the same level of competition following injury 3. It 

is estimated that $75 million AUD is spent annually in Australia on reconstructive surgery 4. 

Furthermore, when an ACL injury is accompanied by a meniscal injury, the probability an athlete 

will develop debilitating, and painful knee osteoarthritis within 10 to 15 years increases by 20-

50% 5.  Therefore, the long term musculoskeletal consequences associated with ACL injury may 

also affect their ongoing participation in physical activity over their lifespan 6 7. These statistics, 

combined with the cost of ACL reconstruction, suggest the impact ACL injuries have on 

worldwide healthcare systems are much greater than what has been previously reported in the 

literature. 

The majority of ACL injuries occur during non-contact sporting tasks, such as sidestepping (SS) 

and single leg landings (SLL) 8.  Being non-contact injuries 8-10, it is possible to prevent these 

injuries through targeted neuromuscular training. Subsequently, a great deal of ACL injury 

research has been dedicated toward injury prevention strategies. However, before successful 

preventative efforts can be achieved the determinants of sports safety behaviours must be 

researched within models or frameworks 11. The translating research into injury prevention 

practise (TRIPP) model first proposed by Finch et al. (2006) has been specifically applied to ACL 

injury prevention (Figure 1.1) 12. The ACL injury prevention framework 12 encompasses the 
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incidence and epidemiological evidence with the modifiable biomechanical factors associated 

with ACL injury. This model provides a rationale for the design of injury prevention programs 

with the goal of changing policy on how to prevent and manage these injuries on a national level.   

Female athletes have been shown to have four to six times higher risk of ACL injury in 

comparison with age and sport matched male athletes 13 (Stage 1). Combined knee joint 

extension, valgus and internal rotation moments during the weight acceptance phase of stance, 

when the knee is near full extension during SS and SLL, has been associated with elevated ACL 

strain and injury risk (Stage 2) 14-17. Biomechanical countermeasures to reduce these factors 

associated with ACL injury should be focused around; 1) reducing the magnitude of externally 

applied moments to the knee by modifying an athlete’s technique 18-20 and, 2) improving the 

strength and activation of the muscles that support the knee from these externally applied 

forces (Stage 3) 21-23. Injury prevention training programs have had mixed success in reducing 

ACL injury risk and rates in “ideal” training environments and as such, the question remains as 

to whether these programs are effectively targeting the biomechanical mechanisms associated 

with the injury (Stage 4) 24-30.  

 

Figure 1.1. ACL injury prevention framework developed by Donnelly et al., (2012). Image adapted from 

Alderson and Donnelly 31 
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1.2 STATEMENT OF THE PROBLEM 

Currently, the literature contributing to the ACL injury prevention framework described in Figure 

1.1, provides us with an evidence base to conduct research within Stages 1-4 3 9 10 13 19 21 32-40, 

however it does not appear that this has been translated into practise given that global ACL 

injury rates remain unaffected 4 9, and in fact have increased among team sport athletes 32. 

Further research is required if we are to identify and develop effective training strategies (Table 

1.1) for reducing ACL injury rates within “real-world” settings (Stage 5 & 6).  

Injury occurs when the force applied to the tissue is greater than its ability to tolerate it 41. While 

the mechanism of an ACL injury doesn’t differ between genders, it has been shown that 

modifiable deficiencies in lower limb biomechanics are associated with elevated ACL injury risk 

(i.e., externally applied forces) 27 and rates 13 among female athletes. It is therefore important 

to target female athletes and/or those athletes (male or female) who display poor 

biomechanical patterns. This can be achieved by focussing training interventions around 

biomechanically informed goals and developing screening protocols which identify athletes 

predisposed to higher risk of injury.  Both approaches are thought to be important factors for 

improving both the efficacy of training and coach/athlete adherence to injury prevention 

protocols 42.  

To address the many multifaceted barriers associated with program implementation within real 

world training environments, the International Olympic Committee (IOC) have proposed the 

following guidelines, (Table 1.1), specifically when applied to female athletes 43. 
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Table 1.1. International Olympic Committee (IOC) identified important factors for a successful prevention 
program.  

IOC recommendations  

The program should include strength and power exercises, neuromuscular training, plyometric and 

agility exercises. 

Design as a regular warm-up program increases adherence. 

Focus should be on performance of the hip-knee-foot line and “kissing knees” should be avoided 

(excessive valgus strain). 

Maintenance and compliance of prevention programs before, during and after the sports participation 

season are essential to minimise injuries. 

The drop vertical jump test should be used to identify players at risk. 

The program must be well received by coaches and players to be successful. 

Evaluation of success or failure of a prevention program requires large numbers of athletes and injuries. 

 

This thesis will specifically target these implementation strategies with the aim to contribute to 

stage 4/5 of the ACL injury prevention framework 12.  

1.2.1 RESEARCH AIMS 

The general aims of this thesis are to contribute meaningful neuromuscular and biomechanics 

related science to improve the design and effectiveness of ACL injury prevention training in 

reducing injury risk and incidence among female team sport athletes. More specifically, this 

research aims to; 1) test the effectiveness of a biomechanically informed and focussed injury 

prevention training program in reducing ACL injury risk,  ACL injury incidence and physical 

performance measures among a group of elite female field hockey players, and 2) develop a two 

dimensional video screening tool capable of identifying the kinematic factors associated with an 

athlete’s peak knee moments (surrogate measure of ACL injury risk) during a clinically relevant 

and injury specific unplanned sidestepping movement task.  This will be developed among a 

group of elite, and community level female field hockey players. 

 

1.2.2 RESEARCH SIGNIFICANCE 

This thesis provides a rationale for the implementation of biomechanically informed and 

focussed injury prevention training for elite and community level sporting environments. Rather 
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than prescribing exercise genres (i.e., plyometric, balance, resistance, technique etc.), the 

philosophy of biomechanically informed training is to develop exercises within the program that 

purposefully and specifically target the movement patterns and muscle activation strategies 

related to elevated ACL injury risk or incidence of injury. A number of critical elements associated 

with the success of the training intervention that concurrently do not hinder performance, will 

also be investigated. These include athlete and coach compliance, athlete exposure to the 

training program and importantly identifying athletes at risk of injury prior to entry to the 

training intervention. To date, there are no easily implemented, task specific screening tools 

capable of identifying high risk athletes in community level sporting environments. This thesis 

will investigate the development of a cost-effective screening tool to identify “high-risk” athletes 

using 2D video analysis of unplanned sidestepping techniques with the goal to be used in large 

scale mass screening scenarios. The findings of this research will provide a template for future 

training paradigms, and add to the evidence base in ACL injury prevention in our efforts in 

continuing to bridge the gap between research and practice in the context of elite and 

community level team sport.  

1.3 THESIS OUTLINE 

This thesis is presented as a series of papers that draw from specific components of the 

aforementioned ACL injury prevention framework 12.  Focus is directed toward evaluating the 

development and implementation of biomechanically focussed training (Stage 4/5) and athlete 

screening (Stage 3). The decision of how to best design these injury prevention training 

strategies is described in the literature review, with emphasis placed upon biomechanical 

solutions to reduce peak knee loading and associated ACL injury risk during unplanned 

sidestepping tasks. Study one investigates the effect of biomechanically informed and focused 

injury prevention training on an athlete’s injury risk, injury incidence and performance among a 

group an elite level athletes. Study two investigates the effect of biomechanically informed and 



 

 

6 
 

focused injury prevention training program on the biomechanical (i.e. peak knee moments) and 

neuromuscular (i.e. technique and muscle activation strategies) factors related to ACL injury risk 

in sport. In order to better understand the ideal time/dose required for injury prevention 

training, study two also assessed the aforementioned biomechanical and neuromuscular 

variables over two training phases – an intensive training phase (4 x 20 minutes per/week for 9 

weeks) and a maintenance training phase (3 x 10 minutes per/week for 16 weeks). Finally, Study 

three explores the development of a clinically relevant and cost-effective two-dimensional video 

screening tool to identify athletes at “high-risk” of injury based upon their whole body 

movement patterns during an unplanned sidestepping.       

1.3.1 CHAPTER TWO – REVIEW OF THE LITERATURE 

The literature review provides a comprehensive overview of previously published ACL related 

research and how it fits within the ACL injury prevention framework proposed by Donnelly et 

al., (2012). It is also meant to highlight the ‘gaps’ in the literature, providing a theoretical 

rationale for the research undertaken through this thesis. 

1.3.2 CHAPTER THREE – STUDY ONE 

INJURY PREVENTION AND ATHLETIC PERFORMANCE ARE NOT MUTUALLY EXCLUSIVE: A BIOMECHANICALLY 

INFORMED ANTERIOR CRUCIATE LIGAMENT INJURY PREVENTION PROGRAM 

The aim of this study is to: 

 assess the efficacy of a novel, biomechanically informed injury prevention training 

program on ACL injury incidence, ACL injury risk and athletic performance among elite 

female field hockey players.  

It is hypothesised that: 

 the training program will reduce  ACL injury rates relative to a control season,   
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 the training program will reduce peak valgus, extension and internal rotation knee 

moments following a 25 week intervention period in comparison to a control season,     

 there will not be any changes in athletic performance, as measured by a standard 

battery of tests relative to a control season. 

1.3.3 CHAPTER FOUR – STUDY TWO 

A 25-WEEK BIOMECHANICALLY INFORMED TWO PHASE INJURY PREVENTION TRAINING PROGRAM: 

IMPLICATIONS FOR ACL INJURY RISK AMONG ELITE FEMALE HOCKEY PLAYERS  

The aims of this study are to: 

 verify the efficacy of a novel, biomechanically informed, nine week intensive injury 

prevention training program in reducing ACL injury risk factors (i.e., peak knee moments, 

kinematic solutions and muscle activation strategies) among a group of elite female field 

hockey players, 

 assess the effectiveness of a subsequent 16 week maintenance (intensity and type 

maintained, duration reduced) training phase in retaining any initial benefits brought 

about by the initial 9 week intensive training phase.  

It is hypothesised that: 

 peak knee moments associated with injury risk will be reduced, and technique and lower 

limb muscle activation strategies known to mitigate ACL risk will improve following the 

intensive training phase, and that 

 improvements in peak knee moments, technique and lower limb muscle activation 

strategies brought about by intensive training will not change during the maintenance 

phase of the training program. 
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1.3.4 CHAPTER FIVE – STUDY THREE 

A VIDEO BASED SCREENING TOOL FOR SIDESTEPPING CLINICAL MOVEMENT ASSESSMENTS: PREDICTING PEAK 

KNEE MOMENTS AND ACL INJURY RISK IN FEMALE TEAM SPORT ATHLETES 

The aim of this study is to: 

 develop a reliable 2D video analysis screening tool that can be used to identify the 

kinematic factors associated with an athletes peak knee moments during unplanned 

sidestepping in female team sport athletes of different levels of maturation and skill. 

It is hypothesised that: 

 selected two-dimensional measures of upper and lower body kinematics in the frontal 

and sagittal plane during unplanned sidestepping will be predictive of peak knee 

extension, valgus and internal rotation moments, and that the selected 2D kinematic 

measures will be repeatable both within (intra) and between (inter) testers.  

1.3.5 CHAPTER SIX – SYNTHESIS OF FINDINGS AND CONCLUSION 

The final chapter aims to provide an overall synthesis of results presented throughout the thesis, 

integrating the major findings from each study and their contribution to the ACL injury 

prevention framework 12. It will highlight the broader conclusions of the research in the context 

of elite and community level sport and provide guidelines for future research directions. 

1.3.6 THESIS AS A SERIES OF PAPERS 

The University of Western Australia supports the submission of PhD theses that comprise a 

series of papers prepared for publication. This structure has been adopted by the candidate in 

the submission of this thesis. As such, while the theoretical linking between the studies (i.e. 

papers) should be made clear for the examiner, each study must be stand-alone in content. 

Consequently, theses adopting a series of papers approach sometimes result in repetition of 

methodology from study to study. Please note that where possible reference to previous papers 
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(i.e. previous studies) has been undertaken, however at times the examiner may find some 

repeated methodology redundant in the course of reading. Additionally, extended methods are 

presented in Appendix D to provide thorough detail of the processes undertaken within the 

three studies. Readers will be directed where to find these materials within the text of each 

chapter.  

1.4 LIMITATIONS AND DELIMITATIONS 

1.4.1 LIMITATIONS 

The following limitations should be acknowledged when interpreting the results of this research: 

General limitations: 

 it is assumed that the sample is representative of all elite female team sport athletes, 

and junior female community level team sport athletes, 

 it is assumed that the laboratory based running and sidestepping  testing procedures 

are representative or the sporting situation in which non-contact ACL injuries occur, 

 it is assumed that a projector screen displaying a 30cm arrow is an ecologically valid 

signal to initiate an unanticipated sidestepping condition. 

 Study one limitations:  

 due to the sample being of the entire Australian national women’s hockey team, a 

control group was not possible unless the intervention programme was undertaken 

internationally, which required testing and training access to another international 

Olympic level female field hockey team. The research team did not have such access and 

testing would not have been feasible regardless.   

 due to retirement, player load management and injury, six athletes were lost to follow 

up. 
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Study two limitation: 

 surface electromyography (sEMG) data provides information only about the electrical 

activity produced during a muscle contraction, and not the force generated through the 

musculo-tendon unit. Care should be taken when using sEMG data to represent the 

magnitude of muscle support provided to a joint when external loads are applied.  

 

Study three limitations: 

 video sampling rate was 50Hz to reflect standard video cameras available to the wider 

community. It was assumed this sample rate was sufficient to capture movement in the 

weight acceptance phase of stance,  

 SiliconCoach software was used to manually digitise anatomical landmarks in two-

dimensional footage and greater error levels are associated with this procedure when 

compared with automated digitising.  

1.4.2 DELIMITATIONS 

The following delimitations were imposed, limiting the generality of the findings: 

General delimitations: 

 only female field hockey players aged 14-31 were included and the findings may not be 

transferrable to males and other team sport athletes,  

 all participants conducted unplanned sidestepping tasks with an approach velocity of 

4.5-5.5m.s-1 and changed direction along a 45±10⁰ line,  

 during unplanned sidestepping tasks, athletes were signalled to change direction when 

they were approximately 1.5m from the force plate which corresponded with 

contralateral leg foot off.  
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Study one and two delimitations: 

 all athletes wore size appropriate “Asics Gel Kayano 19” model shoes during 

biomechanical testing for all testing sessions,  

 all training was delivered by two qualified advanced strength and conditioning coaches 

who were employees of Hockey Australia.  

Study three delimitation:  

 Video data were only captured in the frontal and sagittal planes.  
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CHAPTER TWO 

REVIEW OF THE LITERATURE 

2.1 INTRODUCTION 

The structure of this literature review and thesis purposefully aligns with the non-contact 

anterior cruciate ligament (ACL) injury prevention framework developed by Donnelly and 

colleagues (2012) (Figure 1.1, Chapter 1), which was adapted from the more general Translating 

Research into Injury Prevention Practice framework proposed by Finch (2006).  

In the first part of this review, evidence contributing to the development of biomechanically 

informed injury prevention strategies will be presented.  Specifically, this portion of the review 

will focus on effective kinematic approaches to reduce external loading applied and injury risk 

to the knee and ACL, as well as neuromuscular strategies to improve the strength and support 

of the musculature surrounding the knee when these external loads are high. It has been shown 

that training is more effective when targeted toward “high-risk” populations 1. Therefore, to 

further investigate program efficacy, methods to screen and identify “high-risk” athletes are 

described in the latter part of this review. 

2.2 EPIDEMIOLOGY OF ACL INJURY 

Anterior Cruciate Ligament injuries account for over half of all knee injuries 2 3. The majority of 

ACL injuries occur during sport 4, with over half (56%) occurring during either non-contact 

sidestepping (SS) or single leg landing (SLL) tasks 5 6. This, in combination with improved injury 

surveillance and increased sports participation and exposure, may explain why ACL injury rates 

have appeared to double over the past decade 7. An Australian study performed by Janssen and 

colleagues 8 showed these rates to be as high as 52/100,000 people per year (2003-2008), which 

are currently the highest in the world. Approximately 70% of athletes are unable to return to 

the same level of competition post-injury and are at increased risk of developing radiographic 
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diagnosed osteoarthritis later on in life 9-11. The implications of ACL injury may therefore have a 

much greater effect on long term athlete physical activity participation, wellbeing and 

consequently, our health care systems. 

2.3 MECHANISMS OF NON-CONTACT ACL INJURIES 

The ultimate mechanism of an injury to the musculoskeletal system is the inability of the tissues 

within it to sustain the loads applied to them 12. Multiple research strategies (in-vivo, in-silico 

and in-lab) have been implemented to better understand the internal (knee joint morphology) 

and external (forces applied to the knee joint) mechanisms of sport related non-contact ACL 

injuries.  

The main function of the ACL is to prevent the anterior translation of the tibia relative to the 

femur. The antero-medial and postero-lateral bundles of the ACL are under peak tension during 

weight bearing conditions when the knee is flexed at 15-30 degrees and 15 degrees respectively 

13. This overlap in antero-medial and postero-lateral peak tension therefore places the ACL at 

highest risk when the knee is near full extension. This mechanism is consistent with qualitative 

video analysis of non-contact ACL rupture events, where the majority occur immediately 

following foot contact with the knee joint near full extension 6 14. The ACL also supports the knee 

under valgus and internal rotation loading conditions. However, knee extension, valgus and/or 

internal rotation moments place the ACL at the highest strain when applied in combination 15-17.  

When comparing three-dimensional (3D) biomechanics of SS with straight-line running, peak 

extension knee moments are similar, however valgus and internal rotation knee moments are 

significantly greater during SS manoeuvres 18. Both in-silico and in-vivo research have shown that 

valgus knee moments must be present in combination with extension knee moments to strain 

the ACL ligament to a level likely to cause a rupture (>2000N) 16 19 20. Literature has identified 

valgus and internal rotation knee moments, in combination with low knee flexion angles during 
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controlled in-lab analyses of SS 19 21 and SLL 22-24, as the probable loading pattern, knee joint 

posture and phase of the sporting movement where an ACL injury event occurs.   

2.4 ACL INJURY RISK IN FEMALE ATHLETES  

Adolescent female athletes who participate in team sports involving pivoting and/or jumping 

have been shown to have a four to six times greater risk of an ACL injury event when compared 

with age and sport matched male athletes 7 25. In support, Whiteside et al. (1980) reported that 

while overall injury rates for men and women are relatively similar, serious knee injuries were 

found to occur 10 times more often among women than men during team sports such as 

basketball, soccer and volleyball.  

Though the mechanism of ACL injury does not differ between males and females, Hewett and 

colleagues 26 described anatomical, hormonal and neuromuscular differences as likely 

contributors to the observed discrepancy in injury rates among adolescent females versus male 

athletes. Anatomical factors are generally non-modifiable. Additionally, the extent to which 

hormonal factors influence ACL injury risk still remain unclear. Several studies have attempted 

to define a common menstrual cycle phase during which females are at highest risk of injury. 

However valid measures of menstrual cycle phase status are needed to establish links between 

cycle phase, acute effect of sex hormones and risk of ACL injury 27-32. Literature has shown that 

gender differences in hip and knee neuromuscular control may be a contributing biomechanical 

factor associated with elevated ACL injury risk 26 and rates 22 observed among athletic female 

populations. More specifically, female athletes have been shown to have higher hip and knee 

extension angles at foot strike as well as larger dynamic knee valgus angles during landing and 

sidestepping tasks 33. This may explain the elevated incidence of ACL injuries among adolescent 

females, particularly at this stage of maturation.  
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2.5 COUNTERMEASURES  

The most logical intervention to reduce ACL injury rates among sporting populations would be 

to improve the capacity of the ligamentous tissue itself to withstand external loading. However, 

this is currently not achievable for healthy mature ligamentous tissues 34 35. Consequently, ACL 

injury prevention strategies have focused on decreasing the magnitude of force applied to the 

tissue during high risk sporting manoeuvres when these injuries are known to occur. 

Biomechanically, this can be achieved in two ways; the first is to change an athlete’s technique 

to reduce external joint loading, and the second is to increase to the strength and support of the 

surrounding musculature of the knee joint when external loading is high.  

2.5.1 MOTOR CONTROL STRATEGIES DURING SIDESTEPPING 

Team based sports require athletes to perform dynamic movements in response to external 

stimuli (i.e., a ball, team member, opposing player etc.). These external stimuli require rapid and 

precise reactions in order to gain possession of a ball, evade an opponent or carry out a team 

tactic. Time constraints associated with these dynamic movements may cause unplanned 

anticipatory adjustments and as a consequence, lead to altered joint biomechanics 36-38. In the 

context of ACL injury in sport, carrying out an unplanned SS has been shown to almost double 

peak knee valgus moments when compared to a planned SS task 36. 

Patla et al. (1999) described online steering or whole body centre of mass (WBCoM) control 

during change of direction tasks as an interplay between two factors; 1) an early foot position 

strategy, where change of direction is initiated prior to ipsilateral foot contact (planned 

sidestepping) and, 2) upper body centre of mass (CoM) reorientation (unplanned sidestepping).  

As a third on-line steering strategy, Dempsey (2007) identified a late wide foot position, which 

is likely related to deficits in trunk and hip strength. Postural control and reorientation 

differences during planned and unplanned sidestepping has also been reported by Houck et al. 
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(2006) who found anticipation to affect both lateral trunk orientation and foot placement 

(Figure 2.1).  

 

Figure 2.1. Mean and SDs of trunk and pelvis kinematics and foot placement during planned and 
unplanned change of direction tasks. Adapted from Houck et al. 39. 

Patla et al. (1999) showed that when cues are provided early (i.e. planned movements), re-

directing the CoM is primarily accomplished using a foot position strategy, where the 

contralateral foot is placed away from the body’s midline to initiate a re-orientation of the upper 

body to the intended direction of travel. However, with late cues or during unplanned 

movements, reorientation of the CoM is accomplished by adopting a trunk strategy, where the 

trunk is flexed laterally away from the intended direction of travel 39 40. Dempsey et al. (2009) 

reported that during high velocity tasks like running, there is a late foot position strategy, where 

ipsilateral foot placement away from the body’s midline is used to re-direct the CoM toward the 

intended direction of travel. He also showed that both a laterally flexed trunk away from the 

desired direction of travel and a wide ipsilateral foot placement are directly related to increased 

valgus knee moments 41.  

When perturbations are applied during dynamic movements, the central nervous system (CNS) 

is capable of adjusting muscle activation patterns to oppose these destabilising forces 42. 

However, it is suggested that reactive muscle activity must occur with sufficient magnitude 
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within 30 to 70 milliseconds after the onset of joint loading (i.e. foot strike), which may not be 

enough time to effectively support the knee and ACL 43 44. Consequently, when tasks are 

unplanned there may not be adequate time for the CNS to plan appropriate muscle activation 

strategies to support the knee from elevated external loading and injury risk. This has been 

found in unplanned SS where muscle activation levels increased by 10-20% compared with 

planned SS 42. During these tasks however, valgus and internal rotation moments increased by 

70%, suggesting that muscle activation strategies with reduced preparatory time may not be 

effective in supporting the knee from the consequent elevated peak loading. By understanding 

the effect of preparatory time on muscle activation and kinematic solutions, we may be able to 

modify the outcome of these motor control strategies. This can be achieved by; 1) increasing 

dynamic control of the trunk and hip to effectively control WBCoM reorientation to reduce 

valgus and internal rotation knee moments, and 2) improve the strength and activation of 

muscles crossing these joints during unanticipated change of direction tasks. 

2.5.2 TECHNIQUE MODIFICATION 

Three general kinematic strategies have been proposed to counter elevated peak knee moments 

and associated ACL injury risk in sport; 1) control of WBCoM 45 46, 2) increasing knee flexion angle 

at foot strike 17 47, and 3) preventing dynamic knee valgus postures of the lower limb 48.  

Seventy percent of a person’s mass is located in the head, arms and trunk (HAT), which is located 

two thirds of their height above the ground 49. As WBCoM control is fundamental to balance and 

stability during gait, the dynamic control and potential for the upper body to influence the 

loading of distal segments in the kinetic chain is substantial 40. During SS, techniques such as a 

wide foot position relative to WBCoM, lateral trunk flexion and rotation in the opposite direction 

to travel, and constraining the arms have also been shown to increase knee valgus moments 21 

50. Recent in-silico research has supported these experimental studies and has identified re-
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positioning of an individual’s WBCoM toward the desired direction of travel as a preferred 

posture during SS to reduce knee valgus moments 45. Dempsey and colleagues (2009) showed 

that an athlete’s knee valgus moments can be decreased by almost 40% if the athlete was 

capable of maintaining a vertical trunk posture during unplanned SS. The mechanistic rationale 

for these observed changes was that the motion of the trunk away from the stance leg and the 

direction of travel causing the centre of pressure to move laterally to keep the WBCoM within 

the athlete’s base of support. This increases the perpendicular distance between the GRF and 

knee joint centre that in turn causes the observed increases in internal rotation and valgus knee 

moments 51. It is therefore important to both assess and target trunk stability during 

preventative programs. 

Increasing knee flexion angle at foot strike has been shown to be associated with reduced 

combined transverse and frontal plane knee moments during SS 17. Inversely, reduced knee 

flexion angle at foot strike has been observed during video analysis of ACL injury events 6. Both 

of these findings are congruent with cadaveric research, which has shown peak ACL strain is 

observed at low knee flexion angles (<20ᴼ) 47. As such, focus should be placed on encouraging 

athletes to land and change direction with a flexed knee. Strength training is recommended in 

this flexed knee posture, so an athlete can effectively accommodate or accomplish this proposed 

technique modification.  

Dynamic knee valgus postures of the lower limb have been associated with elevated peak knee 

valgus moments 52 and ACL injury among female athletes 22. In a lab context, Kipp et al. (2011) 

showed that poor hip flexion-extension neuromuscular control resulted in elevated peak knee 

valgus moments during a single-leg land and cut manoeuvre.  These 'dynamic' knee valgus 

postures consist of combined knee flexion and hip internal rotation, which can signify poor hip 

external rotator strength 53 54. As such, particular attention should be placed upon hip 

neuromuscular control when designing intervention programs.  
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By identifying the kinematic factors associated with elevated external knee loads, we can 

similarly investigate the neuromuscular adaptations required to facilitate modifying an athlete’s 

technique to adopt safe SS and SLL movement patterns.    

2.5.3 MUSCLE STRENGTH AND SUPPORT 

Increasing the strength and activation of the lower limb musculature is another avenue that has 

been explored to reduce sport related ACL injury risk 12 42 55 56. There is no single muscle crossing 

the knee capable of simultaneously supporting the joint from anterior drawer, valgus and 

internal rotation knee moments in parallel. It is therefore difficult to design a best practice 

training intervention that effectively strengthens the lower limb musculature in a manner that 

effectively supports the knee when these combined knee loads are elevated 57. For this reason, 

multiple muscle activation strategies can be used to reduce ACL injury risk during non-contact 

change of direction sporting scenarios. The first of these generalised strategies involves 

“selected activation” of muscles with moment arms able to counter the aforementioned applied 

external loads 42. Examples of this include musculature with medial moment arms such as the 

sartorius and gracilis muscles and medial hamstrings and quadriceps muscles, which all possess 

functional moment arms capable of supporting knee valgus moments 58 59. The second strategy 

is “generalised co-contraction” 59, where co-contraction of muscle groups, such as the 

quadriceps and hamstring muscle groups occur.  Co-contraction of the quadriceps with the 

hamstrings has also been shown to elevate knee joint compression further when compared with 

quadriceps muscle force alone in simulated landing 52. Cadaveric research has shown that 

increasing eccentric quadriceps muscle force in the pre-contact phase of landing significantly 

reduced the forces applied to the ACL during weight acceptance (WA), when the knee is in at 

least 20 degrees of flexion 47.  



 

 

25 
 

While quadriceps and hamstring co-contraction has been widely investigated within the 

literature, quadriceps and gastrocnemii co-contraction has recently been identified as a 

plausible strategy to increase knee joint compression 56 60-62. The gastrocnemii muscle group 

primarily functions to plantar-flex the foot, which has a crucial role in generating the support 

moment (sum of all sagittal plane hip, knee and ankle moments) required for dynamic stability 

during running, landing and change of direction sporting manoeuvres 63. Recent simulation 

based evidence has proposed a second function, which is to co-contract with the quadriceps to 

elevate joint compression and thus protect the knee and ACL from external joint loading 56. This 

is desirable as research has shown that joint compression achieved by elevated muscle 

contraction can limit translation forces 56 64. 

The majority of research exploring the role of muscle coordination and support in ACL injury 

prevention has investigated those that cross the knee joint. However, muscle activity of the 

trunk and hip precedes the activation of muscles crossing distal joints lower in the kinematic 

chain during single leg sporting tasks 46 65. More specifically, the CNS has been shown to initiate 

contraction of trunk musculature in a feedforward manner prior to lower limb movement 65. 

This top down strategy suggests that control of the trunk and hip musculature is paramount in 

maintaining an athlete’s WBCoM positioning within their base of support during dynamic 

movement. Of the 13 muscles crossing the hip and knee, which act to provide structural support 

and direct movements at the knee; five are bi-articulate with attachments at the pelvis and/or 

sacrum 66. Therefore, if muscle activation of the trunk and hip is unable to support medio-lateral 

control of the CoM, they can also function synergistically with muscles further down the kinetic 

chain to support the knee joint.   

Not only is strength of these muscles important, but so is the timing of their activation. Peak 

external loading to the knee is observed during WA, which is when the muscles crossing the 

knee are needed to support and protect its internal structures from injury. It is thought that 
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increased ACL strain during unplanned SS is in part, a result of the inability of the surrounding 

musculature to generate force and increase joint compression at the appropriate time 42. It is 

thought that increased ACL strain during unplanned sidestepping is in part, a result of the 

inability of the surrounding musculature to generate force and increase joint compression in 

time 36 as the result of; 1) peak knee moments occurring during WA which occurs within 40ms 

following foot strike 21, 2) electromechanical delay is approximately 60ms 67 and subsequently, 

3) the inability of reflexive or voluntary muscle activation. It is therefore vital that an athlete has 

adequate muscle support or training is focused upon increasing muscle support during WA to 

support the knee during unanticipated sporting manoeuvres when elevated joint loading is 

observed. 

In summary, consideration of aforementioned neuromuscular and biomechanical factors can 

facilitate the design of effective training interventions to mitigate peak knee moments and ACL 

injury risk.  The neuromuscular factors that should be specifically targeted in ACL injury 

prevention programs through technique and multifactorial strength and stability training 

include;  1) improving the control of WBCoM through targeted hip and trunk stability training 45 

46, 2) increasing knee flexion angle at foot strike through external cues, and improving eccentric 

quadriceps strength 17 47, 3) preventing dynamic knee valgus postures of the lower limb by 

strengthening hip external rotators 48 and, 4) increasing the strength and activation of the 

gastrocnemii muscle group to elevate knee joint compression 56.  

2.6 ACL INJURY PREVENTION FOCUSED TRAINING INTERVENTIONS 

ACL injury prevention protocols can be classified into four general categories; 1) plyometric 

training, 2) balance training, 3) technique training, and 4) resistance training. Training 

interventions have been found to be both effective 26 68 69, and ineffective 28 70-74 in reducing ACL 

injury rates among general athletic populations. Though injury prevention is a complex 

multifaceted problem, one could argue that not all injury prevention programs are targeting the 
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biomechanical and neuromuscular factors related to peak loading and injury risk. Few studies 

have measured these factors in parallel and as such the biomechanical mechanisms 

underpinning why the success or otherwise of these interventions is unclear. This may also 

suggest that it is not the type of training used (i.e. plyometric, balance, technique and 

resistance), but rather the focus of the injury prevention protocol that influences the 

effectiveness of such interventions. Successful training interventions performed by Hewett et 

al. (1999) and Mandelbaum et al. (2005) both contained technique components that focused on 

trunk and hip neuromuscular control and increasing knee flexion at foot-ground impact, in 

combination with plyometric exercises, which may have unintentionally targeted the 

gastrocnemius muscle group. This evidence supports the design of training protocols that are 

focused on the kinematic and neuromuscular factors associated with elevated knee valgus and 

internal rotation knee moments and the subsequent elevated injury risk. Coach and athlete 

compliance to injury prevention protocols is also an important consideration in attempting to 

understand the quantity of training required to observe a treatment effect, and whether 

maintenance programs are required following the intensive 6-12 weeks programs as commonly 

reported in the literature 75.  

2.6.1 MAINTENANCE TRAINING AND MULTIPHASE PROGRAMS  

Due to competition schedules, pre-season training loads and injuries, athletes are frequently 

required to adjust to fluctuating training volumes and intensities over a season of play. Training 

duration and intensity is often lower in the non-playing season compared with pre- and in-

competition training schedules, which may result in detraining effects. Detraining is defined as 

the partial or complete loss of adaptations in response to insufficient training stimulus 76. In as 

early as four weeks post-training, detraining effects can be observed in the form of reduced; 

muscle strength 76-78, physiological function (e.g. capillary density, arterial-venous oxygen 

difference, oxidative enzymes activities, VO2max) 76 and task-specific proprioception 79. This is 
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an important consideration when researchers implement short intensive training interventions 

commonly found in the ACL injury prevention literature. These programs typically span from 4-

12 weeks 1 26 41 68 80-86 and then assess injury rates following long periods (i.e. 12 months) post-

intervention. Consequently, the effect of exercise-based interventions may be transient 

following one year of discontinuing injury prevention training programs. Immediate 

improvements in biomechanical and neuromuscular characteristics after an injury prevention 

training program suggest that function has been improved, however motor learning of the new 

skills and techniques prescribed in the intervention may take longer periods to achieve and/or 

maintain 75. 

To maintain initial positive biomechanical and neuromuscular adaptations from an intensive 

training phase, a number of studies have implemented maintenance phase programs 

immediately following an intensive injury prevention training program 69 75 87. However, there 

has been little research in understanding the effect on ACL injury risk/rates following each 

component of the entire program and this limits our capacity to assess the efficacy of 

maintenance training programs in isolation following intensive training phases. 

2.6.2 OTHER FACTORS INFLUENCING EFFECTIVE PROGRAM DESIGN 

We must in part acknowledge that while sound neuromuscular and biomechanics information 

serves as the backbone to effective injury prevention research, it is crucial that injury prevention 

paradigms are approached in a multi-disciplinary manner. Previous research has identified 

practical problems when implementing training protocols in “real-world” scenarios (Stage 5 of 

the TRIPP framework).  The most apparent of which are athlete compliance and adherence to 

the training interventions. Chappell and Limpisvasti (2008) found that 10-15 minutes of 

neuromuscular training adjunct to preseason soccer training was effective in decreasing valgus 

knee moments during a double-leg stop-jump task. The proposed success of this investigation 
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was likely due to high athlete compliance (100%) which was in part attributed to a high coach to 

athlete ratio (2:33). While Donnelly and colleagues (2012) conducted a similar in season training 

protocol with a community based football program, they had low athlete compliance (<45%) 

and a low coach to athlete ratio (1:40) and consequently reported that balance and technique 

training intervention were not effective in decreasing valgus knee moments and injury risk 

during planned or unplanned SS. The importance of a low athlete to coach ratio may be 

explained by the ability to ensure each individual athlete is performing training tasks and 

technique modifications are immediate and precise so that the intended focus of the training 

protocol is appropriately translated from the laboratory to real-world settings. Another strategy 

suggested to counter barriers associated with community level implementation based research 

is athlete screening 1. As such, there is enhanced rationale to participate and comply to training 

if an athlete is identified as high risk, and interventions can be modified to target an individual’s 

specific biomechanical and/or neuromuscular deficiencies.  

2.7 ATHLETE SCREENING 

Screening and identifying athletes who are at higher risk of ACL injury, may improve the 

effectiveness of injury prevention training protocols by firstly, improving coach intent to 

implement these programs and secondly, improving the specificity of the intervention itself 1 88 

89. Myer and colleagues (2007) found that following a seven week neuromuscular training 

program, athletes identified as high-risk reduced their peak knee valgus moments by 13% in 

comparison with low-risk athletes, and a control group, who experienced no change. These 

findings suggest that by implementing screening prior to injury prevention training we can 

further refine the protocols delivered to an individual athlete. However, implementing screening 

strategies alongside injury prevention training protocols is not yet considered cost-effective in 

community sport settings 89 90. This can be attributed to three key factors; 1) specificity and 

sensitivity of the task(s) used within the screening tool to movements associated with the injury 
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eliciting event, 2) validity and reliability of the measures recorded, and 3) feasibility of 

implementation in community level sport and mass-screening scenarios.   

2.7.1 SCREENING SPECIFICITY AND SENSITIVITY  

In order to improve the specificity of injury screening, the ability to predict one’s risk of injury 

should be measured within the injurious task itself, as these tasks better approximate the 

accelerations and forces related to the injury event. While some screening tests incorporate 

sport specific injurious task manoeuvres such as SS 21 36 42 50 83 and SLL 91, others do not and go on 

to include surrogate tasks such as single leg squats 92 93, drop vertical jump 22 94 95, drop landing 

96, tuck jumps 97 and isokinetic knee extensor/flexor strength 62 87. Secondly, the dependent 

variables chosen to assess movements within a screening tool must be associated with 

neuromuscular or biomechanical factors associated with injury risk as highlighted within section 

2.5 of this chapter. As elevated combined peak knee extension, valgus and internal rotation 

moments have been associated with ACL injury risk and rates 15 20 22, direct measurement of 

these during the high risk manoeuvres is ideal. Peak knee valgus moments measured during a 

vertical drop jump (VDJ) landing task have been found to be capable of predicting ACL injury 

with 73% specificity and 78% sensitivity, where 2D dynamic knee valgus angle measures 

provided a predictive R2 of 0.88 for injury in female athletes 95. In contrast, Smith et al. (2012) 

screened 5,047 male and female high school and college athletes using a VDJ task and failed to 

identify any two dimensional (2D) measures of lower limb motion associated with injury among 

the 28 injured athletes analysed when compared with 64 matched controls.  This may be due to 

the screening task being double leg, rather than SLL (i.e. not mimicking forces and accelerations 

of injurious tasks).  Additionally, their analysis was restricted to a single plane, which does not 

take into consideration the multi-planar dynamics of SLL and unplanned SS sporting tasks.  

Krosshaug et al. (2016) measured 3D lower limb kinetics and kinematics and GRFs in 782 elite 

handball players and found only dynamic knee valgus to be associated with increased risk of ACL 
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injury. Sidestepping has been shown to have five times higher peak knee valgus moments when 

compared with a VDJ 98, suggesting that VDJ may not be a mechanically demanding enough task 

to elicit injurious levels in the biomechanical risk factors associated with ACL injury risk or injury 

98 99.  

2.7.2 SCREENING VALIDITY AND REPEATABILITY 

Kinematics and muscular activation patterns selected for analysis during movement screening 

protocols must be associated with the biomechanical mechanisms (i.e. peak knee moments) of 

ACL injury in order for the tool to be sensitive enough to detect change and/or discriminate 

between high and low risk individuals. Screening tools currently reported in the literature 

incorporate dynamic knee valgus 94 100-102, hip and knee flexion angles 102, EMG pre activity of 

knee flexors/extensors 86 and isokinetic concentric quadriceps/hamstring strength 62.  

Due to differences in kinematic modelling approaches, tester experience and movement 

assessment protocol differences, it is important for these methods to first be described in detail 

so that test protocols can be reliably replicated. Secondly, in order to describe the robustness of 

the tool it should be compared across testing centres. Inter-laboratory reliability of a single-leg 

cross jump task screening tool was found to have moderate to high reliability for kinematics, 

and high reliability for kinetics when utilising each centres’ individual equipment and staff 103.  

The Landing Error Scoring System (LESS) screening tool has been found to have good-excellent 

intra- and inter-rater reliability and has predictive validity in identifying ACL injury events.  

However this is only within a young athlete population 102. The Clinic Based Algorithm employs 

a combination of anthropometric measures (i.e. tibia length and body mass index), landing 

mechanics and isokinetic knee extensor/flexor strength ratio to predict high knee valgus 

moments in female athletes. This tool has good predictive value, with lab-based measures 

explaining 83% of the variance in peak knee valgus moments. However, 3D analysis of landing 
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and isokinetic strength limits this tool to laboratory settings. Two dimensional measures of 

dynamic knee valgus have been shown to predict peak knee moments and have good within and 

between day reliability 100 101. However, the success of these tools when translated across 

heterogeneous sporting populations is limited, likely as a consequence of the lack of 

consideration of both upper and lower body multi-planar biomechanical and neuromuscular 

patterns. Therefore emphasis should be placed on sound mechanical links to ACL injury 

mechanisms (i.e. peak knee loading) and investigating upper and lower body biomechanics 

across all three planes of motion when developing ACL screening tools. 

2.7.3 SCREENING FEASIBILITY 

Though an established and reliable measurement tool, 3D motion capture systems are both cost 

and computationally expensive, limiting their utility for the mass screening of athletes within 

community level training environments. To address the practical research question of feasibility 

of implementation, 2D video based motion capture may be a cost effective solution by which to 

assess an athlete’s technique and associated ACL injury risk during dynamic sporting movements 

101 102. Two-dimensional video based measures have been shown to be reliable in their 

measurement of lower limb kinematics 91. Research therefore needs to investigate the use of 

reliable 2D screening measures of upper and lower body mechanics in multiple planes during SS 

and SLL in heterogeneous athletic populations, in order to develop sensitive measures of ACL 

injury risk for large-scale screening environments. 

2.8 SUMMARY 

Using a multidisciplinary approach (i.e., in-vivo, in-vitro and in-silico research), it believed non-

contact ACL injures occur when combined externally applied flexion, valgus and internal rotation 

moments are applied to the knee while it is in an extended posture during the weight acceptance 

phase of unplanned SS or SLL (Stage 2 57). However, while the underlying mechanisms of an ACL 

injury is established, there is little research describing the specific techniques and 
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neuromuscular support strategies associated with elevated injury risk in sport (Stage 3 57). 

Consequently, training interventions (Stage 4/5 57) and screening methods (Stage 3 57) are still 

being developed. As such, these injury prevention strategies are yet to be moved out of the 

laboratory environment and widely adopted in community level training environments (Stage 

5/6 57). With the sound evidence behind the mechanisms and countermeasures of ACL injury, 

biomechanically informed content must therefore be incorporated in the development of injury 

prevention training and screening protocols. The research within this thesis will aid stages 3 and 

4 of the ACL injury prevention framework 57, to inform community focused real world 

interventions (Stage 5 57) and policy surrounding ACL and lower limb injury prevention research 

(Stage 6 57), in order to effectively facilitate real-world ACL injury rate reductions (Stage 1 57).  
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FOREWORD 

As identified in Chapter Two, there lies a gap between injury prevention research and practise 

in real world implementation. While there is significant evidence surrounding the biomechanical 

mechanisms of ACL injury, this is yet to be translated into global ACL injury rate reductions 1. 

Injury prevention training interventions that typically focus on different combinations of training 

modality (i.e. resistance, balance, plyometric, technique) have reported mixed success. The 

following study investigates a new training philosophy which focuses on the biomechanical 

mechanisms associated with ACL injury and its efficacy in reducing lower limb and ACL injury 

rates. Simultaneously, this study investigates the effect of injury prevention training on athletic 

performance measures.  This paper presents a blueprint for ACL injury prevention training 

program design with body-weight based exercise recommendations such that it can be 

incorporated into any elite or community level training environment.   
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3.1 ABSTRACT 

Background: There has been mixed success following the implementation of injury prevention 

training programs in reducing anterior cruciate ligament (ACL) injury rates. Coach and athlete 

perceptions toward injury prevention and time taken away from skills/performance training 

have been associated with limited adherence in time-poor sporting environments.  

Aim: To verify the efficacy of a novel biomechanically informed training intervention in reducing 

the incidence of ACL injuries and its effect on athletic performance. 

Methods: Twenty-six elite female field hockey players participated in a biomechanically 

informed and focussed injury prevention training program for two consecutive seasons. Injury 

incidence (i.e. lower limb and ACL) and athletic performance (i.e. strength, speed and aerobic 

power) were measured during a control season, and following two intervention seasons. Known 

biomechanical risk factors for ACL injuries (i.e. peak extension, valgus and internal rotation knee 

moments) during an unplanned sidestepping task were also assessed prior to, and following two 

training phases within intervention season one.  

Results: Biomechanically informed training was effective in reducing the incidence of lower limb 

and ACL injuries while maintaining and/or improving athletic performance following two 

intervention seasons.  Peak knee valgus and internal rotation moments (surrogate measures of 

ACL injury risk) assessed in intervention season 1 decreased, supporting the injury incidence 

findings.   

Conclusions: Biomechanically informed injury prevention training in parallel with an elite 

training and medical environment, was successful in reducing the incidence of lower limb and 

ACL injuries over two seasons, while maintaining and/or improving the athletic performance 

among a group of elite female field hockey players.  
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3.2 INTRODUCTION 

Anterior cruciate ligament (ACL) injuries are arguably the most debilitating knee injury an athlete 

can sustain in sport. The majority (56-80%) of these injuries occur during non-contact sporting 

tasks such as sidestepping and single-leg landing 1-4, indicating that these injuries are 

preventable 5-7. In-vivo, in-silico and ex-vivo research have identified combined externally 

applied peak knee extension, valgus and internal rotation knee moments as a surrogate measure 

of ACL strain and subsequent ACL injury risk in sport 1 8-11. Significant research attention has been 

dedicated toward the development of a multitude of clinical methods to reduce ACL injury rates, 

including the prescription of various training modalities (e.g. balance, plyometric, strength and 

technique) 7 8 12 13 18. However, there have been conflicting findings regarding the effectiveness 

of these interventions 7 12 13, thereby raising the question: are these interventions effectively 

targeting the biomechanical mechanisms associated with ACL injury risk? 14  

The origin and insertion of the ACL is non-linear and subsequently, no single external moment 

or force in isolation is capable of rupturing the ACL. Two biomechanical strategies can be 

adopted to reduce an athlete’s risk of sustaining an ACL injury during sport participation. The 

first is to modify an athlete’s technique in an effort to reduce externally applied forces to the 

knee, which are known mechanical risk factors to an ACL injury event 14-16. The second is to 

improve the strength and activation of the muscles that support the knee when external joint 

loading is elevated 17-20.  

Recent evidence has focused on the following biomechanical strategies associated with 

mitigating ACL injury risk; 1) increasing knee flexion angle at foot strike to reduce combined peak 

valgus and internal rotation knee moments 21, 2) improving dynamic control of the trunk and 

upper body to reduce peak valgus knee moments 9 16, 3) improving the strength of the 

gastrocnemius muscle group to elevate joint compression  20 and finally, 4) increased hip external 

rotator strength, which can prevent athletes from attaining “dynamic knee valgus” postures 11. 

Consideration of these biomechanical factors can facilitate the design of training interventions 
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to target the biomechanical mechanisms associated with an ACL injury event. When translating 

laboratory findings into real-world training environments, a number of other factors may limit 

the success of interventions. Training exposure, coach/athlete adherence and compliance, and 

coach/athlete perceptions of training time and its influence on athletic performance, are key 

concerns within this research stream 22-24. 

The aim of this study was to assess the efficacy of a novel, biomechanically informed and 

focussed injury prevention training program on reducing ACL injury risk, ACL injury incidence 

and athletic performance among elite female field hockey players.  We hypothesised the training 

program would reduce ACL injury risk and rates in this cohort following two intervention seasons 

when compared with a control season. We further hypothesised that any changes brought about 

by the training intervention would not have a detrimental effect on overall athlete performance.  

3.3 METHODS  

3.3.1 STUDY DESIGN AND PARTICIPANTS 

The biomechanically informed injury prevention training program was assessed over three 

consecutive seasons (control, intervention season 1, intervention season 2) among the 

Australian National women’s field hockey team (Hockeyroos) (Figure 3.1). The first season 

(2012-2013) was treated as the baseline/control season, then a 9 week intensive-training phase 

was implemented and immediately followed by a maintenance-training phase in the first 

intervention season (2013-2014), which continued through a second intervention season (2014-

2015). Injury incidence were measured across all three seasons. Athletic performance was 

assessed on four occasions; 1) at the end of the control season, 2) following the intensive-

training, 3) following the first intervention season and 4) following the second intervention 

season. Biomechanical injury risk factors (i.e. peak knee moments) were assessed on three 

occasions; at the end of the control season, and again at the completion of both phases of the 

training program in the first intervention season.  
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Twenty-six elite female hockey players (age: 22.1 ± 2.3 years, height: 1.68 ± 0.09 m, mass: 63.30 

± 7.00 kg) participated in this study. Due to retirement, player availability and injury, not all 

players completed all biomechanical and performance testing sessions and/or in each seasons 

injury incidence measurements. Written informed consent was obtained from all participants 

approved by the University of Western Australia’s Human Research Ethics Committee (See 

Appendix A.1).  

 

Figure 3.1. Biomechanically informed injury prevention program study design and sample size flow chart. 

3.3.2 INTERVENTION 

During the intervention seasons, all athletes participated in injury prevention training sessions 

adjunct to their regular in-season warm-up and gym sessions, which were delivered by the team 

strength and conditioning coaches (see Appendix D.6).  A high coach to athlete ratio of 1:13 was 

implemented in attempts to maximise athlete adherence and compliance to the training 

protocol18 26. Irrespective of the exercise genre (resistance, balance, plyometric and technique), 

Control Season 
2012-2013 

n = 26 

Intervention Season 1 
2013-2014 

n = 26 

Intervention Season 2 
2014-2015 

n = 26 

Maintenance Phase 2 Maintenance 

Phase 1 (9-25 wks) 
Intensive Phase 

(0-9 wks) Regular Training 

Biomechanical 

Testing 1 
n = 16  

Biomechanical 

Testing 2 
n = 17 

7 players excluded due to injury, 

retirement or availability 
1 retired, 6 unavailable 

Biomechanical 

Testing 3 
n = 10 

Performance 

Testing 
n = 26 

Performance 

Testing 
n = 26 

1 player excluded due to retirement 5 players excluded due to 

retirement 

Performance 

Testing 
n = 20 

Performance 

Testing 
n = 25 
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the overriding goal or focus of the intervention was to target four key biomechanical factors 

associated with ACL injury risk and/or incidence; 1) increase knee flexion angle at foot strike21, 

2) to improve the dynamic control the trunk and upper body9 27, 3) to strengthen the hip external 

rotators to prevent athletes from attaining “dynamic knee valgus” postures11 14 18, and 4) to 

increase the strength of the gastrocnemius muscle group20 (see Table D.3, Appendix D) . From 

this, the strength and conditioning coach designed each session to best suit the training 

environment. During the first intervention season a 25 week training program was implemented 

and split into two phases; 1) Intensive-Training (Weeks 1-9) and 2) Maintenance-Training 

(Weeks 9-25). The intensive-training phase consisted of 4 x 20 minute sessions per week which 

progressed in intensity every two weeks. While intensity and type of exercise remained the 

same, only training duration was reduced in the maintenance training phase (3 x 10 minute 

sessions per week). The maintenance-training phase was then continued throughout the second 

intervention season. During each session of the intensive-training phase, attendance, and coach 

ratings of compliance and athlete engagement were measured28. Attendance and compliance 

were 81.1±25.0% and 88.2±19.7% respectively, with attendance only missed due to injury as 

advised by team medical staff. Athlete engagement was high with 89.2±11.5%.  Athlete 

commitment, 89.9±11.2% motivation and 91.9±9.9% perseverance, which are components of 

athlete engagement throughout the intervention, were also high.  

3.3.3 INJURY RATES 

All lower limb injuries occurring during pre-season, in-season training and competitive games 

over the control (2012-2013) and intervention seasons (Intervention Season 1: 2013-2014 and 

Intervention Season 2: 2014-2015) were collected by the same team doctor and physiotherapist 

using the Orchard Sport Injury Classification System (OSICS)29. Total lower limb injuries (all 

injuries sustained to the lower limbs excluding contusions), total knee injuries (ligament, tendon 

and cartilage), total knee ligament injuries and ACL injuries were recorded. All injuries were 

verified by either the team doctor or physiotherapist and was defined as an event that caused a 
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player to cease training/playing and seek medical attention. Injury incidence per 1,000 player 

hours was calculated by dividing the number of injuries by exposure (number of athletes x 

number of hours of training/games per season) and multiplied by 1,000 (equation 3.1).   

 

𝐼𝑛𝑗𝑢𝑟𝑦 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =  
𝐼𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑡ℎ𝑙𝑒𝑡𝑒𝑠 𝑥 𝑆𝑒𝑎𝑠𝑜𝑛 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒
𝑥 1000  

 

To evaluate differences in injury rates per season, expected injury rates were calculated for each 

season as the same proportion of total injuries as that season’s exposure hours were of the total 

hours30 (Equation 3.2).  

 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐼𝑛𝑗𝑢𝑟𝑖𝑒𝑠 =   
𝑆𝑒𝑎𝑠𝑜𝑛 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒

𝑇𝑜𝑡𝑎𝑙 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒
𝑥 𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑗𝑢𝑟𝑖𝑒𝑠  

 

 

3.3.4 ATHLETIC PERFORMANCE 

Athletic performance measures were recorded during the control season and following the 

intensive training phase, post-intervention season 1 and post-intervention season 2. Strength 

performance tests included one repetition maximum (1RM) strength normalised to body mass 

for the bench press, bench pull and back squat31. Speed was assessed with 40m sprint times 

(split at 10m and 40m) and aerobic power assessed using the beep test32.  

 

3.3.5 BIOMECHANICAL TESTING 

To assess biomechanical injury risk factors a subset of athletes completed a laboratory based 

unplanned sidestepping (UPSS) functional movement assessment1 8 33. Kinematic marker 

trajectories were collected using a 12 camera Vicon® MX and 10 camera Vicon® T40 (Oxford 

Metrics, Oxford, UK) system operating at 250 Hz, which was synchronised with an AMTI force 

(3.1) 

(3.2) 
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plate, recording at 2,000 Hz (Advanced Mechanical Technology Inc., Watertown, MA). These 

data and a reliable full body customised kinematic model33 34 were used to calculate peak knee 

extension, valgus and internal rotation knee moments via inverse dynamics procedures in 

Bodybuilder (Vicon, Exford Metrics, Oxford, UK). Peak knee moments were analysed during the 

weight acceptance phase of UPSS, and normalised to body weight (N) and height (m) 8 11. More 

detailed descriptions of the experimental protocol and modelling approach have been described 

in Donnelly et al. (2012). 

 

3.3.6 STATISTICAL ANALYSIS 

Chi square analysis (α=0.05) was used to assess the difference between observed and expected 

injuries between control season, intervention season 1 and intervention season 2. All 

performance and biomechanical variables were analysed according to the intention-to-treat 

principle with a linear mixed model.  Time (control season, post-intensive training, post-

intervention season 1 and post-intervention season 2) was input as a fixed factor. Hedge’s ‘g’ 

effect sizes were calculated between and within groups after intensive-training, intervention 

season 1 and intervention season 2, and were employed as to account for the differences in 

sample sizes across seasons. All statistical analyses were conducted in SPSS, and an alpha of 0.05 

was used (IBM SPSS Statistics 22, SPSS Inc., Chicago, IL).  

3.4 RESULTS 

Exposure increased following the control season (6,749.1 hours), for intervention season 1 

(7,609.2 hours) and intervention season 2 (7,143.4 hours) with a total of 21,501.7 hours over all 

three seasons. Total knee injury incidence increased in intervention season 1 (2013-2014) but 

was reduced following intervention season 2 (2014-2015). Of most significance, total lower limb, 

knee ligament and ACL injury incidence were reduced following the implementation of the 
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training program following intervention season 1, and were further reduced following 

intervention season 2 (Table 3.1).  

Table 3.1. Injury incidence (number of injuries per 1,000 player hours) for total lower limb, knee, knee 

ligament and ACL injuries for the control season (2012-2013) and intervention seasons (1: 2013-2014, 2: 

2014-2015). 

Season Lower Limb Knee Knee Ligament ACL 

Control 23.0 2.1 0.6 0.4 

Intervention season 1 15.7 2.9 0.3 0.0 

Intervention season 2 5.2 1.0 0.0 0.0 

 

Observed total lower limb injuries were significantly lower than expected during intervention 

season 2 (χ2=61.1, p<0.001, df=2). Observed ACL injuries were higher than expected in the 

control season and lower than expected in the intervention seasons, with zero injuries occurring 

following the intervention period (χ 2=7.0, p=0.03, df=2) (Table 3.2).  

Table 3.2. Observed and expected total lower limb, knee, knee ligament and ACL injuries for the control 

season (2012-2013) and intervention seasons (1: 2013-2014, 2: 2014-2015). 

Season 

Observed Expected 

Lower 
Limb 

Knee 
Knee 

Ligament 
ACL 

Lower 
Limb 

Knee 
Knee 

Ligament 
ACL 

Control 155.0 14.0 4.0 3.0 102.6 14.4 1.9 0.9 

Intervention 
season 1 

124.0 23.0 2.0 0.0 115.8 16.3 2.1 1.1 

Intervention 
season 2 

48.0 9.0 0.0 0.0 108.6 15.3 2.0 1.0 
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Improved 1RM strength was observed for bench press (+∆7.9%, p=0.001) and bench pull 1 

(+∆9.8%, p=0.013) following intervention season 1 relative to the control season, and these 

strength gains were maintained following intervention season 2. Back squat 1RM improved from 

the control season following intervention season 2 (+∆4.34%, p=0.046) (Figure 3.2). 

 

Figure 3.2. Absolute 1RM scores during the control season and following the intensive training 

intervention, intervention season 1 and intervention season 2. *Denotes significant differences, p<0.05. 
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Ten metre split time for 40m sprint efforts improved relative to the control season following 

intervention season 1 (-∆0.7%, p=0.013). Times increased (+2.4% p=0.011) from intervention 

season 1 to intervention season 2. However, there were no differences in 10m split time from 

the control season to intervention season 2 (p=0.353). Improvements in 40m sprint time were 

observed between post-intensive training and post-intervention season 1 (-∆2.7%, p=0.026) and 

at post-intervention season 2 from the control season (-∆0.17%, p=0.004) (Figure 3.3). 
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Figure 3.3. 10m split and total 40m sprint times during the control season and following the intensive 

training intervention, intervention season 1 and intervention season 2. *Denotes significant differences, 

p<0.05. 
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Beep test scores improved by 7.5% following intervention sea son 1 (p<0.001) and a further 6.2% 

following intervention season 2 (p=0.002) (Figure 3.4). 

 

Figure 3.4. Beep test decimal scores during the control season and following the intensive training 
intervention, intervention season 1 and intervention season 2. *Denotes significant differences, p<0.05.  
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There were no changes in peak knee extension moments following intensive training, however 

there was a statistical trend associated with a +∆8.2% increase from post-intensive training to 

post-maintenance training (g=0.534, p=0.060). There were no statistically significant changes in 

peak valgus knee moments during the intensive phase of the training intervention, however a 

trend existed for a -∆20.9% reduction from the control season to the end of intervention season 

1 (g=0.400, p=0.580). A trend also existed for a reduction in peak internal rotation moments 

from the control season to intervention season 1 (-∆19.7%, g=0.419, p=0.480) (Figure 3.5).  

 

Figure 3.5. Peak knee extension, valgus and internal rotation moments normalised to body weight and 
height during the weight acceptance phase of unplanned sidestepping during the control season, 
following the intensive training phase and following the maintenance training phase of intervention 
season 1. ^Denotes moderate effect sizes (0.30 ≤ d < 0.6). 
 

3.5 DISCUSSION 

Biomechanically informed injury prevention training successfully reduced lower limb and ACL 

injury incidence among elite level female field hockey players. In addition, though time was 

taken away from skills/performance training, selected performance measures were not 

compromised, and for some measures, improvements were observed. Overall results support 

the efficacy of biomechanically informed and focussed injury prevention training, as both an ACL 

and lower limb injury prevention training prescription.   
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While training exposure increased following the control season, both total lower limb injury 

incidence (control season: 23, intervention season 2: 5.2) and ACL injury incidence (control 

season: 3, intervention season 2: 0) were reduced (Table 2). As outlined by previous injury 

prevention research, it is important to assess effectiveness of these programs on not only injury 

rates, but also biomechanical injury mechanisms (i.e. peak knee moments). In line with these 

findings, there was a trend observed for a 20.9% reduction in peak valgus (g=0.400, p=0.530) 

and a 19.7% reduction in peak internal rotation (g=0.419, p=0.480) knee moments following 

intervention season 1 (Figure 5). Although not statistically significant, these trends suggest that 

the program has displayed some success in targeting the biomechanical factors associated with 

ACL and lower limb injury risk.  

Though some ACL injury prevention training interventions have been successful35-37, the majority 

have been unsuccessful in reducing ACL injury rates among general athletic populations7 12 13 38 41. 

In the prospective analysis of the effect of a 6 week neuromuscular training program among 

1,263 male and female team sport athletes, Hewett et al. found that untrained athletes had a 

2.4-3.6 higher incidence of serious knee injuries than the trained group. The “Prevent Injury and 

Enhance Performance” program37 delivered as a warm up in female soccer players included 

strength, plyometric and agility exercises with a strong instructional focus on landing technique. 

There was an 88% reduction in ACL injuries in year 1 and 74% reduction in year 2 following this 

training regime.  It is difficult to understand the mechanisms by which these interventions were 

effective/ineffective in reducing ACL injury rates, as biomechanical risk factors were not 

measured in parallel. It is likely that successful training interventions may have intentionally or 

unintentionally targeted the biomechanical factors associated with injury risk.  

While training design may be similar to the aforementioned studies, Myklebust et al. (2003) 

found no reductions in ACL injuries following a year of balance, plyometric and technique 

training. Training was revised in the second intervention season following coach/athlete 

feedback and coach/trainer education on the intended outcomes of the program was provided. 
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As a result, compliance increased from 42% to 50% for elite division teams, which corresponded 

to reductions in ACL injury events in the second intervention season. Donnelly and colleagues 

(2012) found balance and technique training to be ineffective in reducing biomechanical risk 

factors among community-level Australian Rules football players where player attendance in the 

training was 45±22% and coach to athlete ratio recorded at 1:44. These studies are in contrast 

to the present study where 81.1±25.0% attendance and 88.2±19.7% compliance and a low coach 

to athlete ratio of 1:13 were exhibited. This highlights three key factors in the design of injury 

prevention training research: (1) coach autonomy (2) low coach to athlete ratios and, (3) high 

athlete attendance and compliance to gain optimal exposure. By delivering a training “message” 

rather than a specific prescription of individual exercises, coaches are provided with education 

and choice surrounding the specifics of program implementation that on face value appears to 

have improved athlete compliance42 43.   These research design factors appear to be crucial in 

understanding the effect of preventative training on the biomechanical factors associated with 

ACL injury risk and the subsequent reduction in ACL injury rates.  

A number of limitations to this study should be noted. A control cohort to the same level of 

competition (i.e. national team) as our sample could not be obtained. However, following the 

success of this feasibility study, a larger-scale RCT is recommended. With only one available 

team at the time of testing, we admittedly possessed a relatively small sample size. This small 

sample size limited our ability to interpret the biomechanical findings, although effect sizes 

indicate practical significance that can be used to inform future research. To further understand 

the effects of biomechanically informed training, research should identify athletes who are at 

high risk of injury prior to entry into interventions, in order to increase the sensitivity of 

biomechanical findings and improve coach commitment to injury prevention training for “high-

risk” individuals24.  

With the power of biomechanical research in injury prevention, it is important to disseminate 

this into community level sport settings in a multidisciplinary manner. In addition, athlete and 
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coach adherence and compliance are key to the success of injury prevention research5 16 26 44, 

and the design of future interventions should incorporate strategies designed to enhance 

participant engagement43 45. For example, rather than prescribing specific exercise programs 

that may not be suited to different training regimes, educating coaches on key biomechanical 

factors associated with ACL injury risk may be more effective. These biomechanical training 

messages are; 1) to increase knee flexion angle at foot strike21, 2) to control the trunk and upper 

body during dynamic movement 9 27, 3) to strengthen the hip external rotators and avoid 

“dynamic knee valgus” postures 11 18 and, 4) to increase strength of the gastrocnemius muscle 

group 20. By offering various exercises that target these four pillars of training, coaches and sport 

science staff are enabled and empowered to develop injury prevention sessions that best fit 

their program environment and structure. Anecdotally, perhaps this aspect of the program is 

one of the reasons why the Australian national women’s hockey program have continued to use 

this training approach independently since its implementation in 2013, well beyond their 

commitment to this research study. 

3.6 CONCLUSION 

A biomechanically informed injury prevention training program implemented in conjunction 

with an elite training and medical environment was successful in reducing both total lower limb 

and ACL injuries among elite female hockey players over two seasons while maintaining and/or 

improving athletic performance measures. Biomechanical injury risk factors, that of peak knee 

moments 1 4, were also reduced.  These findings support delivering a training “message” rather 

than a training “genre” for effective implementation of ACL injury prevention training.  
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CHAPTER FOUR 

 

A 25-WEEK BIOMECHANICALLY INFORMED TWO PHASE INJURY 

PREVENTION TRAINING PROGRAM: IMPLICATIONS FOR ACL INJURY RISK 

AMONG ELITE FEMALE HOCKEY PLAYERS 
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FOREWORD 

The previous chapter (Study one) demonstrated the efficacy of biomechanically informed and 

focussed training in reducing total lower limb and ACL injury rates while maintaining/improving 

athletic performance. It was then important to understand how this intervention modified an 

athlete’s injury risk profile. This can be achieved through two biomechanical approaches; the 

first is to change an athlete’s technique to reduce external joint loading, and the second is to 

increase the strength and support of the surrounding knee joint musculature when external 

loading is high. This study will investigate the influence of training on peak knee moments, full 

body kinematics and lower limb muscle activation strategies during unplanned sidestepping. It 

was also important to determine how much training was required in the long term to maintain 

any observed neuromuscular or biomechanical adaptations. As such all neuromuscular and 

biomechanical measures were taken prior to and following an initial nine week intensive training 

phase, and again following a 16 week reduced volume maintenance phase. Previous research 

has shown injury prevention training to have differential effect in “high” vs “low” risk 

populations 1, and consequently this study also investigates the effect of biomechanically 

informed training at an individual level. This study, in combination with Study one provides 

evidence for the efficacy of biomechanically informed and focused training reducing ACL injury 

risk and rates among elite team sport athletes.   
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4.1 ABSTRACT  

Purpose: The aim of this study was to assess the efficacy of a novel, biomechanically informed 

injury prevention program, which was focussed on modifying an athlete’s kinematics, kinetics 

and muscle activation in efforts to reduce their risk of anterior cruciate ligament (ACL) injury in 

sport.  This was appraised by way of an intensive training phase (9-weeks, 4x20mins p/wk) and 

a maintenance training phase (16-weeks, 3x10mins p/wk).  

Methods: Seventeen elite female hockey players participated in a two-phase, 25-week, injury 

prevention training program. Biomechanical measures associated with ACL injury risk were 

recorded during unplanned sidestepping at; baseline, following an intensive training phase and 

following a maintenance training phase. Athletes were classified as responders (n=5) if they 

recorded a moderate-large effect size reduction in peak knee valgus (PKV) moments or non-

responders (n=11) following the intensive training phase. 

Results: Intensive training: PKV moments among the total training group (i.e. both responders 

and non-responders) did not change over the intervention period, however when considered in 

isolation, the responder group displayed a 29.5% reduction (p=0.045). At baseline these athletes 

possessed 43.8% higher PKV moments than non-responders (p=0.007). No kinematic changes 

were observed, however desirable muscle activation strategies were adopted (i.e., elevated 

gluteal total muscle activation (TMA) and medially directed co-contraction for muscles crossing 

the knee). Maintenance training: While there were no significant changes in kinematic variables 

over the intervention phase, responders continued to decrease (-∆32.8%, g=0.590, p=0.286) 

their PKV moments.  Initial increases in gluteal TMA for responder athletes were maintained, 

however medially directed lower limb muscle co-contraction ratios returned to a lateral 

activation strategy and were not significantly different from baseline (p=0.580) at the 

completion of the maintenance phase.  



 

70 
 

Conclusion: Biomechanically informed injury prevention training was successful in reducing PKV 

moments and subsequent ACL injury risk for an identified responder elite athlete cohort. While 

there were no changes to investigated sidestepping technique variables, elevated total muscle 

activation of the hip musculature, and medially directed muscle co-contraction at the knee, were 

found to complement kinetic results following the 9-week intensive training phase. These 

benefits were retained following a reduced session volume/frequency maintenance training 

program. Screening to identify “high-risk” athletes to improve training efficacy and to determine 

optimal training volume should be important factors that researchers consider when designing 

injury prevention training programs.  
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4.2 INTRODUCTION 

It has been well documented that female athletes participating in team sports suffer anterior 

cruciate ligament (ACL) injuries at a four to six fold higher rate than their male counterparts 2. 

Additionally, females competing in a higher level of competition have been shown to display 

significantly higher peak knee valgus moments when compared with novice athletes 3. These 

injuries place a high financial and lifestyle burden on the athlete. Costs associated with surgery 

are upward of $5,000 AUD 4, and these injuries remove athletes from competition for 12 

months, with only 70% able to return to the same level of competition 5. Injury prevention 

training programs may present a cost-effective solution for this global problem. Research has 

investigated the effect of training programs such as balance, plyometric, resistance, flexibility 

and/or a combination thereof in injury prevention training programs, however these 

interventions have had mixed success in reducing ACL injury rates among general athletic 

populations 6 7. As these programs failed to measure the biomechanical mechanisms of injury in 

parallel with injury rates, conclusions cannot be drawn upon whether these training programs 

adequately targeted them. 

Non-contact ACL injuries occur when the knee is an extended posture and combined, externally 

applied flexion, valgus and internal rotation moments are experienced at the knee joint 8-10. In-

silico and in-vivo research has shown that the ACL is at greatest risk of injury during the weight 

acceptance (WA) phase of stance, where valgus knee moments are the greatest 11-13. Two 

biomechanical strategies an athlete can adopt to counter elevated peak knee moments in an 

effort to reduce ACL injury risk are; 1) to modify their technique to reduce the peak external 

forces applied to the knee 14-16, and 2) to improve the muscular strength and activation to 

support the knee joint when these forces are elevated 17-20. More specifically, recent evidence 

has identified the following countermeasures for reducing ACL injury predisposition; 

1) increasing knee flexion angle at foot strike to reduce combined peak valgus and internal 
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rotation knee moments 12, 2) improving dynamic control of the trunk and upper body to reduce 

peak valgus knee moments 21 22, 3) increased hip external rotator strength, which can prevent 

athletes from attaining “dynamic knee valgus” postures 23 and, 4) improving the strength of the 

gastrocnemius muscle group to elevate joint compression 20. With these four biomechanically 

informed training pillars, clinicians and coaches are now in a position to design injury prevention 

training programs that effectively target the biomechanical mechanisms associated with ACL 

injury risk.  

A number of other limitations exist that inhibit the translation of laboratory based findings to 

real-world training environments. These include athlete compliance, coach perceptions of the 

program and the trainer to athlete ratios 24-26. To combat these barriers it is important to identify 

athletes who are high-risk in the first instance, as these cohorts have been shown to respond 

more positively to focused injury prevention training 1.   

While some injury prevention training research has been successful in reducing ACL injury 

risk/rates in the short term (4-12 weeks) 6 15 27-29, there is little to no evidence for the retention 

of these initial benefits in the longer term. Further, there are no guidelines outlining optimal 

intensity and duration levels for injury prevention training to be successful in reducing injury 

rates over a season of play. In the absence of sufficient training stimuli, it is questionable if 

athletes can maintain any neuromuscular and biomechanical benefits gained once dedicated 

injury prevention training is discontinued 30. As such, research is warranted investigating the 

effect of a maintenance training phase following the implementation of an initial targeted injury 

prevention program has been completed. 

This study aimed to verify the efficacy of a novel, biomechanically informed, 9 week intensive 

injury prevention training program in reducing ACL injury risk factors (i.e. peak knee moments, 

kinematic solutions and muscle activation strategies) among elite female field hockey players. 

Our secondary aim was to assess the efficacy of a subsequent 16 week maintenance training 
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phase that immediately followed the intensive program, where training intensity and type were 

maintained but session duration was reduced. We hypothesised that peak knee moments 

associated with ACL injury risk would be reduced, and technique and lower limb muscle 

activation strategies known to mitigate ACL injury risk would improve following the intensive 

training phase. We further hypothesised that these improvements would be preserved during 

the maintenance phase of the training program. 

4.3 METHODS 

4.3.1 PARTICIPANTS 

Seventeen elite international female hockey players (age = 22.1 ± 2.3yr, height = 1.68 ± 0.09m, 

mass = 66.30 ± 7.00kg) were recruited for this study. A power analysis from a previous study 21 

revealed significant reductions in peak valgus knee moments following 6 weeks of technique 

training, indicating that for 80% power with the alpha set to 0.05, a minimum of 14 subjects 

were required. All 17 athletes were injury free at the time of testing. Four athletes had previous 

ACL reconstruction (ACLR), but had returned to full competition at least 12 months prior to 

testing. This study was approved by the human research ethics committee at the University of 

Western Australia (See Appendix A.1) and informed written consent was obtained from all 

participants prior to study's commencement.  

4.3.2 EXPERIMENTAL DESIGN 

All athletes participated in a 25-week biomechanically focussed injury prevention training 

program. The training program was partitioned into two phases; 1) intensive training (Weeks 1-

9) and, 2) maintenance training (Weeks 10-25). To test the effectiveness of each phase of the 

program in reducing ACL injury risk factors (i.e. peak knee moments, joint kinematics and muscle 

activation strategies), biomechanical analyses of participants completing a previously published 

unplanned sidestepping movement assessment 25 were collected three times; prior to the 
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intervention (baseline), following the intensive training phase, and following the maintenance 

training phases (Figure 4.1).  

 

Figure 4.1 Biomechanically informed training intervention design, with both intensive and maintenance 

phases highlighted. Biomechanical testing sessions outlining sample size and participant stratification are 

also noted. 
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Biomechanically informed training 

Biomechanical 
Testing (n=17) 

Biomechanical 
Testing (n=10) 

Biomechanical 

Testing (n=16) 
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4.3.3. TRAINING PROGRAM 

Irrespective of the exercise genre (resistance, balance, plyometric and technique) the overriding 

goal or focus of the intervention was to target four key biomechanical factors proven to be 

associated with ACL injury risk. These were; (1) to increase knee flexion angle at foot strike 12, 

(2) improve dynamic control of the trunk and upper body 21 22 31, (3) strengthen the hip external 

rotators to prevent athletes from exhibiting “dynamic knee valgus” postures 23 and, (4) increase 

the strength of the gastrocnemius musculature 20. A high coach to athlete ratio of 1:13 was 

adopted in efforts to maximise athlete adherence and compliance to the training protocol 32 33. 

The intensive training phase consisted of 4 x 20 minute sessions per week which progressed in 

intensity every two weeks. Intensity was progressed in five stages; Stage 1 - Master basic 

techniques through unilateral tasks; Stage 2 - Integration of additional component or direction 

to the task to decrease stability; Stage 3 -  Introduction of secondary perturbation; Stage 4 -  

Increase explosiveness of multidirectional tasks and respond to quick external perturbations; 

Stage 5 -  Maintain responses and techniques to rapid external perturbations. The maintenance 

training phase comprised 3 x 10 minute sessions per week conducted during the warm up of 

skills training sessions. During these sessions the same intensity and type of exercises were 

performed from Stage 4 above with only the time (i.e. duration) dedicated to the specific training 

reduced.  

4.3.3 BIOMECHANICAL TESTING 

Three-dimensional (3D) motion analysis of each participant completing a previously published 

unplanned sidestepping protocol 21 25 34 were recorded at baseline, following intensive training, 

and again following maintenance training. All sidestepping tasks were performed using the 

athletes’ self-selected preferred limb. Participants were fitted with retroreflective makers as per 

a customised kinematic marker set and model 25 35. Marker trajectories were recorded using a 

24 camera Vicon® motion analysis system (12 Vicon® MX and 10 Vicon® T40 cameras) (Oxford 
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Metrics, Oxford, UK) operating at 250 Hz. Cameras were  synchronized with a 1.2m x 1.2m force 

plate (AMTI, Watertown, MA) recording at 2,000Hz. These data, with a reliable full body 

customised model fully compliant with International Society of Biomechanics (ISB) standards for 

the reporting of data 36, were used to calculate full body kinematics and peak knee moments via 

inverse dynamics procedures in Vicon® Bodybuilder software through the Vicon® Nexus 

software pipeline (Vicon, Oxford Metrics, Oxford, UK).  

Muscle activation was measured with surface electromyography (sEMG) using a 16-channel 

telemetry system (Telemyo2400 G2, Noraxon, Scottsdale, Arizona) at 1,500Hz. Using bipolar 

30mm disposable surface electrodes (CleartraceTM Ag/AgCl, ConMed, Utica, NY), with an inter-

electrode distance of 30mm, nine pairs of electrodes were placed over the muscle bellies of nine 

muscles crossing the knee and hip 37. These muscles were chosen as they can be analysed in a 

manner that provides knee and ACL injury risk information during sidestepping sporting tasks 18 

37.  These included the gluteus maximus (GMax), gluteus medius (GMed), semimembranosus 

(SM), biceps femoris (BF), vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF), medial 

gastrocnemius (MG), and lateral gastrocnemius (LG).  The signal processing of these signals 

included, first removing direct current offsets from the signal, then band-pass filtered between 

30 and 500 Hz with a zero-lag, 4th order Butterworth digital filter, full-wave rectification and 

then linearly enveloped using a low pass with a zero-lag, 4th order Butterworth filter at 6 Hz 17. 

Muscle activation was amplitude normalised to the maximal activation observed for each 

muscle during either a single leg squat, single leg countermovement jump or sidestepping trial 

and expressed as 0 – 100% maximal voluntary contraction. Muscle activation patterns were 

assessed using mean total muscle activation (TMA) and directed co-contraction ratios (DCCR) as 

per Donnelly et al. 18. 

4.3.4 ANALYSIS 

The mean of three unplanned sidestepping trials for each participant were used in the analysis. 

Approach velocity and change of direction angles were measured to ensure task completion did 
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not differ across testing sessions 25. Peak knee extension (PKE), peak knee valgus (PKV) and peak 

knee internal rotation (PKIR) moments (normalised to body mass and height) were calculated 

during WA alongside trunk flexion range of motion (RoM), peak trunk lateral flexion, peak hip 

abduction, knee flexion RoM and mean knee flexion angles. Knee flexion angle and foot to centre 

of mass (CoM) were measured at foot strike.  

Mean TMA of the gluteal, quadriceps, hamstrings and gastrocnemius muscle groups were 

calculated, as well as for all muscles crossing the knee. Directed co-contraction ratios (DCCR) 

were calculated for flexion/extension (F/E) muscle groups, medial/lateral (M/L) muscle groups, 

and the semimembranosus/bicep femoris muscles (SM/BF). A DCCR>0 indicated co-contraction 

was directed toward muscles with flexion and/or medial moment arms, while a DCCR<0 

indicated co-contraction was directed toward muscles with extension and/or lateral moment 

arms. A DCCR=0 indicated maximal co-activation. All muscle activation variables were measured 

during pre-contact (PC) (50 milliseconds before foot strike) and WA.  

Following the intensive training phase of the intervention a “responder-analysis” was 

performed.  A responder athlete was defined as one who returned a moderate to large effect 

size reduction in PKV moments (n=5), and a non-responder as an athlete who did not display a 

reduction in PKV moments (n=11).  

4.3.5 STATISTICAL ANALYSES 

All dependant variables were analysed across time according to the intention-to-treat (ITT) 

principle using a linear mixed model.  ITT analysis includes all observations for each participant 

and ignores dropout. Therefore, during the second phase of the intervention unequal samples 

were compared with missing data entered. Time (Baseline, post-intensive training and post-

maintenance training) and response (responder and non-responder) were input as fixed factors. 

Least significant difference (LSD) post-hoc analysis was used to assess for significant main effects 

and interactions. All statistical analyses were conducted in SPSS (IBM SPSS Statistics 22, SPSS 



 

78 
 

Inc., Chicago, IL), with an  = 0.05.  Hedge’s ‘g’ effect sizes which account for differences in 

sample sizes, were calculated between and within groups at baseline, after intensive training, 

and following maintenance training.  

4.4 RESULTS 

There were no differences in approach velocity or cut angle between any of the three 

biomechanical testing sessions (Table 4.1).  

Table 4.1. Mean (SD) approach velocity and cut angle at baseline, post-intensive training and post-

maintenance Training biomechanical testing sessions. 

 

Baseline 
Post-intensive 

training (9 wks) 

Post-maintenance 

training 

(25 wks) 

Approach velocity (m/s) 4.4 (0.3) 4.7 (0.3) 4.3 (0.4) 

Change of direction angle  (⁰) 26.5 (9.2) 27.9 (8.5) 26.2 (10.3) 
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There were no statistically significant reductions in PKE (p=0.060), PKV (p=0.530) and PKIR 

(p=0.480) moments across time for the total group (Figure 4.2). There was a moderate effect 

size for increased PKE moments between post-intensive training to post-maintenance training 

(+∆8.2%, g=0.534), however values did not differ from baseline. A moderate effect size also 

existed for a -∆18.9% reduction in PKV moments from baseline to post-maintenance training 

(g=0.397). There was a reduction in PKIR moments from baseline to post-maintenance training 

(-∆19.7%, g=0.419).  

 

Figure 4.2. Peak knee extension, valgus and internal rotation moments normalised to body mass and 

height for the total group (responder and non-responder athletes) during the weight acceptance phase of 

unplanned sidestepping. Data presented is at baseline, post-intensive training and post-maintenance 

training. a = Indicates a statistically significant difference (p < 0.05), b = Indicates a greater than moderate 

effect size (g ≥ 0.60), c = Indicates a moderate effect size (0.30 ≤ g < 0.6). 
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Five of the initial 16 athletes displayed a moderate effect size reduction (0.30 ≤ d < 0.6) in PKV 

moments following the intensive training phase and were classified into the responders cohort 

(Figure 4.3). One athlete (Participant 12) displayed a net 0.062 Nm.kg-1.m-1 increase in PKV 

moments following intensive training, which was atypical. This athlete, however displayed a 

36.6% reduction in PKV moments following the combined intensive and maintenance training 

phases. Participant 4 displayed a 120.5% increase in PKV moments following the maintenance 

phase of training, however this athlete sustained a navicular stress fracture and did not 

complete all maintenance training sessions. 

 

Figure 4.3. Individual athlete peak knee valgus moments normalised to body mass and height at baseline 

and following intensive training and maintenance training phases for responder (n=5) and non-responder 

(n=11) athletes. Responders are signified by an “R” and athletes with previous ACLR are signified by an 

asterisk in the X axis.  
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No significant group and time interactions were observed for PKE moments, however a 

moderate effect size was observed following intensive training for responder athletes (-∆8.9%, 

g=0.467). Non-responder athletes displayed an increase in PKE moments following maintenance 

training (+∆7.8%, g=-0.532). In contrast, the responder group saw an 8.8% reduction in PKE 

moments (g=0.534) following the intensive training phase (Figure 4.4). 

 

Figure 4.4. Peak knee extension moments normalised to body mass and height for responder and non-

responder athletes during the weight acceptance phase of unplanned sidestepping. Data presented is at 

baseline, post-intensive training and post-maintenance training. a = Indicates a statistically significant 

difference (p < 0.05), b = Indicates a greater than moderate effect size (g ≥ 0.60), c = Indicates a moderate 

effect size (0.30 ≤ g < 0.6). 
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A group and time interaction was observed for PKV moments (p=0.047). Post-hoc analyses 

showed that following intensive training, responders reduced their PKV moments by 29.5% 

(g=0.668, p=0.045). No significant differences were observed following maintenance training, 

however a further 32.8% reduction was supported by a moderate effect size (g=0.590). Non-

responders experienced a 19.8% increase in PKV moments (g=-0.386) following intensive 

training. At baseline, responders displayed 43.8% higher PKV moments than non-responders (g= 

0.626, p=0.007) (Figure 4.5).  

 

Figure 4.5. Peak knee valgus moments normalised to body mass and height for responder and non-

responder athletes during the weight acceptance phase of unplanned sidestepping. Data presented is at 

baseline, post-intensive training and post-maintenance training. a = Indicates a statistically significant 

difference (p < 0.05), b = Indicates a greater than moderate effect size (g ≥ 0.60), c = Indicates a moderate 

effect size (0.30 ≤ g < 0.6). 
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Responder athletes reduced their peak internal rotation moments following the intensive 

training phase of the intervention (-∆17.7%, g=0.430) and from baseline to post-maintenance 

training (-∆24.6%, g=0.596) (Figure 4.6). 

 

Figure 4.6. Peak knee internal rotation moments normalised to body mass and height for the responder 

and non-responder athletes during the weight acceptance phase of unplanned sidestepping. Data 

presented is at baseline, post-intensive training and post-maintenance training. a = Indicates a statistically 

significant difference (p < 0.05), b = Indicates a greater than moderate effect size (g ≥ 0.60), c = Indicates 

a moderate effect size (0.30 ≤ g < 0.6). 

 

There were no between group responder and non-responder kinematic differences for 

investigated variables and as such all data presented are for the total group (Table 4.2). 

Following both the intensive and maintenance training phases of the intervention there were no 

statistically significant changes, however some moderate effect sizes were observed in relevant 

kinematic variables associated with ACL injury risk. There was a 4.2⁰ reduction in peak hip 

abduction following intensive training (g=0.572), which returned to baseline values following 

maintenance training (g=0.649). Mean knee flexion decreased (g=0.774), while foot-pelvis 

distance increased (d=0.583), across both training phases.  
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Table 4.2. Mean (SD) kinematics during unplanned sidestepping at baseline, post-intensive training and 

post-maintenance training for the total group (n=16).  

 

Baseline 

Post-intensive 

training (9 wks) 

Post-maintenance 

training 

(25 wks) 

Trunk Flexion RoM (⁰) 10.0 (1.7) 9.2 (2.5)c 9.1 (2.2)c 

Peak trunk lateral flexion (⁰) 10.1 (6.3) 12.74 (8.2) 12.11 (3.8) 

Peak hip abduction  (⁰) 15.9 (7.5) 11.7 (7.5)c 16.0 (5.7)b 

Knee flexion (IC)  (⁰) 19.3 (4.8) 18.5 (5.2) 18.0 (5.0) 

Knee flexion mean  (⁰) 36.3 (4.4) 34.3 (5.5)c 33.2 (3.7)a 

Knee flexion RoM  (⁰) 37.1 (3.7) 35.6 (4.9) 36.4 (5.1) 

Foot-pelvis distance (cm) 26.9 (3.3) 27.9 (3.1) 28.8 (3.1)c 

aIndicates a greater than moderate effect size (g ≥ 0.60) from baseline 
bIndicates a greater than moderate effect size (g ≥ 0.60) from post-intensive training 
cIndicates a moderate effect size (0.30 ≤ g < 0.6) from the baseline 
dIndicates a moderate effect size (0.30 ≤ g < 0.6) from post-intensive training 

 

There were no between group responder and non-responder muscle activation differences and 

as such all data were combined and presented as a total group (Table 4.3). During WA, mean 

gluteal TMA increased by 30% following intensive training (g= 0.609, p=0.015). No other 

statistically significant differences in TMA were observed. A moderate effect size was observed 

for a reduction in gluteal TMA following maintenance training (g=0.472). There was a moderate 

increase in hamstring TMA across both phases of the intervention during PC (+∆13.3%, g=0.460, 

p=0.144). Knee TMA increased between post-intensive training and post-maintenance training 

during PC (+∆10.2%, g=0.351) and WA (+∆10.2%, g=0.456). 

Prior to the intervention medial/lateral DCCR were directed toward muscles with lateral 

moment arms during PC and WA. In contrast, following the intensive training phase, 

medial/lateral DCCR were directed toward muscles with medial moment arms during PC 

(g=0.596, p=0.046) and WA (g=0.561, p=0.049). Similarly, SM/BF DCCR was laterally directed 

toward BF prior to training,  yet following the intensive training phase SM/BF DCCR was medially 

directed toward SM during PC (g=0.720, p=0.015) and WA (g=0.609, p=0.045). Following 

maintenance training SM/BF DCCR returned to a lateral activation strategy during PC (g=0.574, 
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p=0.018) and WA (g=0.194, p=0.035) and was not significantly different to activation recorded 

prior to the intervention.   

Table 4.3. Mean (SD) total muscle activation (TMA) of the muscles crossing the knee and hip and directed 

co-contraction (DCCR) of the muscles crossing the knee with flexion/extension and medial/lateral 

moment arms. Data are presented at baseline, Post-intensive training and Post-maintenance training 

during both the PC and WA phases of unplanned sidestepping. For DCCR>0, co-contraction is directed 

toward muscles with flexion and/or medial moment arms. For DCCR<0, co-contraction is directed toward 

muscles with extension and/or lateral moment arms. For DCCR=0, co-contraction is maximal.   

  

Baseline 

Post-intensive 

training (9 wks) 

Post-maintenance 

training (25 wks) 

Pre-Contact Gluteal TMA  0.55 (0.27) 0.63 (0.31) 0.48 (0.20)d 

Quadriceps TMA  0.30 (0.15) 0.34 (0.10) 0.29 (0.13) d 

Hamstrings TMA  0.60 (0.20) 0.59 (0.20) 0.70 (0.20) cd 

Gastrocnemii TMA  0.33 (0.22) 0.34 (0.20) 0.41 (0.23) 

Knee TMA  1.23 (0.43) 1.27 (0.40) 1.40 (0.33)cd 

F/E DCCR  0.51 (0.21) 0.47 (0.20) 0.61 (0.24)bc 

M/L DCCR  0.00 (0.25) 0.15 (0.26)*c 0.01 (0.21)d 

SM/BF DCCR  -0.08 (0.31) 0.16 (0.36)*a -0.14 (0.21)^b 

Weight 

Acceptance 

Gluteal TMA  0.56 (0.26) 0.73 (0.27)*a 0.61 (0.23)d 

Quadriceps TMA  0.80 (0.14) 0.78 (0.14) 0.79 (0.21) 

Hamstrings TMA  0.50 (0.17) 0.43 (0.17)c 0.53 (16)b 

Gastrocnemii TMA  0.40 (0.18) 0.44 (0.19) 0.50 (0.18)c 

Knee TMA  1.70 (0.32) 1.65 (0.40) 1.82 (0.33)d 

F/E DCCR  -0.15 (0.18) -0.18 (0.20) 0.00 (0.18)ab 

M/L DCCR  -0.08 (0.23) 0.04 (0.22)*c 0.00 (0.18)c 

SM/BF DCCR  -0.11 (0.31) 0.10 (0.36)*a -0.15 (0.28)^b 

*Indicates a significant difference from baseline p<0.05 
^Indicates a significant difference from post-intensive training p<0.05 
aIndicates a greater than moderate effect size (g ≥ 0.60) from the baseline 
bIndicates a greater than moderate effect size (g ≥ 0.60) from post-intensive training 
cIndicates a moderate effect size (0.30 ≤ g < 0.6) from the baseline 
dIndicates a moderate effect size (0.30 ≤ g < 0.6) from post-intensive training 
 

4.5 DISCUSSION 

The overall findings of this study support the use of biomechanically informed training to reduce 

the biomechanical (i.e., peak joint moments) and neuromuscular (i.e., muscle support) risk 

factors associated with ACL injury risk among team sport athletes who may be at higher 

predisposition to injury. The majority of the improved biomechanical constraints elicited in an 
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intensive 9-week training program were maintained following 16-weeks of maintenance training 

which comprised of reduced duration but not intensity.  

4.5.1 INTENSIVE TRAINING 

Nine weeks of intensive training was successful in reducing peak knee extension, valgus, and 

internal rotation moments among the elite female hockey players within the responder group. 

Interestingly, responder athletes possessed PKV moments that were 44% higher in magnitude 

to athletes within the non-responder group prior to the training program, indicating that they 

may have been “high-risk” at the program commencement (Figure 5.3). Similarly, Myer and 

colleagues (2007) through logistic regression, identified “high-risk” and “low-risk” athletes in a 

cohort of 18 high school female athletes and found that high risk athletes reduced their PKV 

moments by 13% following seven weeks of training, while the low risk and control groups did 

not demonstrate any meaningful reduction. Taken in combination with previous findings the 

results from this manuscript suggests that athletes who have high knee loading may be able to 

reduce these loads through training, however athletes who have relatively low knee loading at 

baseline will not experience a similar benefit (by magnitude). Identifying athletes who have high 

PKV moments during dynamic tasks such as sidestepping may therefore be an important factor 

when assessing the efficacy of injury prevention training programs to avoid data “wash-out” and 

to help enhance coach/athlete compliance to training 1. Future research with large sample data 

should also be directed toward clarifying what are low, moderate or high cut-off values for PKV 

moments to prospectively identify high and low risk athletes at baseline. In the present study, 

all athletes who displayed PKV moments >0.80 Nm.kg-1.m-1 responded favourably to the training 

intervention with the single exception of Participant 12.  

Two biomechanical strategies capable of reducing ACL injury risk in sport were assessed within 

this study, of which; 1) found no statistically significant differences in full body sidestepping 

kinematics (technique), however, 2) there were significant improvements in gluteal TMA and 
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medial DCCRs following intensive training. Sidestepping is a complex dynamic movement with a 

vast kinematic solution space 22, and while we were able to observe kinetic changes, this did not 

translate to a measureable kinematic effect. Simply, there may have not been a single unilateral 

kinematic change by this sample to explain the observed reductions in peak knee moments. This 

is not unusual or unexpected as simulation research has shown that for the same unplanned 

sidestepping task, an athlete can choose from 511 kinematic solutions to effectively reduce their 

PKV moments 22. As such, athletes may have responded to each of the training pillars differently, 

however all resulted in reduced or similar levels of knee loading in parallel with elevated 

musculature support at the hip.  

The absence of any change to kinematics may also be explained by the lack of explicit 

sidestepping technique training. Dempsey et al. (2009) observed a reduction in peak lateral 

trunk flexion and foot distance from mid-pelvis, accompanied by a 36% reduction in PKV 

moments following the implementation of specific technique training for 15 minutes, 2 x per 

week for 6 weeks. Coach to athlete ratio in that study was 1:2, compared with the 1:14 ratio of 

the present study. However, baseline knee flexion angles, foot placement and trunk lateral 

flexion angles were comparable to that observed post-technique training by Dempsey et al. 

(2009), suggesting that the athletes within this study may have displayed low risk techniques at 

baseline. This may also be due to our sample being elite female field hockey athletes compared 

with amateur male Australian Football Players of Dempsey et al. (2009).   

The observed improvements in gluteal TMA are likely attributed to the strong training focus on 

hip neuromuscular training within the intervention training program. The gluteal muscles can 

act to maintain a stable pelvis and prevent excessive hip adduction and internal rotation during 

single limb support 38. The observed increase in gluteal TMA would be considered a positive 

neuromuscular strategy elicited from the intensive training phase. Medially directed DCCRs for 

all muscles crossing the knee and hamstrings were observed following the intensive training 
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phase. This strategy supports the knee joint in the frontal plane and can therefore protect the 

knee from externally applied valgus moments when elevated.  

4.5.2 MAINTENANCE TRAINING 

During the maintenance training phase, there were no significant changes in peak knee 

moments among athletes within the responder and non-responder groups. However, there was 

a moderate effect for a further 32.9% decrease in PKV moments among the athletes initially 

classified as responders. It should be noted that there was a moderate increase in PKE moments 

among non-responder athletes. However, it has been established that extension knee moments 

alone are incapable of rupturing the ACL, meaning their injury risk classification would not have 

likely changed 39. These findings support the hypothesis that the initial stimulus from intensive 

training, among athletes who initially responded to the biomechanically informed training 

within the first 9-weeks, was sufficient to maintain reductions in the high PKV moments from 9-

25 weeks.  

Maintenance training, in combination with and in isolation to intensive training, produced no 

statistically significant changes in kinematics. The increase in gluteal TMA along with the medial 

M/L DCCR strategy observed during intensive training was retained following maintenance 

training. However SM/BF DCCR returned to a lateral activation strategy, which may be due to 

insufficient training volume stimuli. In a retention study, Padua and colleagues found that 

following 3 months of detraining, a 9 month training group maintained benefits, whereas a 3 

month training group did not. This suggests that training stimulus required to elicit safe 

movement patterns may require more than the traditionally prescribed 2x15 minute sessions 

p/wk for 6-12 weeks as reported in ACL intervention literature. This is in contrast to the high 

dose intensive training phase in the present study which saw 4x20 minute sessions for 9 weeks. 

It is therefore important to ensure there is appropriate stimulus in the intensive training phase 

before understanding the retention effect of maintenance training. 
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Participant 12 who experienced an 86% increase in her PKV moments following intensive 

training, reduced these by 67% following maintenance training and 36% in the program overall. 

This athlete had sustained an ACL injury three years prior to this intervention, and sustained a 

graft rupture two years following the implementation of this program. Research has shown 

female athletes who have undergone ACL reconstruction display elevated peak knee moments 

accompanied by higher frontal plane knee excursions 40 41.  Though this athlete had fully 

recovered from injury and had returned to normal training and competitive games for 18 

months post-surgery, the significant outlying response to training for this athlete may be 

attributed to altered joint biomechanics following ACLR. A larger training volume over a longer 

period (exposure), as in the case of the combined intervention successfully reducing this athletes 

PKV moments, may be necessary for athletes who have previously sustained an ACL injury. This 

may also highlight an additional benefit for ACLR athletes who complete biomechanically 

informed training for rehabilitation and post-rehabilitation settings. However this is speculation 

and must be tested among a larger group of previously injured athletes. 

4.5.3 LIMITATIONS 

There were two notable limitations to this study. The first is the absence of a control group to 

compare these findings to as our sample was limited to an Olympic female hockey team of which 

there is only one in Australia. Second was the limited sample size of the present study, although 

statistical power was achieved (Appendix D). While all athletes completed both phases of 

training, competing scheduling demands resulted in access to only 17 players for 3D 

biomechanical testing.  Finally, due to retirement, injury and availability over the study 

timeframe, six players were lost to follow up following the maintenance phase of the 

intervention training and testing.  
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4.6 CONCLUSION 

Biomechanically informed injury prevention training was successful in reducing peak knee 

moments and subsequent ACL injury risk during an intensive 9-week intervention, which were 

retained during a 16-week maintenance (reduced session frequency and volume) training phase 

for an identified responder athlete cohort. While there were no discernible changes to 

sidestepping technique (i.e. kinematics), improved gluteal muscle activation and medially 

directed co-contraction strategies were found to complement reductions in peak knee moments 

following the 9-week intensive training phase. To improve the efficacy of training studies, 

researchers should aim to; 1) screen for “high-risk” athletes and place these athletes into 

targeted interventions, 2) ensure initial intensive training programs have an appropriate initial 

stimulus, and lastly 3) implement RCTs with varied dose maintenance training phases to 

determine optimal training volumes. 
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CHAPTER FIVE 
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FOREWORD 

Study one and study two presented the efficacy of biomechanically informed training in reducing 

ACL injury risk and incidence, while simultaneously improving athletes’ neuromuscular 

activation strategies and athletic performance. Study two demonstrated that training was more 

effective among “responder” athletes who were classified from changes in their peak valgus 

knee moments. Three-dimensional analysis of peak knee moments however, is not readily 

available to the community level athlete. Therefore this study aimed to test the suitability of 

employing two-dimensional video technique analysis to predict an athlete’s peak knee moments 

during unplanned sidestepping. Two-dimensional measures of both upper and lower body 

kinematics across multiple planes were predictive of peak knee extension, valgus and internal 

rotation knee moments. The results from this study provides a medium to screen and identify 

athletes who are at higher risk of ACL injury with the overarching aim of improving the efficacy 

of injury prevention training protocols. This is twofold; 1) improving coach intent to implement 

these programs, and 2) improving the effectiveness of the intervention itself by targeting 

training toward athletes with specified biomechanical or neuromuscular deficits 1-3.  
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5.1 ABSTRACT  

Background: Identifying athletes at “high-risk” of anterior cruciate ligament (ACL) injury has 

been identified as an effective means to improve the specificity and efficacy of injury prevention 

training. However, clinically relevant methods capable of identifying ‘at-risk‘ athletes on a large 

scale are limited.  

Purpose: This study aimed to develop a two-dimensional video screening tool capable of 

identifying the kinematic factors associated with an athlete’s peak three dimensional knee 

moments during unplanned sidestepping among a heterogeneous group of female team sport 

athletes.  

Study Design: Descriptive laboratory study 

Methods: Two dimensional video based measures of upper and lower body kinematics in the 

frontal and sagittal planes were simultaneously captured with three-dimensional measures of 

peak knee moments during unplanned sidestepping for 30 female team sport athletes (15 junior 

and 15 senior field hockey players). Linear regression models were used to model peak three 

dimensional knee moments from seven 2D kinematic variables utilising eighty percent of the 

total sample (n=26). The regression equations were then validated on a randomised subset of 

the remaining sample (n=6). Intra- and inter- tester reliability and limits of agreement of all 2D 

kinematic measures were also performed.  

Results: Movement patterns such as high dynamic knee valgus, low knee flexion angle at foot 

strike, elevated trunk flexion range of motion (ROM), increased trunk lateral flexion away from 

the intended direction of travel, large peak hip abduction and  knee flexion ROM effectively 

predicted peak knee extension, valgus and internal rotation moments during unplanned 

sidestepping. All 2D measures had good to excellent intra- and inter-rater reliability.  

Conclusion: Two dimensional frontal and sagittal plane video based measurements of an 

athlete’s full body kinematics during unplanned sidestepping provides a reliable, specific, 
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sensitive and cost-effective means for screening ‘at-risk’ female team sport athletes of varying 

competition levels.  

Clinical Relevance: This research provides a feasible and cost-effective screening tool that can 

empower coaches, clinicians and researchers to identify high ACL injury risk populations who 

can then undergo targeted injury prevention training programming. 

Key Terms: Screening, injury prevention, valgus knee moments, training. 

What is known about the subject: One half of non-contact ACL injuries occur during 

sidestepping tasks. Combined knee extension, valgus and internal rotation moments, which are 

observed during sidestepping tasks have been shown to increase ACL strain in-vivo. In-lab 

analyses have shown these aforementioned peak knee moments and ACL injury risk are elevated 

further when sidestepping is performed in unplanned or unanticipated scenarios.  

What this study adds to existing knowledge: This study translates laboratory based 

biomechanics research into the development of a repeatable, cost-effective mass ACL injury 

screening tool.  Specifically, two dimensional video data were used to assess an athlete’s ACL 

injury risk during an unplanned sidestepping testing protocol.  
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5.2 INTRODUCTION 

Neuromuscular training has been identified as a cost-effective solution for anterior cruciate 

ligament (ACL) injury prevention. However current intervention based research has reported 

mixed success in reducing ACL injury rates among community level athletes 11. These varied 

results suggest that the underlying factors (i.e., biomechanical and neuromuscular) associated 

with ACL injuries are not being effectively targeted. Research has shown injury prevention 

training can be more successful in reducing knee moments (surrogate measure of ACL injury 

risk) when interventions have high compliance and when they initially target “high-risk” athletes 

2 12 13.  One avenue identified to improve the effectiveness of injury prevention training protocols 

is to screen and identify “high-risk” athletes 2 so targeted injury prevention training protocols 

toward the individuals biomechanical deficits can be applied.  More specifically, control of an 

athlete’s whole body centre of mass via dynamic trunk control 19 20, dynamic knee valgus knee 

postures 21, knee flexion angle at foot strike 17 and foot placement relative to whole body centre 

of mass 22 have been identified as key biomechanical factors associated with peak knee 

moments during sidestepping and landing sport tasks.  

While a number of screening tools have been developed for the identification of athletes at risk 

of ACL injury 23-26, not all are cost nor time effective. As such, four considerations have been 

proposed for the implementation of injury screening tools, particularly among community level 

training environments 27. The first is to ensure there is a strong relationship between the 

measured modifiable biomechanical factors (i.e. techniques and neuromuscular support) within 

the screening test and peak knee loads or injury risk.  Second, in an ACL injury risk context, we 

must strive toward the development of methods/movements which assess athletes during the 

injurious task itself (i.e. sidestepping and single leg landing), specifically those which result in 

high extension, valgus and internal rotation moments, which have been shown to be associated 

with ACL injury events and high ACL injury risk.   Third, these methods must be robust enough 

to be applied to a wide range of heterogeneous sporting populations (i.e. elite and community 
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level). Finally, screening must be implemented alongside an intervention program to document 

that it is more cost and time effective to train identified “high-risk” athletes than delivering the 

same program to all athletes. While taking these factors into consideration, for these screening 

tools to be integrated within field based training environments with relative ease, they must be 

also be simplistic, have low financial/time expense and be user friendly.  

Three-dimensional (3D) biomechanical kinematic and kinetic measures are currently used as the 

gold standard for measurement of an athlete’s SS technique, peak knee moments and relative 

injury ACL injury risk classification 8 28 29. These methods however are limited to a laboratory 

settings, which are both cost and time expensive, limiting their access to community level 

athletic populations where the majority of ACL injuries are known to occur 30.  Two-dimensional 

(2D) video analysis is a practical and accessible technology (i.e. smart phones) for athletes to 

record and measure their full body kinematics in multiple planes during the sporting tasks such 

as sidestepping, which is where non-contact ACL injuries are known to occur 31 32. This builds 

upon the potential for integration into community level sport as smart phone video recording 

and software applications are widely accessible and cost effective.  

The purpose of this study was to develop a reliable 2D, video based screening tool capable of 

predicting peak knee moments from upper and lower body kinematic variables during 

unplanned sidestepping. This was assessed among a group of female team sport athletes of 

different levels of maturation and skill. 

5.3 METHODS 

5.3.1 PARTICIPANTS 

Fifteen junior (age = 15.1 ± 1.2yr, height = 1.70 ± 0.05m, mass= 55.8 ± 6.7kg) and 15 elite senior 

(age = 22.1 ± 2.3yr, height = 1.68 ± 0.09m, weight = 66.3 ± 7.0kg) female field hockey players 

volunteered for this study. Female athletes were chosen for initial development of this screening 

tool as previous literature has shown this cohort to be at higher risk of ACL injury than their male 
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counterparts 33. Additionally, when compared with novice athletes, experienced female athletes 

display significantly higher peak knee valgus moments during sidestepping tasks 34. Therefore it 

was important to understand the characteristics of female athletes of different levels of 

competition. This study was approved by the human research ethics committee at the University 

of Western Australia (see Appendix A.2), and informed written consent was obtained from all 

participants and/or a parent/legal guardian prior to the commencement of the study.  

 

5.3.2 CLINICAL MOVEMENT ASSESSMENT 

Participants completed a previously published sidestepping protocol 22 35 which involved a series 

of pre-planned (PP) and unplanned (UP) straight line run, cross-over step and sidestep running 

tasks in a laboratory setting. All tasks were completed with their self-selected preferred limb 

and their order randomised using a customised software program (Kinematic Measurement 

System, Optimal Kinematics, Australia). A projector screen was placed 5m in front of a force 

plate and displayed a 30cm arrow to indicate each of the required running conditions. During PP 

running tasks, the arrow was projected onto the screen prior to run commencement. For UP 

running conditions, the arrow was triggered by the athlete running through infra-red timing 

gates and appeared when participants were approximately 400ms from making contact with the 

force plate, a time corresponding with contralateral limb toe-off. Software was used to measure 

and alter the delay between the timing gate trigger and arrow appearance to allow for individual 

differences in reaction time 28. For a trial to be considered successful, an approach velocity of 

the right anterior iliac spine marker, calculated in Vicon® Nexus® software (Oxford Metrics, 

Oxford, UK) was between 3.5-4.5m/s. Successful change of direction trials also required 

participants to follow a line marked on the laboratory floor with tape, 45º ±10 º relative to global 

x-axis of the laboratory, with the contralateral leg during cutting manoeuvers. 
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5.3.3 DATA CAPTURE 

The running and change of direction clinical movement assessment was dual captured with 3D 

motion capture system and 2D video in a laboratory setting to allow for the measurement of 

ground reaction forces in six degrees of freedom (GRF), which were used to define the weight 

acceptance (WA) phase of stance and to calculate peak knee extension, valgus and internal 

rotation knee moments during WA. Participants were affixed with 30 retro-reflective markers 

to the trunk and lower limbs according to a customised kinematic model 36 37. Marker trajectories 

were recorded using a 12 camera Vicon® MX motion analysis system (Oxford Metrics, Oxford, 

UK) operating at 250 Hz. Cameras were  synchronized with a 1.2m x 1.2m force plate (AMTI, 

Watertown, MA) recording at 2,000Hz. These data, with a reliable full body customised model 

fully compliant with International Society of Biomechanics (ISB) standards for the reporting of 

data 38, were used to calculate peak knee moments via inverse dynamics procedures in Vicon® 

Bodybuilder software through the Vicon® Nexus software pipeline (Vicon, Exford Metrics, 

Oxford, UK).  

Two standard video cameras (Sony Handycam, HDR-CX700) recording at 50Hz were used for 

analysis as it was assumed that these video capture technologies would be accessible to most 

community level training environments. Cameras were placed in the frontal and sagittal planes 

to the force plate. A spirit level on the camera tripods was used to ensure cameras were 

absolutely level in both roll and pitch. Two-dimensional video data were synchronised with 3D 

using a LED light stimulus placed in the camera field of view which was triggered at foot-strike 

on the force plate (i.e. when the vertical GRF vector exceeded 10N).  

5.3.4 DATA ANALYSIS 

Peak 3D knee moments and 2D video kinematic data from the UP sidestepping task were 

analysed at initial foot contact (IC) and during the WA phase of stance. The vertical GRF data 

were used to define WA and the time base was then divided by a factor of five to time-link to 

the 2D kinematic data that was recorded at a lesser sampling rate (i.e. 250Hz/50Hz). Knee 
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moment data were calculated using custom lower limb kinematic and inverse dynamic models 

in Bodybuilder (Vicon Peak, Oxford Metrics Ltd., UK). Peak knee extension, valgus and internal 

rotation moments were normalised to body mass (kg) and height (m) 8. Centre of mass was used 

to calculate pre-contact running velocities and change of direction angles.  

Video data were imported into SiliconCoach Pro 7.0 software (SiliconCoach, Dunedin, NZ) for 

analysis. Trunk and lower limb kinematics identified in previous literature 8 17 39 to have an 

association with ACL injury risk were measured in the frontal and sagittal planes (Table 5.1). 

These selected variables are a condensed set of kinematics refined from pilot testing (See 

Appendix D.7).
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Table 5.1. Two-dimensional kinematic variable measurement definitions and conventions used in SiliconCoach Pro 7.0 software. ASIS=anterior superior iliac spine, HJC=hip joint 
centre, KJC=knee joint centre, AJC=ankle joint centre.  

Frontal Plane 

Variable Measurement Method Measurement Convention 

Tr
u

n
k 

La
te

ra
l F

le
xi

o
n

 A
n

gl
e

 (
⁰)

 

 

Line 1: Global vertical Y axis from the midpoint of left and right ASIS.  

+ve = toward stance leg 
 

-ve = away from stance leg 
Line 2: Midpoint of left and right ASIS to clavicle. 

Measurement: Relative angle between Line 1 and Line 2. 

Th
ig

h
 A

b
d

u
ct

io
n

 A
n

gl
e

 (
⁰)

 

 

Line 1: Swing limb ASIS through stance limb ASIS. 

+ve = adduction 
 
-ve = abduction 

Line 2: Draw a 90⁰ angle on Line 1 toward stance limb ASIS. Then draw a line over 
the second defining line. Erase 90⁰ angle. 

Measurement: Relative angle between Line 1 and Line 2.  

L2 
L1 

L1 

L2 
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Table 5.1. (continued) 

Frontal Plane 

Variable Measurement Method Measurement Convention 

D
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am
ic

 K
n

e
e

 V
a
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u

s 
A

n
gl

e
 (

⁰)
 

 

Line 1: ASIS to KJC. 

+ve = 'dynamic' valgus 
 
-ve = 'dynamic' varus 

Line 2: KJC to AJC. 

Measurement: Relative normal angle between Line 1 and Line 2. Subtract from 180⁰. 

D
yn

am
ic

 M
e

d
ia

l K
n

e
e

 S
h

if
t 

(m
) 

 

 

Line 1: Stance limb ASIS to ankle lateral malleolus.  

+ve = medial shift 
 
-ve = lateral shift 

Line 2: Draw a 90⁰ angle on Line 1 through KJC. Then draw a line over the second 
defining line. Erase 90⁰ angle. 

Measurement: Perpendicular distance from Line 1, along Line 2 toward KJC.  

L1 

L2 

L1 

L2 
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Table 5.1. (continued) 

Frontal Plane 

Variable Measurement Method Measurement Convention 

Fo
o

t 
P

la
ce

m
e

n
t 

(m
) 

 

Line 1: Left ASIS to right ASIS. 

+ve = stance limb away from midline 
 
-ve = stance limb crosses midline 

Line 2: Vertical line from midpoint of Line 1 to ground. 

Measurement: Perpendicular distance from Line 2 to AJC. 

 

 

 

 

 

 

 

L1 

L2 
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Table 5.1. (continued) 

Sagittal Plane 

Variable Measurement Method Measurement convention 

Tr
u

n
k 

Fl
e

xi
o

n
 A

n
gl

e
 (

⁰)
 

 

Line 1: Global vertical (Y) axis from the HJC. 

+ve = Flexion 
 
-ve = Extension 

Line 2: HJC to acromion marker 

Measurement: Relative normal angle between Line 1 and Line 2.  

K
n

e
e

 F
le

xi
o

n
 A

n
gl

e
 (

⁰)
 

 

Line 1: HJC to KJC 

+ve = Flexion 
 
-ve = Hyperextension 

Line 2: KJC to AJC 

Measurement: Relative normal angle between Line 1 and Line 2. Subtract from 180⁰. 

 

L1 

L2 

L1 

L2 
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All 2D video based kinematic data were measured on two separate occasions by one assessor 

(Tester 1a and Tester 1b) and once by a second assessor (Tester 2) to test intra- and inter-rater 

reliability respectively. 

5.3.5 STATISTICAL ANALYSIS 

Data for all individual UP sidestepping trials for both junior and senior athletes (n=92) were 

analysed in SPSS (IBM SPSS Statistics 22, SPSS Inc., Chicago, IL) with an alpha set to 0.05 for all 

statistical tests. All analysis was conducted in collaboration with the UWA School of 

Mathematics and Statistics. First, a one-way ANOVA was conducted to determine if there were 

differences in peak knee moments and predictor variables between junior and senior athletes. 

Following this analysis, eighty per cent of the initial sample (12 participants’ trials from each 

junior and senior cohort n=72) were used to predict peak knee moments to generate initial 

regression models. Regression was performed using a linear mixed model to independently 

predict peak extension, valgus and internal rotation knee moments from a subset of 2D video 

based kinematic variables. Individual participants were modelled as random factors to account 

for entering individual trials into the analysis and independent 2D kinematic variables as fixed 

factors. To assess differences in predictor variables (i.e. 2D kinematics) between female athletes 

of different levels of competition, athlete level (i.e. junior and senior) were also entered as a 

fixed factors. Independent variables were sequentially removed from the regression model 

when the p value was greater than 0.05. Variables were removed manually in order of highest p 

value until all variables within the model were significant (α = 0.05) predictors of the dependant 

variable.  The regression equations developed in the initial sample (80% total sample) were 

externally validated on a randomised subsample of 3 junior and 3 senior athletes (trials n=17) 

by calculating predicted values of peak knee extension (PKE), valgus (PKV) and internal rotation 

(PKIR) moments from the measured 2D kinematics. These predicted values were then compared 

with experimentally recorded values using a paired samples t-test and Cohen’s d effect sizes 

where d<0.30 indicated a small effect, 0.30<d<0.60 indicated a moderate effect and d>0.60 



 

110 
 

indicated a greater than moderate effect.  The a priori definition used to qualify the regression 

equations as an adequate predictors of the measured peak knee moments were: 1) the 

prediction was not statistically different to measured value and 2) the observed difference 

between the predicted and measured value were small to moderate in effect size.  If the a priori 

criterion were met, linear regression was then performed again on the entire dataset (i.e. 100%, 

n=92 trials) to generate complete regression model(s) or prediction equation(s). 

Intra-class correlations (ICC) and limits of agreement (LoA) were used to test inter- and intra-

rater reliability of 2D kinematic measures for junior athletes’ individual UP sidestepping trials 

(n=41). ICC values were interpreted according to the following criteria: poor <0.40, fair 0.40 to 

0.60, good 0.60 to 0.75 and excellent >0.75 40.  

5.4 RESULTS 

There were no significant differences in PKE, PKV and PKIR moments between groups. 

Additionally there were no differences in approach velocity and change of direction angle. Senior 

athletes had significantly higher peak trunk lateral flexion (p=0.025), peak hip abduction 

(p=0.001) and knee flexion ROM (p=0.027) kinematics when compared with the junior athletes. 

Senior athletes also displayed lower dynamic knee valgus postures (p<0.001), knee valgus 

displacement (p<0.001) and foot-pelvis distances (p=0.004) (see Table 5.2).   
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Table 5.2. Mean (SD) of all dependent and independent variables for junior (n=15) and senior (n=15) 

athletes.  

 Variable Junior Senior 

Peak knee extension moments (Nm.kg-1.m-1) 2.35 (0.31) 2.29 (0.47) 

Peak knee valgus moments  (Nm.kg-1.m-1) 0.56 (0.36) 0.67 (0.41) 

Peak knee internal rotation moments  (Nm.kg-1.m-1) 0.10 (0.07) 0.09 (0.09) 

Peak trunk lateral flexion (⁰) 4.35 (5.22) 7.68 (4.82)* 

Peak hip abduction (⁰) 6.42 (6.33) 12.50 (5.92)** 

Dynamic knee valgus (⁰) 25.91 (7.43) 14.93 (8.61)** 

Dynamic medial knee shift (m) 0.10 (0.02) 0.04 (0.02)** 

Knee flexion (IC) (⁰) 24.85 (8.82) 26.43 (5.89) 

Knee flexion RoM (⁰) 24.85 (8.82) 29.52 (5.28)* 

Trunk flexion (IC) (⁰) 3.78 (5.37) 4.58 (4.16) 

Trunk flexion RoM (⁰) 6.61 (5.63) 7.02 (4.17) 

Foot-pelvis distance (IC) (m) 0.32 (0.06) 0.28 (0.04)** 

Approach velocity (m/s) 4.3 (0.3) 4.4 (0.3) 

Change of direction angle  (⁰) 24.4 (7.3) 26.5 (9.2) 

**Significantly different from junior athletes (p<0.001) 
*Significantly different from junior athletes (p<0.05) 

 

Dynamic knee valgus angle and knee flexion ROM predicted and were positively correlated to 

PKE moments for both junior and senior athletes (Table 5.3).  

Table 5.3. Parameter coefficients (β) and standard error (SE) for significant independent predictors of 

peak knee extension moments. 

Peak Knee Extension Moments  β SE p 

Intercept 1.807 0.178 <0.001 

Dynamic knee valgus angle  0.010 0.005 0.026 

Knee flexion angle ROM 0.011 0.005 0.020 
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For both athlete levels, peak trunk lateral flexion, peak hip abduction, knee flexion angle (IC) and 

trunk flexion ROM were significant predictors of PKV moments. Peak trunk lateral flexion, peak 

hip abduction and trunk flexion ROM were positivity correlated with PKV moments. Increased 

knee flexion at foot-strike were negatively correlated with PKV moments (Table 5.4).  

Table 5.4. Parameter coefficients (β) and standard error (SE) for significant independent predictors of 

peak knee valgus moments. 

Peak Knee Valgus Moments β SE p 

Intercept 0.881 0.177 <0.001 

Peak trunk lateral flexion angle 0.021 0.007 0.003 

Peak hip abduction angle 0.012 0.006 0.037 

Knee flexion angle (IC) -0.025 0.006 <0.001 

Trunk flexion angle ROM 0.015 0.007 0.037 

 
Dynamic knee valgus angle, peak hip abduction angle and knee flexion angle (IC) were significant 

predictors of PKIR moments for both athlete levels. Increases in dynamic knee valgus angle were 

negatively correlated with PKIR moments. Increases in knee flexion angle (IC) negatively 

correlated with PKIR moments for junior athletes, however were positively correlated with PKIR 

moments for senior athletes. Increases in peak hip abduction were associated with reductions 

in PKIR moments for junior athletes and increases in PKIR moments for senior athletes (Table 

5.5).   

Table 5.5. Parameter coefficients (β) and standard error (SE) for significant independent predictors of 

peak knee internal rotation moments. 

PKIR β SE p 

Intercept 0.191 0.084 1.000 

Dynamic knee valgus -0.003 0.001 0.002 

Peak hip abduction -0.007 0.003 0.012 

Knee flexion (IC) 0.002 0.002 0.412 

Athlete level 0.175 0.117 1.000 

Athlete level*peak hip abduction  0.011 0.003 0.003 

Athlete level*knee flexion (IC)  -0.009 0.003 0.007 

 

The parameter coefficients described in Tables 3-5 were used to predict peak knee moments in 

the randomised subsample (n=6). As there were no significant differences in peak knee 
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moments between junior and senior athletes as presented in Table 2, both cohorts were 

collapsed in to one group for this analysis. There were no significant differences and low to 

moderate effect size differences in predicted and real PKE, PKV and PKIR moments (Table 5.6). 

Table 5.6. Mean (SD) experimentally measured and predicted peak knee moments for the randomised 

subsample (trials n=17).  

 Variable Measured Predicted p d 

Peak knee extension moments (Nm.kg-1.m-1) 2.25 (0.36) 2.25 (0.08) 0.676 -0.026 

Peak knee valgus moments  (Nm.kg-1.m-1) 0.59 (0.19) 0.52 (0.22) 0.331 -0.354 

Peak knee internal rotation moments  (Nm.kg-1.m-1) 0.10 (0.06) 0.11 (0.04) 0.974 0.144 

 

All three prediction equations met the a priori definitions of; 1) predicted values of peak knee 

moments not statistically different to measured values and 2) observed differences between the 

predicted and measured value were small to moderate in effect size (Table 5.6).  Therefore, 

linear regression was performed again on the entire (i.e. 100%, n=92 trials) dataset to generate 

complete regression model(s) or prediction equation(s). The regression equations (Eq. 1-4) 

developed from 100% of the original sample are presented below.  

 

𝑃𝐾𝐸 𝑀𝑜𝑚𝑒𝑛𝑡 =  1.715 + 0.014(𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑘𝑛𝑒𝑒 𝑣𝑎𝑙𝑔𝑢𝑠 𝑎𝑛𝑔𝑙𝑒) +

0.012(𝑘𝑛𝑒𝑒 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝑅𝑂𝑀)  

                     

𝑃𝐾𝑉 𝑀𝑜𝑚𝑒𝑛𝑡 =  0.788 + 0.017(𝑡𝑟𝑢𝑛𝑘 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒) +

0.017(𝑝𝑒𝑎𝑘 ℎ𝑖𝑝 𝑎𝑏𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒) − 0.019(𝑘𝑛𝑒𝑒 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝐼𝐶) +

0.017(𝑡𝑟𝑢𝑛𝑘 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝑅𝑂𝑀)  

  

𝑃𝐾𝐼𝑅 𝑀𝑜𝑚𝑒𝑛𝑡𝑗𝑢𝑛𝑖𝑜𝑟 = 0.247 − 0.003(𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑘𝑛𝑒𝑒 𝑣𝑎𝑙𝑔𝑢𝑠 𝑎𝑛𝑔𝑙𝑒) −

0.005(𝑝𝑒𝑎𝑘 ℎ𝑖𝑝 𝑎𝑏𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒) + 0.007(𝑘𝑛𝑒𝑒 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝐼𝐶)  

 

𝑃𝐾𝐼𝑅 𝑀𝑜𝑚𝑒𝑛𝑡𝑠𝑒𝑛𝑖𝑜𝑟 = 0.256 − 0.003(𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑘𝑛𝑒𝑒 𝑣𝑎𝑙𝑔𝑢𝑠 𝑎𝑛𝑔𝑙𝑒) −

0.007(𝑝𝑒𝑎𝑘 ℎ𝑖𝑝 𝑎𝑏𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒) + 0.002(𝑘𝑛𝑒𝑒 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝐼𝐶) 

     

(5.1) 

(5.2) 

(5.3) 

(5.4) 
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Intra- and inter- tester reliability of all 2D kinematic variables were good to excellent for all 

independent variables, with the exception of dynamic medial knee shift (Table 5.7). Intra-class 

correlations ranged from 0.377 to 0.998 with LoAs for displacement variables ranging from 

0.28m to 0.49m and angle variables ranging from 1.2 ⁰ to 4.9⁰ for intra-tester measurement.  

Inter-tester measurement produced ICCs ranging from 0.542 to 0.949 and LoAs for displacement 

variables between 0.10m to 0.27m and angle variables from 7.1⁰ to 26.3⁰.  
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Table 5.7. Inter- and Intra-class Correlations (ICC) and 95% Limits of Agreement (LoA) for independent variables for junior female athletes’ individual trials (n=41).  

**p<0.001 
*p<0.05 

 Tester 1a vs Tester 1b Tester 1a vs Tester 2 

 
ICC 

Mean 
Difference 

LoA 
ICC 

Mean 
Difference 

LoA 

 Lower Upper Lower Upper 

Peak trunk lateral flexion (⁰) 0.976** -0.084 -0.731 0.562 0.949** -0.291 -3.822 3.241 

Peak hip abduction (⁰) 0.991** 0.075 -2.381 2.531 0.939** 1.321 -5.324 7.965 

Dynamic knee valgus (⁰) 0.998** -0.112 -1.357 1.132 0.913** 4.030 -7.58 15.639 

Knee valgus displacement (m) 0.377* -0.035 -0.177 0.107 0.542** 0.038 -0.012 0.089 

Knee flexion (IC) (⁰) 0.997** 0.085 -1.100 1.270 0.929** -0.110 -10.897 10.676 

Knee flexion RoM (⁰) 0.996** 0.112 -1.979 2.203 0.952** 1.055 -12.085 14.196 

Trunk flexion (IC) (⁰) 0.997** -0.136 -1.331 1.059 0.973** 0.341 -3.692 4.375 

Trunk flexion RoM (⁰) 0.936** -0.154 -1.711 1.403 0.917** 0.382 -7.207 7.970 

Foot-pelvis distance (IC) (m) 0.539* -0.002 -0.251 0.246 0.869** -0.015 -0.153 0.123 
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5.5 DISCUSSION 

Multi-planar, full body video based measures of an athletes’ two dimensional kinematics during 

UP sidestepping were shown to have good-excellent intra- and inter-rater reliability and capable 

of predicting peak knee extension, valgus and internal rotation knee moments among a cohort 

of junior and senior female field hockey players. This, to our knowledge is the first 2D video 

based screening tool that has incorporated multi-planar assessment of both lower and upper 

body kinematics.  Results were promising, as this research has shown in principle that video 

based screening tools have the potential to: 1) screen and identify “high-risk” athletes in large 

scale community level training environments and, 2) place these athletes into targeted 

interventions to reduce their associated risk and improve the efficacy of intervention based 

injury prevention research.  

Unplanned sidestepping is a non-linear complex dynamic sporting task, and as such, there is 

rationale for an athletes’ upper and lower body kinematics to be analysed in multiple planes to 

effectively predict peak knee moments and ACL injury risk during WA 8 37 39.  Results from this 

analysis confirm there is indeed a non-linear interplay between an athlete’s upper and lower 

body kinematics in one plane (i.e. frontal or sagittal plane) for predicting peak knee moments in 

another (i.e. sagittal or frontal plane). One example were dynamic knee valgus postures being 

predictors of peak extension knee moments. To help explain these seeming unintuitive results, 

it should be stated that dynamic knee valgus postures, measured in the frontal plane in 2D 

analysis, are in part the result of increased knee flexion, combined with hip abduction and hip 

internal rotation, which are associated with the neuromuscular control of the hip musculature. 

It would therefore be expected that poorer hip neuromuscular control, which influences the 

dynamics of the knee and upper body would be related to, in part, the peak extension moments 

observed at the knee during the highly dynamic loading occurring during the WA phase of 

sidestepping. Increases in knee flexion ROM were also positively associated with PKE moments. 

Although knee flexion at foot strike was not associated with PKE moments, it may be likely that 
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athletes who displayed less knee flexion at foot strike displayed greater subsequent knee flexion 

ROM and therefore a probable association with elevated PKE moments. This may also be a result 

of the nature of measurement in 2D. Results presented in Figure D.5 (See Appendix D.7.2) 

showed an absolute net differences of 2.9⁰ in knee flexion at foot strike across four running 

conditions (planned and unplanned straight line running and sidestepping) between 2D and 3D 

measurements. Therefore ROM values may remove the absolute offset between 2D and 3D 

measures and serve as a more consistent measurement variable moving forward than absolute 

knee flexion at initial foot contact. 

Both upper and lower body kinematics together were significant predictors of PKV moments. 

Results showed that increasing lateral trunk flexion toward the stance limb, elevated peak hip 

abduction and elevated trunk flexion ROM were all associated with elevated PKV moments. 

These findings directly align with previous research showing upper body motor control and trunk 

position to be associated with PKV moments 8 19 20, lending further support for the 

appropriateness of translating laboratory based research into the field.  Consistent with video 

analysis of ACL injury events which have been documented to occur when the knee is near full 

extension 15, increasing knee flexion angle at initial foot strike (IC) was associated with reduced 

PKV moments . These results are also supported by cadaveric studies showing that in the 

presence of increased knee flexion and eccentric quadriceps forces, ACL strain is reduced 41.  

While the same 2D kinematic variables (peak hip abduction angle, knee flexion (IC) and dynamic 

knee valgus) served to predict PKIR moments for junior and senior athletes, they predicted PKIR 

differently. This may be explained by the observed kinematic differences between the two 

groups (Table 5.2). Compared with seniors, junior athletes presented with lower peak hip 

abduction angles (junior = 6.42 ± 6.33, senior = 12.50 ± 5.92, p=0.001), higher dynamic knee 

valgus (junior = 25.91 ± 7.43⁰, senior = 14.93 ± 8.61⁰, p<0.001) and adopted a wider foot 

placement (junior = 0.32 ± 0.06m, senior = 0.28 ± 0.04, p=0.004). This may also be explained by 

differences in baseline lower limb strength or neuromuscular coordination, where it would be 
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expected that the senior group would have greater absolute strength and neuromuscular 

coordination due to the maturation associated with a full time professional completion and 

training schedules 42 43. Though plausible hypotheses, these observed differences require further 

research to verify these findings.    

All three regression equations were capable of reproducing the measured PKE, PKV and PKIR 

moments among the randomised external subsample of junior and senior athletes where low to 

moderate effect sizes and no significant differences were observed. Additionally, the differences 

in measured vs predicted peak knee moments were no greater than 0.07 Nm.kg-1.m-1 which is 

typically less than changes observed following a training intervention and between previously 

described high and low risk groups 2. This, in combination with reliable 2D kinematic measures, 

suggests that the developed video based injury screening tool has the potential to identify 

athletes who may be predisposed to elevated ACL injury risk. Peak knee moments (Table 5.2) 

are similar to that previously been reported in the sidestepping literature 22 37 44. Interestingly 

and contrary to previous research 34, peak knee moments did not differ between female athletes 

of varying competition levels. This may be a result of the interplay between experienced 

athletes’ technique as described in Table 2 and less experienced and more junior athletes’ 

neuromuscular characteristics. As the majority of screening tools have been focused around 

lower limb mechanics during drop jump and single leg landing with mixed findings 44 45, using a 

high risk dynamic task as utilised in testing this 2D screening tool, may improve the sensitivity of 

the screening process. It is also important to highlight that the proposed injury screening tool, 

in contrast to what has been previously presented within the literature, assessed athletes’ 

techniques in multiple planes and assessed both upper and lower body kinematics.  

Given the aim of creating a 2D video based injury screening method accessible to community 

level athletes, the inherent delimitation is that only 2D kinematic measures were assessed.  

Though 3D kinematic measures are considered a gold standard, the accuracy of 2D vs 3D 

kinematic measures have been previously described and considered to have moderate to high 
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correlation 21 46. We also have shown that the measures used within the regression models had 

good to excellent intra- and inter-tester repeatability providing confidence that these measures 

can be utilised in real-world training environments.  Another delimitation is that this tool has 

only been applied in female team sport populations, therefore future research is recommended 

to determine if this 2D video based screening tool can be used to assess injury risk among male 

athletes. A further limitation to the present study was that measurements of muscle activation 

were not performed in parallel, which if available may have provide more comprehensive injury 

risk interpretations. However, with time and cost being the focus for the development of this 

screening tool, we did not feel it appropriate to incorporate these data. Another limitation to 

this study was the moderate amount of data processing required to be performed by the user 

to manually identify anatomical landmarks and joint centres necessary for quantifying the 2D 

kinematic measures. Therefore, in order to minimise time-cost when combined with labour 

intensive training interventions, future development is recommended in the area of automated 

computer vision tracking to assist users in the auto-detection and rapid turn-around of the 2D 

measures in the field (i.e. a turn-key real-time tracking and analysis software application). 

Future research must aim to determine thresholds for peak knee moments in classifying a “high-

risk” athlete. This must be performed with large prospective injury databases. This is crucial to 

further refine screening tools that incorporate cause (kinematics) and effect (peak knee 

moments) in their analysis. 

5.6 CONCLUSION 

A repeatable and reliable 2D video-based screening tool was found to be successful in identifying 

movement patterns associated with injurious peak knee moments during unplanned SS among 

junior and senior level female athletes. Movement patterns such as dynamic knee valgus, low 

knee flexion angle at foot strike, large trunk flexion ROM, trunk lateral flexion away from the 

intended direction of travel, large peak hip abduction and large knee flexion ROM effectively 

predicted PKE, PKV and PKIR moments during unplanned SS. The results from this investigation, 
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which identify underlying kinematic patterns associated with peak knee moments during 

sidestepping with 2D video, may improve the potential for large scale mass screening and the 

implementation of targeted neuromuscular training for community level environments.   
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CHAPTER SIX 

SYNTHESIS OF FINDINGS AND CONCLUSION 

6.1  SUMMARY 

In 2012, the Australian Women’s hockey team (Hockeyroos) team member Kellie White became 

one of the 52/100,000 people in Australia to rupture their ACL 1 2. The following statement 

describes the common non-contact mechanism 3, the extensive rehabilitation protocols and the 

psychosocial aspects of returning to sport 4 5;  

“…I was playing in New Zealand, sidestepped quickly and partially tore ligaments in 

my left knee. I played on and carried the injury for another two years but in 2012, 

just before the London Olympics, I ruptured my left ACL. It was pretty devastating 

at the time and a hard slog during the recovery period. I had to tick all the boxes to 

have any hope of career longevity” 6. 

There is accumulating evidence that ACL injuries can be prevented through targeted 

neuromuscular training, however, the extent to which research is being effectively translated to 

practise is unclear 1 2. Potential barriers to injury prevention training implementation include a 

coach’s understanding and ranking of the importance of time dedication toward injury 

prevention training 7 and athlete attendance, adherence and compliance 8. The ACL injury 

prevention framework, including athlete screening, provides the basis for the development of 

injury prevention interventions aimed at reducing the likelihood of injury. This is achieved 

through the understanding the biomechanical mechanisms of, and countermeasures to, injury 

9. This research was dedicated toward contributing to stages 3 and 4 of the ACL injury prevention 

framework proposed by Donnelly et al. (2012), bridging the gap between injury prevention 

research and practice (Stage 5/6).  
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The thesis aims were to combine the knowledge gained from injury surveillance (Stage 1) and 

aetiology (Stage 2) research for the purposeful development of effective ACL injury prevention 

training and injury screening protocols among elite and community level athletes alike.  More 

specifically, this thesis aimed to assess the effectiveness of a novel and biomechanically 

informed training injury prevention program on the incidence of lower limb and ACL injuries 

among a group of elite female field hockey players. To understand the mechanisms 

underpinning the observed reductions in injury rates, biomechanical (i.e. peak knee moments) 

and neuromuscular (i.e. technique and muscle activation strategies) measures were appraised 

over two (intensive and maintenance) phases of training. It has been identified that in order to 

improve the efficacy of injury prevention training interventions, we must in parallel identify 

those at “high-risk” of injury prior to commencement of any prevention training program 10. 

Currently the only robust method to identify “high-risk” athletes is to measure peak knee 

moments using costly and labour intensive 3D biomechanical analysis. To address this barrier 

affecting community level screening implementation, the feasibility and reliability of a 2D video 

screening tool used to identify “high-risk” athletes during a clinically relevant and injury specific 

unplanned SS movement task was explored.  

The research outlined above was addressed by first describing the ACL injury prevention 

framework as a whole in the literature review, followed by three interrelated studies to address 

Stage 3 (countermeasure development and athlete screening) and Stage 4 (training 

interventions – ideal scenario) of the model. This chapter will summarise the findings of each of 

these studies with respect to their hypotheses, draw conclusions based on the results and make 

recommendations for practical implications and future research to contribute toward 

community level adoption and maintenance of injury prevention protocols (Stage 6).  
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6.1.1 CHAPTER THREE – STUDY ONE 

INJURY PREVENTION AND ATHLETIC PERFORMANCE ARE NOT MUTUALLY EXCLUSIVE: A BIOMECHANICALLY 

INFORMED ANTERIOR CRUCIATE LIGAMENT INJURY PREVENTION PROGRAM 

The aim of this study was to assess the efficacy of a novel, biomechanically informed injury 

prevention training program on reducing ACL injury incidence and ACL injury risk among a group 

of elite female hockey players.  A secondary aim was to understand how this training 

intervention effected their athletic performance. Twenty six elite female hockey players from 

the national Australian women’s field hockey team participated in injury prevention training 

sessions conducted alongside regular pre- and in-season training for two consecutive seasons. 

Lower limb and ACL injury incidence, together with athletic performance (i.e. strength, speed 

and aerobic power), were measured during a control season, and following two intervention 

seasons. To assess the effectiveness of the program on biomechanical risk factors, peak knee 

moments were measured during unplanned SS prior to, and following, two training phases 

within intervention season 1. The first hypothesis, that the training program would reduce 

biomechanical injury risk factors and in turn ACL injury rates, was supported. While training 

exposure increased following the control season, both total lower limb injury incidence (control 

season: 23, intervention season 2: 5.2) and ACL injury incidence (control season: 3, intervention 

season 2: 0) were reduced (Table 2, Chapter Three). Additionally, following intervention season 

1, peak knee valgus and internal rotation moments were reduced.  As the principles of the 

training program were generated from an understanding of WBCoM stability during common 

change of direction sporting tasks 11 12, the effect of the training intervention in combination 

with the Hockeyroos medical setting on total lower limb injury rates was not unexpected.  

While training was specific to ACL injury prevention, selected athletic performance measures 

were not compromised. In fact, improvements were observed in beep test scores, 40m sprint 

times and upper body one repetition maximum push and pull lifts. These findings supported the 

second hypotheses that any changes brought about by injury prevention training would not be 
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at the detriment of athletic performance. These findings are supported by previous research 

where plyometric 13 14, resistance 15 16 and balance 17 training were found to improve speed 

performance. Resistance training has also been directly associated with improvements to 

strength 18, and plyometric training to improvements in aerobic power that has also been found 

to be related to improvements to running economy 19. These findings provide evidence that 

injury prevention and athletic performance are not mutually exclusive and provide the necessary 

framework that coaches and sport science staff can embrace to facilitate both. 

 

6.1.2 CHAPTER FOUR – STUDY TWO 

A 25-WEEK BIOMECHANICALLY INFORMED TWO PHASE INJURY PREVENTION TRAINING PROGRAM: 

IMPLICATIONS FOR ACL INJURY RISK AMONG ELITE FEMALE HOCKEY PLAYERS  

Chapter three demonstrated that biomechanically informed training was successful in reducing 

total lower limb and ACL injury rates among a group of elite female field hockey players. To 

understand by what means this intervention influenced the biomechanical mechanisms of 

injury, Study two aimed to verify the efficacy of training to reduce peak knee moments and 

improve technique and muscle activation strategies during unplanned SS. While the majority of 

research only reported these factors immediately prior to, and following, 4-12 week 

intervention periods, it was considered important to understand the long term retention effects 

of biomechanically informed training. This was assessed via implementation of a two-phase 

program whereby nine weeks of intensive training (4 x 20 minute sessions per week) was 

immediately followed by 16 weeks of maintenance training (3 x 10 minute sessions per week). 

Peak knee moments, full body kinematics, total muscle activation (TMA) and directed co-

contraction ratios (DCCR) were measured during unplanned SS at baseline, following the nine 

week intensive training phase, and again following 16 weeks of maintenance training.  

The first hypothesis that peak knee moments associated with ACL injury risk would be reduced 

following intensive training was partially supported. There were no reductions in peak knee 
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extension (PKE), valgus (PKV) and internal rotation (PKIR) moments in the total group of athletes 

following intensive training. Previous research has shown training to be more effective in “high-

risk” populations 10. Based on these findings a “responder” analysis was performed and five 

athletes were identified as responders and 11 as non-responders. At baseline, responder 

athletes displayed 43.8% higher PKV moments than non-responders, suggesting that these 

athletes may have been “high-risk” prior to program commencement. In support of the first 

hypothesis, responder athletes significantly reduced peak knee moments in all three planes 

following the intensive training phase. In contrast, non-responders experienced a 19.8% 

increase in PKV moments, an 8.8% increase in PKE moments and no change to PKIR moments. 

These conflicting responses to training are likely a result of ceiling effects of training with 

Olympic level athletes, where non-responders experienced increases in PKV and PKE moments. 

However, there were no differences between groups following intensive training, showing that 

the ”high-risk” group were certainly more affected by training.  Improvements in gluteal total 

muscle activation and medially directed co-contraction ratios were observed for all athletes (i.e. 

both responders and non-responders), however there were no changes to investigated 

kinematics. A non-uniform change in kinematics was not surprising given the multiple strategies 

an athlete can use to modify their knee joint loading and injury risk 9. It is possible that the 

analysis performed on the investigated kinematic variables was not complex enough to identify 

combinations of, or synergistic type kinematic solutions explaining the observed knee loading 

and injury risk findings. The combined neuromuscular and kinetic response to intensive training 

suggests that injury prevention training was successful in eliciting positive biomechanical 

changes to reduce an athlete’s injury risk profile.  

The second hypothesis that biomechanical improvements to ACL injury risk elicited in the 

intensive training phase would be preserved following maintenance training was again, partially 

supported. Improvements in hip neuromuscular control (i.e. elevated gluteal TMA) and medially 

directed co-contraction ratios were maintained. However, medially directed co-contraction for 
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the hamstrings muscle group was not retained following maintenance training whereby a return 

to a lateral activation strategy was observed. This finding may be related to insufficient stimuli 

of specific hamstring exercises that target semitendinosus (i.e. knee flexion/extension exercises 

over hip flexion/extension exercises) 20. The initial stimulus from intensive training among 

athletes, who initially responded to the biomechanically informed training following the first 

nine weeks, was sufficient to maintain reductions in the high PKV moments from 9-25 weeks.  

The findings from this study show that biomechanically informed training is effective in reducing 

peak knee moments, a known biomechanical mechanism for ACL injury in responder or “high-

risk” athletes, while also improving desirable muscle activation strategies to support the knee 

joint. Secondly, these improvements can generally be maintained over a lower volume 

maintenance phase of training. This study highlights the significance of investigating the effect 

of training based on an individual's initial risk classification, and during initial intensive and long-

term maintenance training programs.  

 

6.1.3 CHAPTER FIVE – STUDY THREE 

A RELIABLE VIDEO BASED ANTERIOR CRUCIATE LIGAMENT INJURY SCREENING TOOL FOR THE ASSESSMENT OF 

FEMALE TEAM SPORT ATHLETES  

Chapter Three and Four describe successful implementation of biomechanically informed and 

focussed training in an ideal training environment. The findings from Chapter Four highlight the 

significance of identifying “high-risk” populations before implementing training in order to 

improve efficacy. This can be achieved in two ways; 1) identify those in need of training to allow 

the appropriate application of treatment to the population at risk and, 2) train these at-risk 

athletes for their specific observed deficits 10. Measures of an athlete's technique and peak knee 

moments during sidestepping have been associated with ACL injury risk and rates. However 

these measures have previously been restricted to 3D motion analysis in a laboratory setting, 

which is both cost and computationally expensive. The screening tool developed within this 



 

132 
 

study utilised 2D measures of an athlete’s upper and lower body kinematics in multiple panes 

to evaluate their association with peak knee moments during unplanned sidestepping. Our first 

hypothesis that selected 2D measures of upper and lower body kinematics in frontal and sagittal 

planes would predict peak knee moments during unplanned SS was supported. Movement 

patterns including high dynamic knee valgus, low knee flexion angle at foot strike, elevated trunk 

flexion RoM, trunk lateral flexion away from the intended direction of travel, large peak hip 

abduction and large knee flexion RoM, effectively predicted peak knee extension, valgus and 

internal rotation moments during unplanned SS.  

In support of the second hypothesis, these 2D kinematic measures were found to have good to 

excellent intra- and inter-rater reliability and agreement. Previous research has shown 2D 

kinematic measures to be both repeatable and accurate when compared with 3D measures 21 

22. Using the prediction equations described in this paper along with previously published data, 

clinicians, coaches and researchers can make informed judgements about an athlete’s 

associated risk of ACL injury and tailor interventions to target individual deficiencies.  

6.2 CONCLUSIONS 

This thesis aimed to contribute to improving the efficacy of injury prevention training programs 

in reducing ACL injury rates and risk among female team sport athletes. This was approached by 

utilising the literature contributing through stages 1-4 of the ACL injury prevention framework 

9, with particular focus on implementation strategies as outlined in the IOC current concepts 

statement for non-contact ACL injuries in female athletes. How these recommendations initially 

outlined in Table 1.1 in Chapter 1 are described in Table 6.1. 
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Table 6.1. International Olympic Committee (IOC) identified important factors for a successful prevention program and how these recommendations are addressed in this research 
23. 

IOC Recommendations  How IOC recommendations are addressed in this thesis 

The program should include strength and 

power exercises, neuromuscular training, 

plyometric and agility exercises.  

 Body-weight based balance, plyometric, resistance and technique exercises were prescribed in the training program.  

 These exercises were progressed in intensity and difficulty every two weeks in the initial training intervention. While 
intensity and type of exercises were maintained, only duration and frequency were reduced in the maintenance training 
phase.  

 A number of injury prevention programs have incorporated combinations of these exercise modalities in anticipation of 
reducing ACL injury rates with mixed success 24-26. Evidence from stages 1 and 2 of the ACL injury prevention framework 
provide rationale that the biomechanical mechanisms and countermeasures of injury should be the focus of the 
training program, with exercise modality as the platform.  

Design as a regular warm-up program 

increases adherence. 

 Intensive training phase sessions were delivered twice a week as warm-up sessions and twice a week, as an extension of 
weights sessions. 

 Maintenance training phase sessions were delivered three times a week during warm-ups. 

 Attendance and compliance were 81.1±25.0% and 88.2±19.7% respectively, with attendance only missed due to injury, 
as advised by team medical staff. 

Focus should be on performance of the hip-

knee-foot line and “kissing knees” should be 

avoided (excessive valgus strain).  

 Not only did this intervention focus on technique recommendations to improve dynamic knee valgus postures, it 
specifically targeted hip neuromuscular control through a variety of exercises and was successful in elevating gluteal 
total muscle activation.  

 In addition to targeting dynamic knee valgus, this intervention utilised research from stage 3 of the ACL injury prevention 
framework and identified another three important biomechanical factors to focus on within ACL injury prevention 
programs. These were; increasing knee flexion at foot strike 27, improving the dynamic control of the trunk and upper 
body 28 29and increasing the strength of the gastrocnemius muscle group 30.  

Maintenance and compliance of prevention 

programs before, during and after the sports 

participation season are essential to 

minimise injuries. 

 Maintenance training implemented following the initial intensive intervention was found to: 1) maintain initial 
biomechanical benefits of intensive training and 2) reduce total lower limb and ACL injuries over a two year period.  

The drop vertical jump test should be used 

to identify players at risk. 

 Previous research has shown discrepancies in knee loading between drop jump landing and sidestepping tasks, where 
sidestepping has been shown to have five times higher PKV moments 31.  

 As such, study three implemented an unplanned sidestepping clinical movement assessment using 2D video to enhance 
the feasibility of use in community level sporting sessions.  



 

134 
 

IOC Recommendations  How IOC recommendations are addressed in this thesis 

The program must be well received by 

coaches and players to be successful. 

 Anecdotally, since the training program’s implementation in 2013, Hockeyroos strength and conditioning and medical 
staff have continued to use this training approach independently, beyond the commitment of this research.  

 “I started (the ACL injury prevention program) about 12 months after the ACL rupture when I was just beginning to come 
back into competition. I lacked confidence in my knee’s ability to cope in those high pressure situations. There’s been a 
massive improvement in my core stability and gluteal strength. My knee is as strong as it’s ever going to be and I’m much 
more confident running on to the field” 6. – Kellie White (Hockeyroos athlete) 

Evaluation of success or failure of a 

prevention program requires large numbers 

of athletes and injuries. 

 This research only investigated this injury prevention training program among one elite team which is a limitation of the 
present study. However research guided by findings from this thesis is presented among a community level training 
environment with a control group (see Appendix C.4). 
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1.7.1 FUTURE RESEARCH 

Based on the findings from this research, the following recommendations are made for future 

research: 

 The sample sizes documented in Chapters 3 and 4 of this thesis comprised elite athletes 

from one team and are relatively small. As such future research should expand on the 

findings within these chapters using larger populations. It would be expedient to use the 

methods outlined on a pre-identified “high-risk” population to provide a more definitive 

profile of the effect of biomechanically focussed ACL injury prevention program.  

 The positive findings from Chapters 3 and 4 are a product of strong empirical 

background to injury prevention training program design and implementation; equally 

as important is coach and athlete engagement to the program. As this study was 

implemented in an ideal training scenario, future research should evaluate 

implementation strategies for real-world community level training environments. More 

specifically, studies should examine the effect of combined training and coach/athlete 

education of injury prevention training.  

 The training intervention described in Chapters 3 and 4 should be implemented as a 

randomised control trial with “high” and “low” risk treatment groups identified.  

 Randomised control trials should also investigate the effect of varied dose maintenance 

training phases to determine optimal training volumes for long term effects on injury 

risk profiles.  

 Large prospective databases should aim to identify injury risk stratifications for peak 

knee moments to facilitate classification of high and low risk athletes. 

 The methods from Chapter 5 should first be applied in male athletes of different levels 

of maturation and skill to determine if the same predictors exist for male athletic 

populations. Secondly, the prediction algorithms from this study should be validated in 
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an independent separate sample of heterogeneous female athletes from different 

sporting codes (i.e., netball, basketball, soccer etc.) 

 The efficacy of the screening tool presented in Chapter 5 should be validated in a 

prospective study utilising a large sample of athletes.  

 Finally, the screening tool presented in Chapter 5 should be used in parallel to the 

implementation of a training program described in Chapters 3 and 4, to differentiate 

between “high” and “low” risk athletes prior to the commencement of training. It should 

also determine if training is more successful in those athletes identified as “high-risk” 

and also if their risk classification changes following training.  

 

1.7.2 SIGNIFICANCE OF THIS RESEARCH 

Anterior cruciate ligament injuries are traumatic and debilitating to the athlete, their team, their 

long term health related quality of life and the health care system as a whole. One of the 

prevention strategies for non-contact ACL injuries is targeted training to improve an athlete’s 

technique to reduce externally applied moments to the knee and improve desirable muscle 

activation strategies. This thesis addressed the efficacy of injury prevention training via two 

approaches; 1) biomechanically informed and focussed training during a short term intensive 

training phase and following long term implementation (25 weeks and two years) and, 2) 

screening for “high-risk” athletes so training can be applied to athletes at risk, and to target 

individual deficiencies. This research provides a template for an injury prevention training 

paradigm that focusses on four biomechanically informed goals; 1) increase knee flexion angle 

at foot strike, 2) improve the dynamic control the trunk and upper body, 3) strengthen the hip 

external rotators to prevent athletes from attaining “dynamic knee valgus” postures and, 4) 

increase strength of the gastrocnemius muscle group. In combination with a 2D video based 

screening tool, this approach enables researchers and coaches to tailor programs to suit their 

environment, sport and age group.  



 

137 
 

6.3 REFERENCES 

1. Gianotti SM, Marshall SW, Hume PA, et al. Incidence of anterior cruciate ligament injury and 

other knee ligament injuries: A national population-based study. Journal of Science and 

Medicine in Sport 2009;12(6):622-27. 

2. Janssen KW, Orchard JW, Driscoll TR, et al. High incidence and costs for anterior cruciate 

ligament reconstructions performed in Australia from 2003-2004 to 2007-2008: time for an 

anterior cruciate ligament register by Scandinavian model? Scandinavian Journal of Medicine & 

Science in Sports 2012;22(4):495-501. 

3. Krosshaug T, Nakamae A, Boden BP, et al. Mechanisms of anterior cruciate ligament injury in 

basketball - Video analysis of 39 cases. American Journal of Sports Medicine 2007;35(3):359-67. 

4. Cimino F, Volk BS, Setter D. Anterior Cruciate Ligament Injury: Diagnosis, Management, and 

Prevention. American Family Physician 2010;82(8):917-22. 

5. Risberg MA, Lewek M, Snyder-Mackler L. A systematic review of evidence for anterior cruciate 

ligament rehabilitation: how much and what type? Physical Therapy in Sport 2004;5(3):125-45. 

6. McLelland. P. Saving Gold Medal Knees. Medical Forum Magazine. Australia: HealthBooks, 

2014:3. 

7. Twomey D, Finch C, Roediger E, et al. Preventing lower limb injuries: Is the latest evidence 

being translated into the football field? Journal of Science and Medicine in Sport 2009;12(4):452-

56. 

8. Donnelly CJ, Elliott BC, Doyle TLA, et al. Changes in knee joint biomechanics following balance 

and technique training and a season of Australian football. British Journal of Sports Medicine 

2012;46(13):917-22. 

9. Donnelly CJ, Elliott BC, Ackland TR, et al. An Anterior Cruciate Ligament Injury Prevention 

Framework: Incorporating the Recent Evidence. Research in Sports Medicine 2012;20(3-4):239-

62. 

10. Myer GD, Ford KR, Brent JL, et al. Differential neuromuscular training effects onACL injury 

risk factors in "high-risk" versus "low-risk" athletes. Bmc Musculoskeletal Disorders 2007;8. 



 

138 
 

11. Houck JR, Duncan A, Kenneth E. Comparison of frontal plane trunk kinematics and hip and 

knee moments during anticipated and unanticipated walking and side step cutting tasks. Gait & 

posture 2006;24(3):314-22. 

12. Patla AE, Adkin A, Ballard T. Online steering: coordination and control of body center of mass, 

head and body reorientation. Experimental brain research 1999;129(4):629-34. 

13. Chimera NJ, Swanik KA, Swanik CB, et al. Effects of plyometric training on muscle-activation 

strategies and performance in female athletes. Journal of Athletic Training 2004;39(1):24-31. 

14. Kotzamanidis C. Effect of plyometric training on running performance and vertical jumping 

in prepubertal boys. The Journal of Strength & Conditioning Research 2006;20(2):441-45. 

15. Blazevich AJ, Jenkins DG. Effect of the movement speed of resistance training exercises on 

sprint and strength performance in concurrently training elite junior sprinters. Journal of Sports 

Sciences 2002;20(12):981-90. 

16. Delecluse C, Van Coppenolle H, Willems E, et al. Influence of high-resistance and high-

velocity training on sprint performance. Medicine and Science in Sports and Exercise 

1995;27(8):1203-09. 

17. Cressey EM, West CA, Tiberio DP, et al. The effects of ten weeks of lower-body unstable 

surface training on markers of athletic performance. The Journal of Strength & Conditioning 

Research 2007;21(2):561-67. 

18. Sale DG. Neural adaptation to resistance training. Medicine and science in sports and 

exercise 1988;20(5 Suppl):S135-45. 

19. Spurrs RW, Murphy AJ, Watsford ML. The effect of plyometric training on distance running 

performance. European journal of applied physiology 2003;89(1):1-7. 

20. Bourne MN, Williams MD, Opar DA, et al. Impact of exercise selection on hamstring muscle 

activation. British Journal of Sports Medicine 2016:bjsports-2015-095739. 



 

139 
 

21. McLean SG, Walker K, Ford KR, et al. Evaluation of a two dimensional analysis method as a 

screening and evaluation tool for anterior cruciate ligament injury. British Journal of Sports 

Medicine 2005;39(6):355-62. 

22. Myer GD, Ford KR, Khoury J, et al. Three-dimensional motion analysis validation of a clinic-

based nomogram designed to identify high ACL injury risk in female athletes. The Physician and 

sportsmedicine 2011;39(1):19-28. 

23. Renstrom P, Ljungqvist A, Arendt E, et al. Non-contact ACL injuries in female athletes: an 

International Olympic Committee current concepts statement. British Journal of Sports 

Medicine 2008;42(6):394-412. 

24. Caraffa A, Cerulli G, Projetti M, et al. Prevention of anterior cruciate ligament injuries in 

soccer. A prospective controlled study of proprioceptive training. Knee surgery, sports 

traumatology, arthroscopy : official journal of the ESSKA 1996;4(1):19-21. 

25. Hewett TE, Lindenfeld TN, Riccobene JV, et al. The effect of neuromuscular training on the 

incidence of knee injury in female athletes - A prospective study. American Journal of Sports 

Medicine 1999;27(6):699-706. 

26. Mandelbaum BR, Silvers HJ, Watanabe DS, et al. Effectiveness of a neuromuscular and 

proprioceptive training program in preventing anterior cruciate ligament injuries in female 

athletes - 2-year follow-up. American Journal of Sports Medicine 2005;33(7):1003-10. 

27. Sagittal plane knee kinematics predict non-sagittal knee joint moments in unplanned 

sidestepping. International Society of Biomechanics Congress; 2015; Glasgow, Scptland. 

28. Donnelly CJ, Lloyd DG, Elliott BC, et al. Optimizing whole-body kinematics to minimize valgus 

knee loading during sidestepping: implications for ACL injury risk. J Biomech 2012;45(8):1491-7. 

29. Zazulak BT, Hewett TE, Reeves NP, et al. Deficits in neuromuscular control of the trunk 

predict knee injury risk - A prospective biomechanical-epidemiologic study. American Journal of 

Sports Medicine 2007;35(7):1123-30. 



 

140 
 

30. Kristianslund E, Krosshaug T. Comparison of Drop Jumps and Sport-Specific Sidestep Cutting 

Implications for Anterior Cruciate Ligament Injury Risk Screening. American Journal of Sports 

Medicine 2013;41(3):684-88. 



 

141 
 

 

APPENDICES 

APPENDIX A - UNIVERSITY OF WESTERN AUSTRALIA HUMAN ETHICS APPROVAL 

APPENDIX A 1 – ETHICS APPROVAL STUDY ONE AND TWO 

 

 

 



 

142 
 

 

APPENDIX A 2 – ETHICS APPROVAL STUDY THREE 

 

 



 

143 
 

APPENDIX B – PARTICIPANT FORMS  

APPENDIX B 1 – STUDY ONE AND TWO PARTICIPANT INFORMATION SHEET  

 

 

 

 



 

144 
 

 

 

 



 

145 
 

 

 

 



 

146 
 

APPENDIX B 2 – STUDY ONE AND TWO PARTICIPANT CONSENT FORM  

 

 

 



 

147 
 

 

APPENDIX B 3 – STUDY ONE AND TWO PARTICIPANT PHOTOGRAPHIC CONSENT FORM  

 

 

 

 



 

148 
 

APPENDIX B 4 – STUDY THREE PARTICIPANT INFORMATION SHEET  

 

 

 



 

149 
 

APPENDIX B 5 – STUDY THREE PARTICIPANT CONSENT FORM  

 

 

 

 

 



 

150 
 

APPENDIX B 6 – STUDY THREE PARTICIPANT GUARDIAN CONSENT FORM  

 



 

151 
 

APPENDIX C – PUBLICATIONS AND CONFERENCE PROCEEDINGS  

APPENDIX C 1– PUBLICATION 

 



 

152 
 

 

 

 



 

153 
 

 

 

 



 

154 
 

 

 

 



 

155 
 

 

 

 



 

156 
 

 



 

157 
 

APPENDIX C 2– STUDY ONE ACCEPTED CONFERENCE ABSTRACT 

Weir, G., Jackson, B., Alderson, J., Elliott, B., and Donnelly, C.J. Injury prevention and athletic performance 

are not mutually exclusive: An anterior cruciate ligament injury prevention training program. In 

proceedings of the annual Sport Medicine Australia conference, Sanctuary Cove, Queensland. October 

21-24, 2015. 

Injury prevention and athletic performance are not mutually exclusive: An 

anterior cruciate ligament injury prevention training program  

 

Background: Significant research has been dedicated to injury prevention training programs with limited success in 
reducing ACL injury rates. A contributing factor to unsuccessful injury prevention programs are low athlete attendance, 
compliance and/or engagement. Though lower limb injury rates are high among elite level athletes, injury prevention 
programs are generally considered to be low priority as coaches have a misguided perception that there is an inverse 
relationship between prophylactic training and athletic performance. Recent literature has identified the dynamic 
strength and control of the hip and trunk during dynamic sporting tasks is of paramount importance for reducing an 
athlete’s peak knee loading and injury risk in sport. The purpose of this study was to show that a biomechanically-
informed ACL injury prevention training protocol is effective in reducing ACL injury rates, while simultaneously having 
no negative effect on athletic performance.  
Methods: The Australian national women’s hockey team participated in 25-weeks of biomechanically-informed injury 

prevention training (Weeks 1-9 Intensive Training: 4x20 minute sessions, Weeks 9-25 Maintenance Training: 3x10 

minute sessions) implemented adjunct to their 2012-2013 regular season training schedule.  Irrespective of the training 

genre (plyometric, balance and resistance), the overriding goal (www.youtube.com/bodyfitworkouts) was to improve 

the control of the trunk and hip during dynamic sporting tasks. Lower limb injury data during from the 2011-2012 (pre-

intervention) and 2012-2013 (training intervention period) were collected.  Prior to and following the intensive training 

phase (weeks 1-9), each participant’s athletic performance (i.e., speed/agility, aerobic power, strength) were recorded 

as well as coach rated attendance, compliance and athlete engagement. 

Results: Pre-intervention there were 0.53 knee injuries per player, and 0.07 non-contact ACL injuries per player.   

During the training intervention season, there were 0.77 knee injuries per player, and 0.00 non-contact ACL injuries 

per player. There were no changes in one-repetition maximum (1RM) bench press, bench pull and back squat scores 

following the training intervention. There was significant improvements in 10m sprint times (↓1.7%, p=0.023) and 

aerobic power beep test scores (↑2.2%, p=0.022). Attendance and compliance were 81.1±25.0% and 88.2±19.7% 

respectively, with attendance only missed due to injury. Athlete engagement was high with 89.2±11.5% commitment, 

89.9±11.2% motivation and 91.9±9.9% perseverance. 

Discussion: Biomechanically-informed injury prevention training is successful in reducing non-contact ACL injury 

rates, while also improving and/or maintaining athletic performance. These results provide valuable information to 

coaches and medical staff interested in implementing effective injury prevention training protocols in time-poor 

competitive season schedules without sacrificing athletic performance.    
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APPENDIX C 5 – STUDY TWO ACCEPTED CONFERENCE ABSTRACT 

Staynor, J.M.D., Nicholas, J.C., Weir, G., Alderson, J., and Donnelly, C.J. The effect of biomechanically 

focused injury prevention training on reducing anterior cruciate ligament injury risk among female 

community level athletes. In proceedings of the 33rd International Conference on Biomechanics in Sports, 

Poitiers, France, June 29 – July 3, 2015.  

THE EFFECT OF BIOMECHANICALLY FOCUSED INJURY PREVENTION TRAINING ON 
REDUCING ANTERIOR CRUCIATE LIGAMENT INJURY RISK AMONG FEMALE 

COMMUNITY LEVEL ATHLETES 
 

Jonathan Staynor, Joanna Nicholas, Gillian Weir, Jacqueline Alderson, Cyril Donnelly  
University of Western Australia, Perth, Western Australia 

 
This study investigated changes in biomechanical risk factors following a 9-week body-
weight based training intervention focused on the dynamic control of the hip/trunk. Peak 
knee moments and lower limb muscle activation of female community level athletes (n=18), 
split into intervention (n=8) and comparison (n=10) groups, were measured during 
unplanned sidestepping pre/post training. Following the 9-week intervention, total muscle 
activation of the muscles crossing the knee decreased, which was accompanied by 
elevated peak knee valgus and internal rotation moments among the comparison group. 
Increases in peak knee valgus and internal rotation moments were not observed among 
the training intervention group. In the context of ACL injury risk, these findings suggest that 
participation in biomechanically focused training may mitigate the potentially deleterious 
effects of regular community level sport participation. 

 
KEYWORDS: Knee, intervention, sidestepping, injury prevention 

INTRODUCTION: A review of anterior cruciate ligament (ACL) injury training literature 
has revealed that most published studies were not successful in decreasing non-contact 
ACL injury rates (Donnelly et al., 2012). Reinforcing the view that there is a need to 
develop more focused and biomechanically verified prevention training programmes if 
we are to effectively reduce an athlete’s risk of ACL injury in sport (Hewett et al., 1999). 
Previous biomechanical research has shown that hip and trunk dynamics during 
sidestepping and landing tasks are related to an athlete’s risk of sustaining an ACL injury 
(Donnelly et al., 2012a). This has provided a rationale to shift the focus of ACL injury 
prevention training from the knee towards the hip and trunk (Donnelly, 2014). Weir and 
colleagues (2014) recently trialed a novel biomechanically focused injury prevention 
training protocol with the primary goal of improving the strength of trunk and lower body 
musculature. A combination of plyometric, resistance and balance training exercises 
were used in the intervention whilst emphasising correct task specific technique. The 
intervention was successful in reducing peak knee valgus moments (∆-29%, p = 0.013) 
and ACL injury risk among ‘high risk’ athletes during unplanned sidestepping (UnSS), 
and the entire training group displayed positive neuromuscular adaptations including 
increased gluteal total muscle activation (∆+10%, p = 0.006). While this research 
established the efficacy of a biomechanically focused injury prevention programme 
among elite level athletes within an ideal (Donnelly et al., 2012) training environment and 
with 100% athlete compliance, there is a need for future research to verify its efficacy 
among community level athlete’s where the highest rates of ACL injury are observed 
(Gianotti et al., 2009).   

The purpose of this study was to determine if biomechanically focused (Weir et al., 2014) 
ACL injury prevention training was effective in increasing lower limb muscle activation 
and reducing peak knee moments and the associated risk of ACL injury during the weight 
acceptance (WA) phase of UnSS among female community level athletes.  
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METHODS: Eighteen female community level athletes participated in a nine-week controlled 
clinical trial training intervention during a season of play.  Community sports included those 
involving dynamic tasks such as sidestepping, single leg landing and pivoting such as field 
hockey, netball, basketball and soccer. Eight athletes (21.1±5.7 yrs, 1.70±0.06 m, 67.5±3.6 kg) 
were selected to participate in a biomechanically focused training intervention (Weir et al., 2014) 
adjunct to their normal in-season training (training group) and 10 athletes (19.9±3.2 yrs, 1.69±0.07 
m, 63.4±10.2 kg) completed their normal in-season training (comparison group).  Prior to (pre-
test) and following the training intervention (post-test), all eighteen athletes completed 
biomechanical testing. Pre-testing was conducted during pre-season training, one to four weeks 
before the first competitive game. Post-testing was conducted six to eight weeks after the first 
competitive game. During testing a 3D motion analysis system was used to record each athlete 
completing a previously published sidestepping protocol (Besier et al., 2001; Donnelly et al., 
2012), consisting of a series of planned and unplanned straight line running and change of 
direction tasks. Upper and lower body kinematics were collected using a 12 camera Vicon® MX 
(Oxford Metrics, Oxford, UK) system operating at 250 Hz, which was synchronized with an AMTI 
force plate, recording at 2,000 Hz (Advanced Mechanical Technology Inc., Watertown, MA).  The 
activation of nine muscles was recorded with a telemetry surface electromyography (sEMG) 
system at 1,500 Hz (TeleMyo 2400 G2, Noraxon, Scottsdale, Arizona). Pairs of electrodes were 
placed over the muscle bellies of the gluteus maximus, gluteus medius, rectus femoris, vastus 
lateralis, vastus medialis, bicep femoris, semimembranosus, lateral gastrocnemius and medial 
gastrocnemius (Delagi et al., 1982).  Due to telemetry problems during data collection, pre to post 
sEMG data was obtained from six participants in the intervention group and nine from the 
comparison group.    
Reliable lower limb kinematic and kinetic models were used to calculate knee joint kinematics 
and kinetics via inverse dynamics procedures during UnSS in BodyBuilder® software using the 
Nexus® software pipeline (Vicon®, Oxford Metrics, Oxford, UK) (Besier et al., 2003; Donnelly et 
al, 2012). Following the SENIAM sEMG processing recommendations (Stegeman et al., 1999), 
DC offsets were removed, then band-pass filtered between 30 and 500 Hz with a zero-lag, 4th 
order Butterworth digital filter, full-wave rectified, then linearly enveloped using a low pass with a 
zero-lag, 4th order Butterworth at 6 Hz. Muscle activation was normalised to the maximal activation 
observed for each muscle during either dynamometry, functional and sidestepping trials and 
expressed as 0 – 100% maximal voluntary contraction.  
Knee kinetic and muscle activation data were analysed during the WA phase of UnSS as defined 
by Dempsey et al., (2007). Kinetic variables included peak knee valgus, internal rotation and 
extension moments normalised to height and bodyweight (Ht*BW). As per Donnelly et al., 
(2014a), mean total muscle activation (TMA) of the gluteal, quadriceps, hamstrings and 
gastrocnemius groups were calculated, as well as for all muscles crossing the knee.  Directed co-
contraction ratios (DCCR) were calculated between muscle groups crossing the knee with 
flexion/extension (F/E) moment arms and medial/lateral (M/L) moment arms (Donnelly et al., 
2014a). Semimembranosus/bicep femoris muscles (SM/BF) DCCR were also calculated. 
A one-tailed repeated measures mixed-model ANOVA was performed to identify any significant 

( = 0.05) main effects and/or interactions of each dependent variable between training 
intervention and comparison groups, pre to post biomechanical testing. Protected t-tests were 

performed as post hoc analyses ( < 0.05). Cohen’s d tests were performed to determine effect 
sizes (d ≥ 0.60: moderate/large effect size).  
 
RESULTS and DISCUSSION: Surprisingly, though aligning with previous literature, both groups 
reported increases in UnSS peak knee moments following a playing season (Cochrane et al., 
2010; Donnelly et al., 2012) (Table 1). Interestingly, the training group showed significant 
increases in peak knee extension moments (∆+13%, p = 0.041), with negligible changes in frontal 
and transverse plane knee moments. For the comparison group, moderate increases in both peak 
knee valgus (∆+27%, d = -0.36) and internal rotation moments (∆+38%, d = -0.56) were observed, 
with negligible increases in sagittal plane knee moments. With it known that sagittal plane 
moments alone are unlikely to rupture the ACL (McLean et al., 2004), our training results suggest 
that adjunct biomechanically focused training maintained an athlete’s relative risk of ACL injury 
pre to post testing, a finding not observed among athletes in the comparison group.  
Pre to post biomechanical testing, both the training (∆-15%, d = 0.45) and comparison groups (∆-
10%, d = 0.47) reported decreases in TMA of all muscles crossing the knee. These observed 
reductions were primarily due to reductions in gastrocnemius TMA, which was -52% (d = 0.74) in 
the training group and -10% (d = 0.29) in the comparison group, as well as reductions in hamstring 
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TMA, which was -18% (d = 0.44) and -22% (d = 0.55) respectively. In the context of ACL injury 
risk in sport, these observed changes would be considered negative neuromuscular adaptations 
(Donnelly et al., 2014a; Morgan et al., 2014). When these changes in muscle activation and knee 
loading are considered together, it is apparent that participants in this study were at increased 
risk of ACL injury following a season of play, with the comparison group observing a greater 
change in injury risk.  
Following the intervention, the SM/BF DCCR of the biomechanically focused training group were 
laterally redirected (BF) (d = 0.67), a result not observed in the comparison group. It has been 
reported previously that when the knee is flexed, as observed during the WA of UnSS, both the 
SM and BF have large moment arms capable of generating internal/external rotation moments 
about the knee (Buford et al., 2001). These observed changes in DCCR between the SM/BF may 
be an effective neuromuscular adaption to help support the knee against internal rotation 
moments and risk of ACL injury. These results may also, in part, explain why increases in peak 
internal rotation knee moments were not observed for the biomechanically focused training group.  
Following the intervention, both the biomechanically focused training group’s (d = 0.74) and 
comparison group’s (p = 0.001) M/L DCCR were redirected laterally, which is thought to be an 
ineffective neuromuscular strategy to support against valgus knee moments (Donnelly et al., 
2014a); the loading patterns known to elevate ACL injury risk. Though not an ideal neuromuscular 
adaptation, it may be inappropriate to make definitive injury risk statements based on these 
muscle activation changes as not all the muscles with medial (i.e. gracilis) and lateral (i.e. tensor 
fasciae latae) moments arms crossing the knee were included in the M/L DCCR estimates. Future 
research is therefore recommended to verify these neuromuscular adaptations and associated 
injury risk statements.   
 
Table 1. Mean (standard deviation) normalized kinetics (Ht*BW) and electromyography (DCCR 
and TMA) during the WA phase of UnSS. 
 
  Comparison Group (n = 10) Training Group (n = 8) 

 Variable Pre-test Post-test Pre-test Post-test 

 
Kinetics 

 
Peak Knee Extension Moment 
Peak Knee Valgus Moment  
Peak Knee Internal Rotation 
Moment 

 
2.13 ± 0.37d 
0.36 ± 0.25 
0.08 ± 0.05 

 

 
2.10 ± 0.33 
0.46 ± 0.46 
0.11 ± 0.04 

 

 
1.86 ± 0.32 

0.49 ± 0.26 
0.10 ± 0.05 

 

 
2.10 ± 0.30a 

0.45 ± 0.23 
0.10 ± 0.05 

 

 
DCCR 

 
F/E 
M/L 
SM/BF 

 
-0.13 ± 0.33d 
0.05 ± 0.14 
0.07 ± 0.36 

 
-0.22 ± 0.29 
-0.15 ± 0.09a 

-0.05 ± 0.32 

 
0.15 ± 0.33 
0.01 ± 0.14 
-0.08 ± 0.33 

 
-0.09 ± 0.23b 

-0.11 ± 0.19b 

-0.30 ± 0.31b 

 
TMA 

 
Gluteal 
Quadriceps 
Hamstrings 
Gastrocnemius 
Knee 
 

 
0.68 ± 0.17d 
0.89 ± 0.26 
0.47 ± 0.24 
0.50 ± 0.16d 
1.86 ± 0.31 

 
0.64 ± 0.17 
0.85 ± 0.31 
0.37 ± 0.12 

0.46 ± 0.16d 
1.68 ± 0.46 

 
0.81 ± 0.22 
0.79 ± 0.13 
0.64 ± 0.33 
0.7 ± 0.39 
2.13 ± 0.80 

 
0.75 ± 0.38 
0.82 ± 0.26 
0.53 ± 0.18 

0.46 ± 0.24b 

1.81 ± 0.62 

All kinetic data are presented in scientific notation x10-1 
a Indicates a significant difference pre-test to post-test (p < 0.05)  
b Indicates a greater than moderate effect size pre-test to post-test (d ≥ 0.60)  
c Indicates a significant difference between training and comparison groups (p < 0.05)  
d Indicates a greater than moderate effect size between training and comparison groups (d ≥ 0.60) 

 
CONCLUSION: Increases in peak knee valgus and internal rotation moments, alongside 
decreases in knee TMA may leave those participating in a typical sporting season at elevated risk 
of ACL injury. However, participating in a biomechanically focused ACL training intervention that 
maintains peak knee valgus and internal rotation moments, and improves BF/ML DCCR may 
mitigate potential deleterious effects of regular community level sport participation. 
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CHANGES IN MUSCLE ACTIVATION FOLLOWING HIP AND TRUNK 

NEUROMUSCULAR TRAINING IN ELITE FEMALE HOCKEY PLAYERS: 

IMPLICATIONS FOR ACL INJURY RISK 

 
Gillian Weir, Dawn Cantwell, Jacqueline Alderson, Bruce Elliott and Cyril Donnelly 

University of Western Australia 

 

Anterior cruciate ligament (ACL) injury risk and the biomechanical risk factors that contribute to 

ACL strain are influenced among others by the hip and knee kinematic strategies an athlete 

adopts during dynamic change of direction sporting tasks. Hip and trunk neuromuscular training 

can be used to improve the dynamic control of the trunk/hip as well as support the knee from 

external loading, subsequently reducing ACL injury risk during sporting tasks. This study 

investigated the effects of a body weight based hip and trunk focused training intervention on the 

functioning of specific muscles crossing the hip and knee joints during unplanned side-stepping 

tasks. Thirteen national level female hockey players took part in an eight week multifactorial, body 

weight based hip and trunk focused training intervention. Pre to post training, changes in muscle 

activation were assessed using a repeated measures ANOVA (α = 0.05). Following the training 

intervention, gluteal muscle activation (grouped maximus and medius) improved during the weight 

acceptance phase of unplanned side-stepping tasks (p=0.006). As the gluteal muscle group 

functions to externally rotate the hip, this neuromuscular adaptation has the potential to prevent 

an athlete from attaining ‘dynamic knee valgus postures’, which have been shown to be 

associated with ACL injury rates. Following training there was also an increase in medial directed 

hamstrings activation during both the pre-contact (p=0.024) and weight acceptance (p=0.012). 

This is an effective neuromuscular strategy to support the knee against valgus knee moments; a 

surrogate measure of ACL injury risk. A moderate effect size (d = 0.56) was present for an 

increase in hip extension moment, with no change observed in the overall support moment. This, 

in combination with the increased gluteal activation suggests that following hip and trunk focused 

body-weight based training, athletes better utilize their hip musculature to generate their support 

moment, which may result in improvements in the biomechanical risk factors associated with ACL 

injury. 

 

  

 
 

 

 

 

Cohens d = 0.56 
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HIP AND TRUNK NEUROMUSCULAR TRAINING TO REDUCE RISK OF 

ACL INJURY IN SPORT: RESPONDERS AND NON-RESPONDERS IN ELITE 

FEMALE TEAM SPORT ATHLETES  

Weir, G.J., Cantwell, D., Alderson, J.A., Elliott, B.C., Donnelly, C.J. 

University of Western Australia  

Introduction 

The aim of this study was to determine if body-weight based (BWB) neuromuscular 

training targeting the hip and trunk is effective in altering the activation of the muscles 

crossing the hip and knee, reducing peak knee joint loading and anterior cruciate 

ligament (ACL) injury risk among elite female field hockey players. A secondary 

objective was to determine if all athletes within this cohort responded in a similar 

manner to training, or when clustered into sub-groups based on response to training (i.e. 

reductions in peak knee loading) displayed unique biomechanical and/or neuromuscular 

adaptations that could explain these differences. 

Methods 

Sixteen elite female hockey players participated in eight weeks of BWB neuromuscular 

training, targeting the hip and trunk. Hip, knee and ankle moments, support moment and 

the activation of nine lower limb muscles were calculated during weight acceptance of 

unplanned sidestepping prior to, and following training. Athletes were then classified as 

‘responders’ (n=4) and ‘non-responders’ (n=12).Total muscle activation (TMA) of all 

lower limb muscles and individual muscle groups (gluteal, quadriceps, hamstrings and 

gastrocnemii) were calculated. A split-plot ANOVA was used to assess changes in 

lower limb kinetics (&#945;=0.05) and Cohen’s d for muscle activation changes 

following training. 

Results 

As a group (n=16), no differences in lower limb kinetics were observed.  Responders 

displayed reductions in peak knee valgus (-28%; p=0.003) and extension (-10%; 

p=0.005) moments following training, and interestingly displayed higher peak knee 

valgus moments relative to non-responders prior to training. No change in support 

moment existed pre to post training for both groups, however an increase in peak hip 

extension moments (+18%; p=0.046) were observed in responders. A large effect was 

observed for increased TMA-gluteal for responders (+29%; d=1.4). 

Discussion 
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Following hip and trunk focused BWB neuromuscular training, responder athletes better 

utilized their hip musculature to generate their support moment. This is thought to be 

related to the reduced peak extension and valgus moments observed at the knee, 

therefore effectively reducing ACL injury risk (Donnelly et al., 2012; Markolf et al., 

1995). The analysis of responding athletes is important for improvement of the 

effectiveness of injury prevention protocols (Myer et al., 2007).   
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CHANGES IN SUPPORT MOMENT AND MUSCLE ACTIVATION FOLLOWING HIP 

AND TRUNK NEUROMUSCULAR TRAINING: THE HIP AND ACL INJURY RISK 

 

Gillian Weir, Dawn Cantwell, Jacqueline Alderson, Bruce Elliott and Cyril J Donnelly 

University of Western Australia 

 

This study investigated lower limb muscular activation strategies following an 8-week 

body-weight based training intervention focused on the dynamic control of the 

hip/trunk. Muscle activation, support moment and frontal plane knee moments of 

elite female hockey players (n=13) were measured during unplanned sidestepping 

pre/post training. Post-training, gluteal muscle activation increased (+10%;p=0.006). 

There was no change in support moment or frontal plane knee moments however, 

the contribution of hip extension to total support moment increased (+10%;d=0.56) 

following training. Hip/trunk neuromuscular training is effective in improving hip 

neuromuscular activation, allowing athletes to more effectively utilise their hip to 

generate their support moment, which may prevent dangerous ‘dynamic valgus’ 

knee postures during sidestepping sporting tasks.  

 

KEYWORDS: GLUTEAL, UNPLANNED SIDESTEPPING, INTERVENTION. 

 

INTRODUCTION: Anterior cruciate ligament (ACL) injuries are arguably the most debilitating 

knee injury an athlete can sustain in sport. Females are placed at 4-5 times higher risk of 

sustaining an ACL injury in sport relative to their male counterparts (Myer, Ford, Heidt, Colosimo, 

McLean & Succop, 2005). Over half of these injuries occur during non-contact sidestepping tasks, 

meaning that these injuries can be prevented (Cochrane, Lloyd, Besier, Elliott, Doyle & Ackland, 

2010). In-vivo (Besier, Lloyd, Cochrane, & Ackland, 2001; Markolf,  Burchfield, Shapiro, Shepard, 

Finerman, & Slauterbeck, 1995) and in-silico (Donnelly, Lloyd, Elliott, & Reinbolt, 2012b; McLean, 

Huang, & van den Bogert, 2008) research show that the ACL is at greatest risk of injury during 

the weight acceptance (WA) phase of stance, when the knee is in an extended posture, and 

valgus and internal rotation moments, combined with anterior drawer are applied to the knee. 

There are two biomechanical approaches that can be utilised to reduce an athlete’s risk of ACL 

injury in sport. The first is to modify an athlete’s technique in an effort to reduce the external forces 

applied to the knee during the task (Chaudhari, Hearn, & Andriacchi, 2005; Dempsey, Lloyd, 

Elliott, Steele, & Munro, 2009; Donnelly et al., 2012b). The second is to improve the coordinated 

co-activation and force generation of muscles about the knee and hip to support the knee when 

loading is elevated (Besier, Lloyd, Ackland, & Cochrane, 2001; Lloyd, Buchanan, & Besier, 2005).  

Improved neuromuscular control of joints proximal to the knee like the hip have been suggested 

as an effective neuromuscular strategy to reduce ACL injury risk as these muscles can function 

to prevent the hip from moving into a ‘dynamic valgus knee posture’ which has been associated 

with ACL injury rates in female athletes (Besier, Lloyd, & Ackland, 2003; McLean, Huang, & van 

den Bogert, 2005; McLean, Huang, & van den Bogert, 2008). Simulation research has shown an 

athlete’s technique, more specifically their upper body motor control can influence the 

aforementioned knee joint loading patterns during sidestepping (Donnelly et al., 2012b). From 

this, there is rationale to elevate the activation and/or strength of the trunk/hip musculature, in 
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particular the gluteal muscle group (external hip rotators), when attempting to reduce an athlete’s 

risk of ACL injury in sport. The purpose of this study was to implement an 8-week body-weight 

based multifactorial training intervention focused on improving the dynamic strength and control 

of the trunk and hip musculature so to: 1) assess neuromuscular changes following training and 

2) determine the effect of these neuromuscular strategies on biomechanical risk factors 

associated with ACL injury. 

 

METHODS: The Australian national women’s hockey team participated in an 8-week body-weight 

based training intervention focused on improving the dynamic control of the trunk and hip during 

dynamic sporting tasks. This multifactorial intervention encompassed plyometric, balance and 

strength body-weight based exercises (www.youtube.com/bodyfitworkouts) and was 

implemented alongside their regular in-season training schedule. Thirteen athletes (22.2±2.9yrs, 

1.67±0.1m, 66.3±6.7kg) participated in biomechanical testing prior to, and following the 

intervention. During biomechanical testing, athletes were asked to perform a series of planned 

and unplanned straight line and change of direction running tasks (Figure 1) (Besier et al., 2001; 

Dempsey et al., 2009; Donnelly, Elliott, Doyle, Finch, Dempsey, Lloyd, 2012a).  

 
Figure 1. Transverse and frontal view of the sidestep sport manoeuvres conducted during 

biomechanical testing. Mid pelvis position (x, y) coordinates 50 frames prior to heel 

contact (A), at heel contact (B) (A-B defines the pre-contact phase), contralateral leg heel 

contact (C) and ipsilateral leg mid swing (D) were used to define vectors AB and CD. The 

cosine of the dot product between vectors AB and CD represents a participants CoD angle 

during sidestepping. Adapted from (Donnelly et al., 2012a). 

 

Hip (sagittal plane), knee (sagittal and frontal plane) and ankle (sagittal plane) moments, stance 

limb support moment and the activation of nine muscles of the lower limb were calculated during 

the weight acceptance (WA) phase of unplanned sidestepping (UnSS) prior to, and following 

training. Muscle activation was measured with surface electromyography (sEMG) using a 1500Hz 

Noraxon Telemetry system (TeleMyo 2400 G2, Noraxon, Scottsdale, Arizona). 3D marker 

trajectories were collected using a 12 camera Vicon MX system (Oxford Metrics, Oxford, UK) at 

250Hz. This was synchronized with a 1.2m x 1.2m force plate (AMTI, Watertown, MA) recording 

at 2,000Hz. Customised software in MatLab (Matlab 7.8, The Math Works, inc., Natick, 

Massachusetts, USA) was used to process sEMG data, as per Donnelly et al (2011). Maximum 

functional excitation of each muscle (n=9) recorded during any of the dynamic trials was used to 

normalize each muscle’s sEMG signal to 100% activation. Total muscle activation (TMA) of all 

lower limb muscles and individual muscle groups (gluteal, quadriceps, hamstrings and 

gastrocnemii) were calculated. Pre to post training, changes in muscle activation, support moment 

and frontal plane knee moments during the pre-contact (PC) and weight acceptance (WA) phases 

of stance of unplanned sidestepping were assessed using effect sizes (Cohen’s d) and a repeated 

measures ANOVA in in SPSS 17.0.1 (SPSS Inc, IBM Headquaters, Chicago, Illinois) (α = 0.05). 

 

RESULTS AND DISCUSSION: Following training there was no significant changes in TMA during 

PC and WA of unplanned side-stepping tasks. However, TMA of the gluteal (grouped maximus 

and medius) improved by 10% during WA (p=0.006, power=0.864). No statistically significant 
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changes in support moment were observed, however a moderate effect size (d = 0.56) was 

present, showing a 10% increase in hip extension towards the total support moment (Figure 2). 

There were no changes in frontal plane knee moments following training (p=0.73, d<0.01). There 

was no change in frontal plane knee loading following training (p=0.73, d<0.01). This may be due 

to the small sample in this study, however values were lower than that reported in the literature 

(Robinson, Donnelly, Tsao, & Vanrenterghem, 2013). These findings in combination suggest 

athletes better utilize their hip musculature to generate their support moment, which may result in 

improvements in the biomechanical risk factors associated with ACL injury. This can be concluded 

in two parts, firstly; the complex line of action of the ACL requires combined knee loading in all 

three planes to maximize ligament strain, therefore redistributing the support moment to the hip 

musculature may effectively reduce ACL injury risk by decreasing loading at the knee. Secondly, 

as the gluteal muscle group functions to externally rotate the hip, the elevated neuromuscular 

response following training signifies an increase in eccentric control of hip internal rotation, which 

would function to prevent the valgus collapse or ‘buckling’ at the knee, which has been associated 

with elevated frontal plane knee moments, ACL injury risk and ACL injury rates (Besier et al., 

2001; Hewett et al., 2005; McLean et al., 2005). 

 
Figure 2. Support moment and contribution of sagittal plane moments (Nm.kg-1.m-1), and 

gluteal TMA during weight acceptance of unplanned sidestepping, prior to and following 

training.  

 

 

CONCLUSION: Following an 8-week multifactorial body-weight based hip and trunk 

neuromuscular training intervention, increased gluteal total muscle activation and an elevated 

contribution of hip extension moment to the total support moment during the weight acceptance 

phase of unplanned sidestepping was observed. This is a positive neuromuscular strategy that 

may reduce risk of ACL injury via redistribution of forces to the hip, control of the upper body and 

prevention of dynamic knee valgus postures. Supporting previous simulation research (Donnelly 

et al., 2012), training protocols focused on the dynamic control of the trunk and hip are 

recommended to reduce an athlete’s peak knee loading and ACL injury risk in sport.  
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RISK? 
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The lower limb biomechanics of 13 elite female hockey players were compared 
between 1) a generic, and 2) a hockey-specific (i.e., flexed trunk and hockey stick 
present) ACL injury risk movement assessment. Our aim was to determine if an 
athlete’s ACL injury risk classification differed as a function of their movement 
assessment.  An increase in trunk, hip and knee flexion was observed during the 
hockey-specific movement assessment. No significant differences in key ACL injury 
risk factors (i.e., peak three dimensional knee moments) were observed. These 
results show that imposing hockey-specific requirements during a lab based 
movement assessment did not change an athlete’s ACL injury risk classification 
when compared to a generic movement assessment.  

 
KEY WORDS: postural constraints, ACL injury risk, movement assessment  
 

INTRODUCTION: A rupture to the anterior cruciate ligament (ACL) is considered to be 
one of the most debilitating knee injuries an athlete can sustain in sport (Donnelly et al., 
2012a). As motion capture technologies, musculoskeletal models and non-linear 
analyses evolve, we now have the ability to move from static/quasi-static, to dynamic 
sport-specific movement assessments of an athlete’s ACL injury classification in sport.  
In-vivo/in-lab research (Markolf et al., 1995; Besier et al., 2001b) and in-silico research 
(McLean et al., 2004; Donnelly et al., 2012b) have shown that a combination of peak 
extension, valgus, and internal rotation moments at the knee is associated with elevated 
ACL forces and injury risk in sport. Evidence also suggests a causal relationship between 
peak knee joint moments and an athlete’s upper body postures during change of 
direction sporting tasks (Dempsey et al., 2007; Donnelly et al., 2012b).  
 
Chaudhari et al. (2005) directly tested the influence of constraining an athlete’s upper 
extremity movement in an attempt to replicate different sport-specific demands during 
planned sidestepping movements. Constraining the arms elevated peak knee valgus 
moments by 60% when compared with a baseline sidestep with no postural constraints 
(Chaudhari et al., 2005). In landing tasks, Dempsey et al. (2012) also reported a 
relationship between whole body kinematics and knee moments, showing peak knee 
valgus moments increased when the upper-body was perturbed laterally during a single-
leg landing task. These findings have direct implications for field hockey athletes, given 
the upper body constraints brought about through the use of a hockey stick during 
gameplay. The downstream impact of this sport-specific postural constraint on an 
athlete’s injury risk in sport is currently unknown. Field hockey athletes may possibly be 
at greater risk of ACL injury, as the constrained upper body postures could generate a 
higher mechanical demand on their knee joint versus running with an unconstrained 
posture. Despite the distinct postural differences that a field hockey athlete adopts during 
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gameplay, athletes are currently assessed using a well-published and accepted generic 
movement assessment (upright posture) when measuring an athlete’s ACL injury risk in 
sport. This generic movement assessment has previously been used to measure field 
hockey athletes, as well as a wide variety of team sport athletes from an array of sporting 
codes (McLean et al., 2005; Donnelly et al., 2012a; Weir et al., 2014). The purpose of 
this study was to determine if an athlete’s peak three dimensional  
(3D) knee moments and ACL injury risk classification changed when a generic 
movement assessment (GMA) or a revised hockey-specific movement assessment 
(HSMA) is used. We hypothesised that during a lab based HSMA, the flexed trunk 
postures associated with carrying a hockey stick will be accompanied by elevated peak 
valgus, internal rotation and extension knee moments when compared to the GMA 
(upright posture).  

METHODS: Thirteen elite female hockey players (24.0 ± 3.0 yrs; 1.7 ± 0.7 m; 64.0 ± 6.9 
kg) completed the GMA and HSMA in a block counterbalanced design. A random series 
of planned and unplanned change of direction (CoD) running tasks were completed in 
each assessment. The HSMA differed from the well-published GMA with the inclusion of 
a hockey-stick held low to the running surface, encouraging an increased flexed posture 
during each running task (Figure 1). 3D motion capture was used to record each 
sidestepping task, in accordance with previously published movement assessments 
(Besier et al., 2001b; Dempsey et al., 2009; Donnelly, et al., 2012a). Kinematics and 
kinetics were recorded using a 22-camera Vicon MX/T40 system at 250Hz (Oxford 
Metrics, Oxford, UK) and force plate data at 2,000Hz (AMTI, Watertown, MA). 
Established kinetics (normalised to body weight (BW) and height (HT)) and kinematics 
variables associated with ACL injury risk (see Table 1) were analysed during the weight 
acceptance (WA) phase of three unplanned sidestepping tasks (Dempsey et al., 2007). 
A successful unplanned sidestep during testing was categorized as when the approach 
velocities fell between 4.5 m·s–1 and 5.5 m·s–1 and the sidestep CoD angle followed a 
45º line marked on the running surface. Pre-contact velocities and mean change of 
direction (CoD) angles were collected to measure consistency between the GMA and 

HSMA. One-way repeated measures ANOVA (=0.05) and Cohen’s d for effect sizes 
were calculated to determine differences in dependent variables between the GMA and 
HSMA. Peak extension, internal rotation and valgus knee moments were used to 
determine an athlete’s risk of ACL injury (Donnelly et al., 2012a). Paired sampled t-tests 

Kinematics (°) Kinetics (%BW x HT) 

Peak trunk lateral flexion angle  Peak knee valgus moment  

Mean trunk flexion angle  Peak knee internal rotation moment  
Peak hip flexion angle  Peak knee extension moment  
Peak hip abduction angle  Peak hip extension moment  
Peak hip internal rotation angle  Peak ankle plantar flexion moment   
Peak knee flexion angle   
Knee flexion angle at foot-strike  

Table 1: Discrete dependent variables measured during WA 

GMA GMA HSM

A
HSM

A 

Figure 1: Frontal and sagittal views of the GMA and HSMA posture while completing 
a sidestepping running task. 
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on pre-contact velocities and CoD angles were calculated to assess differences in means 
between the HSMA and GMA.  

RESULTS: No differences in approach velocities and CoD angles were observed 
between the HSMA and GMA.  Mean trunk flexion in the HSMA was 15° higher than the 
GMA (F=33.04, p<0.001, d=1.62). This trend continued throughout the lower limb with 
the hip and knee (F=27.84, p<0.001, d=1.07) displaying significantly higher levels of 
peak flexion during WA in the HSMA compared with the GMA condition (see Table 2).  
Consistent with these findings, the HSMA was associated with increased peak hip 
extension moments relative to the GMA (F=10.04, p<0.01, d=0.79). Interestingly, this 
trend was not observed at the knee where no differences in peak extension moments 
were observed between the GMA and HSMA, despite the greater levels of knee flexion 
recorded at the knee for the HSMA. Importantly, in the context of ACL injury risk, there 
were no observed differences in peak valgus or internal rotation knee moments between 
the GMA and HSMA (Table 2). 

Table 2: Mean peak ACL injury risk variables measured during the GMA and HSMA. 
Angles were measured in (°) and moments measured in (%BW x HT). 

*Significant at p<0.05  **Significant at p<0.001 
aLarge effect size d≥0.8   bMedium effect size = 0.5 
cSmall effect size d = 0.2   dMinimal effect size ≤0.2  

DISCUSSION: Contrary to our hypothesis, peak 3D knee joint moments were not 
influenced by the incorporation of a hockey stick during an ACL injury risk clinical 
movement assessment. Relative to the GMA, increases in trunk, hip and knee flexion 
angles during the HSMA were attributed to the imposition of a hockey stick and 
instructions to keep the stick low to the ground during testing. Similar peak knee 
moments during the HSMA may be explained by the adopted flexed posture, which 
effectively lowered the participant’s whole body CoM during the sidestepping movement. 
With a lower CoM, an athlete would likely increase the dynamic control of their whole 
body CoM as described by Winter (1987). Increased dynamic control of the CoM is 
beneficial from a lower limb and more specifically an ACL injury risk perspective, as seen 
in previous studies (Dempsey et al., 2007; Donnelly et al., 2012b). We know 
perturbations of the upper-body caused by postural constraints in the frontal plane, 
increase moments at the knee (Chaudhari et al., 2005; Dempsey et al., 2012). However, 
in the current study, postural constraints only influenced sagittal plane kinematics as no 
significant differences in trunk lateral flexion were observed. Consequently, the flexed 
posture adopted in the HSMA did not appear to influence the non-sagittal joint moments 
at the knee, suggesting their ACL injury risk did not differ between the GMA and HSMA.  

ACL Injury Risk Variables 

Generic Hockey-Specific Effect 
Size 

Observed 
Power Mean (SD) Mean (SD) 

Trunk       

Mean Trunk Flexion Angle 20.7 (6.60) 35.7 (11.9)** 1.62a 0.99 

Lateral Flexion Angle 19.0 (6.20) 18.5 (6.00) 0.08d 0.07 
Hip       

Flexion Angle  57.9 (7.30) 62.4 (8.20)** 0.59b 1.00 

       Abduction Angle 16.9 (7.70) 19.8 (6.50) 0.4c 0.50 

Internal Rotation Angle 0.6 (7.50) 0.4 (7.30) 0.03d 0.05 
Extension Moment 0.155 (0.030) 0.183 (0.040)* 0.79b 0.83 

Knee       

Flexion Angle 52.4 (3.50) 56.0 (3.30)** 1.07a 1.00 

Flexion at Foot-Strike Angle 18.9 (5.90) 21.2 (4.60) 0.44c 0.27 

Extension Moment 0.234 (0.040) 0.222 (0.040) 0.28c 0.38 

Valgus Moment 0.030 (0.020) 0.031 (0.020) 0.02d 0.05 

Internal Rotation Moment 0.018 (0.010) 0.017 (0.010) 0.17d 0.18 
Ankle       

Plantar Flexion Moment 0.061 (0.02) 0.060 (0.02) 0.09d 0.08 
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Increased hip extension moments during the HSMA are required to support the trunk 
while maintaining a flexed hip posture in order to prevent the CoM from falling to the 
ground. Previous research has found that decreased hip musculature strength, 
endurance and activation, predisposes athletes to various knee joint injuries (Kernozek 
et al., 2008). Given that field hockey athletes must maintain increased levels of trunk 
flexion throughout an entire game, there is a possibility that the hip extension 
musculature, responsible for controlling trunk and hip extension, may be predisposed to 
fatigue (due to constant isometric and eccentric loading). Fatigue of the hip extension 
musculature over a game may reduce dynamic control of the knee during sidestep 
movements, placing athletes at risk of knee joint injuries. To further examine the role hip 
musculature plays while in hockey-specific postures, investigation into neuromuscular 
control and muscle activation during fatigued and unfatigued states is recommended. 

CONCLUSION: An athlete’s peak 3D knee moments during change of direction tasks 
were not different when their movement was assessed using the GMA when compared 
to the HSMA, despite displaying elevated trunk, hip and knee flexion angles during the 
HSMA. In an unfatigued testing environments, a GMA and HSMA will produce similar 
ACL injury risk classification recommendations.  
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APPENDIX C 13 – MEDIA SURROUNDING STUDY ONE/TWO  

Saving Gold Medal Knees  

Written by Mr Peter McClelland  

Wednesday, 01 October 2014  

 The Hockeyroos’ path to their next gold medal may seem like a straight line. But 

for the players on the field there are rapid and frequent changes of direction with 

complex and potentially adverse bio-mechanical load patterns leading to career-

threatening anterior cruciate ligament (ACL) injuries. 

           Hockeyroo Kellie White  

The combination of effective surgery and a sophisticated training program helped one 

Hockeyroo make a speedy return to the Astro-Turf. 

The 23-year-old forward Kellie White has been capped on 89 occasions but there have 

been times when her future at an elite level was under a cloud. 

“From the age of 16 I had a few injuries that took me out of competitive hockey. They 

were mainly ankle issues but in 2010 I began having more serious knee problems. I was 

playing in New Zealand, sidestepped quickly and partially tore ligaments in my left 

knee. I played on and carried the injury for another two years but in 2012, just before 

the London Olympics, I ruptured my left ACL.” 

“It was a pretty devastating time and a hard slog during the recovery period. The rehab 

sessions required every movement to be exact and consciously monitored. I had to tick 

all the boxes to have any hope of career longevity.” 

LARS benefits long-term 
As Kellie points out, a skilled orthopaedic surgeon is an integral part of the package in 

getting back out on the field. 

"Greg Witherow has been fantastic for me. He suggested the LARS procedure for my 

particular injury because, in his opinion, other treatment options might well prove to be 

a ticking time-bomb. Greg felt my best option was a hamstring or patella tendon graft. I 

ruptured my knee on the 6th February, 2012, and I was in surgery three days later.” 
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A new training program devised by sports scientists at UWA and specifically linked 

with the Hockeyroos is proving to be successful. 

“I’ve been working with Gillian Weir and it is producing great results. I started about 12 

months after the ACL rupture when I was just beginning to come back into competition. 

I lacked confidence in my knee’s ability to cope in those high-pressure situations.” 

“There’s been a massive improvement in my core stability and gluteal strength. My 

knee is as strong as it’s ever going to be and I’m much more confident running on to the 

field.” 

From left: Mr David Edmonds (UWA Masters  

student), Ms Gillian Weir (PhD Candidate) and Assist/Prof Cyril J Donnelly with a  

wired up Hockeyroo, Anna Flanagan, at the UWA School of Sport Science, Exercise  

and Health.   

ACL ruptures prompt action 

PhD candidate Gillian Weir and her fellow researchers at UWA’s School of Sport 

Science, Exercise and Health, building on 15 years of research into lower-limb injury 

prevention, began their association with the Hockeyroo squad and team doctor Carmel 

Goodman in early 2013. 

Five members of the team suffered ACL injuries in one season, a much higher rate 

compared with similar sports such as soccer. 

“Hockey at the top level is played at a very fast pace. It’s a non-contact sport, in fact 

around 60% of ACL injuries fall within that category, but there’s a lot of side-stepping 

and cutting away from opponents. The knee is a highly complex joint with a lot of 

different load patterns occurring at the same time.” 

“In a squad of 30 players, five serious injuries is incredible! A more typical rate would 

be 1.33/team in a season so these are nightmare figures but you do need to build in the 

gender factor. Females are almost six times more likely to rupture an ACL because the 

male body, at a similar stage of physical development, is in general better able to handle 

this type of stress load.” 

Competition at Olympic level is intense so it’s vital that elite athletes have access to 

sophisticated strength and training programs. 
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Controlling movement 
“The research we’re doing focuses on a player’s directional changes during competition. 

We delved into the literature, looked at the probable causes of injury and found they 

were linked with the degree of control in the upper body and hip areas. We’ve had some 

positive results using different modalities that include balance, plyometric and 

resistance exercises targeting the hip and trunk areas.” 

“Following our hip and trunk focused training intervention, gluteal activation has 

increased by 30% which is vital for neuromuscular control and the forces exerted 

through the knee have been minimised. Essentially, we’re attempting to reduce the 

loads in the knee and transfer them to the hip.” 

“We’ve designed a program based around body-weight exercises so expensive 

equipment isn’t required. Another researcher is looking at injury minimisations at an 

amateur level and it will be designed for delivery via an online platform.” 

“As far as GPs are concerned it’s important they’re aware of the causal factors linked 

with the upper body and hip. Appropriate exercises and rehabilitation after an ACL 

injury is important but if it’s recurrent there may well be lingering biomechanical 

patterns that need to be addressed.” 

Facts 

•    Australia has the highest rates of ACL injury in the world. 

•    Most occur during a non-contact change of direction or unstable landing. 

•    AFL 2013 Season: 23 knee reconstructions and ACL injury rate 0.9/club. 
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APPENDIX D - EXTENDED METHODS 

D.1 INTRODUCTION 

The following methods describe those used within biomechanical analysis of unplanned sidestepping 

utilised in Study’s One, Two and Three. The training intervention prescribed in Study Two and Study Three 

is presented in section D.6. Pilot/preliminary methods and results specific to Study Three are presented 

in section D.7.  

D.2 LABORATORY SETUP 

The laboratory setup included two infrared timing gates, a force plate, a projection screen and two cones 

(Figure D.1). The first timing gate was used as a trigger to initiate the stimulus in the unplanned 

sidestepping task, and in conjunction with the second timing gate to be used to measure approach 

velocity. If velocity is outside of the predetermined velocity threshold of 3.5 – 4.5 ms-1, the participant 

was required to repeat the trial. Participants were asked to run through the two timing gates before 

performing a sidestep or crossover cut manoeuvre over the force plate (marked x), in relation to the arrow 

projected on the screen during unplanned sidestepping. 

The cones were positioned at a 45 degree angle from the centre of the force plate and used as visual 

markers for the participant to direct their sidestep. The participant was required to plant and push off on 

their self-selected preferred leg. Force plate ground reaction force data was used in conjunction with a 

customised full body kinematic model 1 2 to calculate peak knee moments via inverse dynamics in Vicon 

bodybuilder (Vicon Peak, Oxford Metrics Ltd., UK). 
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Figure D.1. Laboratory setup. Note: not to scale. 

 

D.2.2 CALIBRATION 

D.2.2.1 CAMERA CALIBRATION 

In accordance with the standard calibration procedures of Vicon Motion Systems Limited, dynamic 

calibration of the Vicon® T-series motion analysis system (model: T40S cameras) was performed using a 

Vicon® MX-wand® to calculate the relative positions and orientations of the cameras. The dynamic 

calibration was completed when the image error residuals from each camera were lower than 0.30mm. 

A still frame of the 5-marker Vicon® MX-wand® placed at the top right hand corner of the 1.2m x 1.2m 

AMTI (Advanced Mechanical Technology Inc., Watertown, MA) force plate is recorded to calculate the 

laboratory global reference, which is the laboratory origin of the motion system. 

 

Timing Gate 2 

Timing Gate 1 

45° 
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D.2.2.2 PARTICIPANT PREPARATION AND CALIBRATION 

According to a customised kinematic full body model (excluding upper limbs), a total of 40 retro-reflective 

markers (14mm in diameter), in the form of individual markers and marker clusters were affixed onto the 

participants’ skin to represent the underlying body landmarks and segments. Marker cluster sets were 

arbitrarily placed on the segments to establish the technical coordinate systems (TCS) of the respective 

segments. Participant-specific calibration trials were performed with participants assuming the 

anatomical position (Figure D.2). Full list of retro-reflective markers and their positions are listed in Table 

D.1. 

 

Figure D.2. Participant in anatomical position with the customized full-body marker set.  
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Table D.1 Marker positions 

Segment Markers Definitions 

Head LBHD  

LFHD 

RBHD 

RFHD 

Left back head 

Left front head 

Right back head 

Right front head 

Trunk C7 

T10 

CLAV 

STRN 

Spinous process of the 7th cervical vertebrae 

Spinous process of the 10th thoracic vertebrae 

Clavicle 

Sternum 

Shoulders LACR 

LASH 

LPSH 

RACR 

RASH 

RPSH 

Left acromion process 

Left anterior shoulder 

Left posterior shoulder 

Right acromion process 

Right anterior shoulder 

Right posterior shoulder 

Pelvis LASI 

LPSI 

RASI 

RPSI 

Left anterior superior iliac spine 

Left posterior superior iliac spine 

Right anterior superior iliac spine 

Right posterior superior iliac spine 

Thigh LTH1 

LTH2 

LTH3 

RTH1 

RTH2 

RTH3 

Left thigh (superior) 

Left thigh (middle) 

Left thigh (inferior) 

Right thigh (superior) 

Right thigh (middle) 

Right thigh (inferior) 

Shank LTB1 

LTB2 

LTB3 

RTB1 

RTB2 

RTB3 

LLMAL 

LMMAL 

RLMAL 

RMMAL 

Left tibia (superior) 

Left tibia (middle) 

Left tibia (inferior) 

Right tibia (superior) 

Right tibia (middle) 

Right tibia (inferior) 

Left lateral malleolus 

Left medial malleolus 

Right lateral malleolus 

Right medial malleolus 

Feet LCAL 

LMT1 

LMT5 

RCAL 

RMT1 

RMT5 

Left calcaneus 

Left head of 1st metatarsal 

Left head of 5th metatarsal 

Right calcaneus 

Right head of 1st metatarsal 

Right head of 5th metatarsal 

 



 

213 
 

Calibrated anatomical system technique (CAST) was adopted using a customised 6-marker pointer device 

to establish anatomical landmarks on the femur, hence minimising skin movement artefacts in the static 

trials. The tip of the pointer was held against the medial and lateral epicondyles of both the right and left 

femurs. Anatomical coordinate systems of the femurs were held relative to the TCS of the respective thigh 

marker clusters. List of virtual markers are shown in Table D.2. 

Table D.2 Virtual Markers 
Segment Virtual Markers Definition 

Thigh LLFC 

LMFC 

RMFC 

RLFC 

Left lateral femoral condyle 

Left medial femoral condyle 

Right lateral femoral condyle 

Right medial femoral condyle 

 

To determine alignment and anatomical coordinate systems of the feet, a customised calibration rig and 

an inclinometer were used. Participants stood in a comfortable position with the heel against the back of 

the rig. Feet abduction/addiction were established by aligning the arms of the goniometers between the 

third and fourth metatarsals. Feet eversion/inversion were established by recording the angle of the 

relative calcanei orientations with respect to the lower limbs by aligning the inclinometer with the Achilles 

tendon above the calcanei. All static and pointer calibration trials were captured for approximately five 

seconds. 

Several functional dynamic movement trails were conducted to determine hip and knee joint centres. 

Firstly, the hip swinger trials were conducted to determine the origin of the ball and socket joint between 

the acetabulum and the greater trochanter. Participants performed a series of single leg hip movements, 

namely hip flexion to 60°, hip abduction to 30°, hip extension to 60° and circumduction consecutively 

without bearing weight on the moving leg. Next, body weight squats with 60° knee flexion, were 

conducted to determine the functional axis of the knee joint (Figure D.3). 
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Figure D.3. Participant performing A: hip flexion to 60°, hip abduction to 30°, hip extension to 60° and 
circumduction for functional hip joint centre definition and,  B: Squats to 60° knee flexion, for mean 

helical knee axis definition. 

D.3 SIDESTEPPING PROTOCOL  

Following familiarisation, participants were asked to perform a series of randomised movement tasks; 

planned and unplanned sidestepping and straight line running 2 3. Movement tasks were performed in 

random order to account for fatigue. Participants were to run through two pairs of timing gates towards 

the force plate. Infrared timing gates were used to monitor the approach running speed, which was 

delimited to 3.5 – 4.5 ms-1 (12.6 - 14.4kph).  

In planned movement tasks, participants were to follow the arrow displayed on the projector, indicating 

to complete either a sidestep to the participant’s non dominant side, crossover to participant’s dominant 

side or a straight line run. In unplanned movement tasks, the arrow is triggered to display only when the 

A 

B 
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participant was approximately 1.5m prior to the force plate, a time coinciding with contralateral limb toe-

off. Sixty second intervals were given between each trial to reduce the effects of fatigue. 

Trials were only deemed successful when participant’s dominant leg contacted the force plate and when 

the angles of sidestep were 45±5°. A total 12 successful trials were recorded (four planned sidestep, four 

unplanned sidestep, four planned straight line runs) for each session.  

D.4 DATA PROCESSING 

The data processing pipeline for all dynamic trials comprised of 6 steps: (1) labelling of markers and 

trajectory filling, (2) identification of events, (3) residual analysis and filtering, (4) modelling and (5) 

exporting discrete and continuous data. 

D.4.1 LABELLING OF MARKERS AND TRAJECTORY FILLINGS 

All dynamic trials were visually inspected to ensure that all markers were present in the required frames 

in each trial. Markers were labelled according to a customised kinematic model (Table X and XX). Any gaps 

and errors present in the trajectories were corrected using an in-built cubic spline fill function within 

Vicon® Nexus® (Version 1.8.5). 

D.4.2 IDENTIFICATION OF EVENTS 

Identification of events required for modelling and exporting data, was conducted within Vicon® Nexus® 

(Version 1.8.5).  

In the functional trials, three events were identified: 

1. First frame 

2. Start of functional movement 

3. End of functional movement 

In dynamic trials, five events were identified: 

1. Foot off of non-dominant foot – Trajectory of the 1st metatarsal in the z plane 

2. Foot strike of dominant foot – Ground reaction force (vGRF) departs from zero 
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3. End of weight acceptance phase – 30% of stance phase 

4. Foot off of dominant foot – Ground reaction force (vGRF) returns to zero 

5. Foot strike of non-dominant foot – Trajectory of the calcaneus in the vertical plane 

D.4.3 RESIDUAL ANALYSIS AND FILTERING 

A residual analysis was conducted on the trajectory (z coordinate) of the dominant leg’s calcaneus during 

the weight acceptance phase of an unplanned sidestep. Using Microsoft® Excel® (Version 14.4.5), a 

Butterworth low-pass filter was applied to the raw data with cut-off frequencies 1-30Hz, at a sampling 

rate of 250Hz. Root mean squared values were calculated and graphed for each cut-off frequencies. An 

optimal cut-off frequency of 14Hz was determined. The filtering process was performed using a 4th order, 

zero-lag Butterworth low-pass filter embedded within the Vicon® Nexus® pipeline. 

D.4.4 MODELLING 

Using the in-built PECs Plug-In feature in Vicon® Nexus® and MATLAB® (Version R2010a, The MathWorks, 

Inc., Natick, Massachusetts, United States) functional hip and knee joint centres were defined. UWA lower 

body static-modelling codes were used to process the knee-pointer trials whereby the virtual medial and 

lateral femoral epicondyles markers were established to facilitate the calculation of the left and right knee 

joint centres. Following, the UWA upper and lower body static codes were used to model the static rig 

trial (anatomical position) to establish participant-specific anatomical coordinate systems (relative to the 

TCSs). All dynamic gait trails were then modelled using the UWA lower and upper body dynamic code with 

the embedded Vicon® Nexus® pipeline.  

D.4.5 EXPORTING DISCRETE AND CONTINUOUS DATA 

Discrete and Continuous data were exported into Microsoft® Excel® for all kinetic and kinematic variables 

using a MATLAB® (Version R2010a, The MathWorks, Inc., Natick, Massachusetts, United States) 

customised temporal normalised graphical user interface (TempNormGUI).  

D.5 STATISTICAL ANALYSIS 

D.5.1 POWER ANALYSIS 
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Using partial eta squared generated by SPSS Statistics (SPSS Inc, IBM Headquarters, Chicago, Illinois) of 

knee valgus moments of the responder group during unplanned sidestepping, post hoc power analyses 

were conducted with the program G*Power 4 to compute achieved power. In the intensive training phase, 

with sample size of five, the effect size of this particular contrast was 1.98 (i.e., a very large effect, 

according to Cohen, 1988). The power to detect an effect of this size was determined to be 0.99. In 

maintenance phase, with sample size of two, the effect size was 0.01 and the power was determined to 

be 0.05. 

D.5.2 EFFECT SIZE CALCULATION 

Effect sizes were calculated using Hedges’ g (Hedges, 1981), formulae shown in Equation D.1 and D.2.  

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
∗ =  √

(𝑛1 − 1)𝑆𝐷1
2 + (𝑛2 − 1)𝑆𝐷2

2

𝑛1 + 𝑛2 − 2
 

 

𝐻𝑒𝑑𝑔𝑒𝑠′𝑔 =  
𝑀1 − 𝑀2

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
∗  

 

The magnitude of Hedges’ g may be interpreted using Cohen’s convention; an effect size of 0.2 ≤g< 0.5 

will be considered a "small" effect, 0.5≤g<0.8 a "medium" effect and 0.8≤g, a "large" effect 5. 

D.5.3 LINEAR REGRESSION 

Linear regression assesses the linear relationship between two continuous variables to predict the value 

of a dependant variable based on the value of an independent variable. More specifically, it will let you: 

determine how much of the variation in the dependent variable is explained by the independent variable, 

understand the direction and magnitude of any relationship and predict values of the dependent variables 

based on different values of the independent variable 6 7. 

 

 

(D.1) 

(D.2) 
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A simple model is written as:  

  

𝑦 =  𝛽0 + 𝛽1𝑥 + 𝛽2𝑥2 + 𝜀 

Backward elimination was selected for this analysis which involves starting with all candidate variables, 

testing the deletion of each variable using a chosen model comparison criterion, deleting the variable (if 

any) that improves the model the most by being deleted, and repeating this process until no further 

improvement is possible. In this case, removal was performed by eliminating the predictor with the 

highest p value greater than αcrit.  

Fixed and random factors may also be used within these kinds of models to test any interactions. In 

Chapter 5 of this thesis, fixed factors entered into the model were kinematic independent variables and 

athlete level (junior and senior). Participant ID was entered as a random factor to account for the variance 

within an individual’s trials.   

This model is written as:  

 

𝑦 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 +  𝛽12𝑥1 𝑥2 

Where 

  y = prediction 

 Β = intercept 

 X1 = independent variable  

 X2 = athlete level 

 X1x2 = independent variable*athlete level 

In the case of this interaction, x1 would not be removed unless x1x2 had been removed.  

 

 

D.3 

D.4 
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D.6 TRAINING INTERVENTION 

Table D.3. Prescribed training intervention. Initial training is broken up into four stages, each with an 

individual goal in progressing intensity; Stage 1: Master basic techniques through unilateral tasks; Stage 

2: Integration of additional component or direction to task to decrease stability; Stage 3: Introduction of 

secondary perturbation; Stage 4: Increase explosiveness of multidirectional tasks and have the ability to 

respond to quick external perturbations; Stage 5: Maintain responses and techniques to rapid external 

perturbations.  

Modality  Exercise  

Initial Maintenance 

Stage 1 
(Wk 1-2) 

Stage 2 
(Wk 3-4) 

Stage 3 
(Wk 5-6) 

Stage 4 
(Wk 7-8) 

Stage 5 
(Wk 9-25) 

Balance Wall sit (double and single 
leg)3,4   

         

Reverse cross over lunge1,2,3,4      

Single leg stance with1,2,3,4 

i. Knee and hip flexion 
ii. Knee flexion and hip 

abduction 
iii. Hip abduction  

    

Single leg deadlift;2,4      

i. With arm raise and 
hop  

    

Single leg squat2,3,4      

Single leg overhead ball toss2,3,4      

45, 60 & 180 degree jumps:1,2,3,4      

i. Double Leg      

ii. Single leg      

Single leg lateral ball throw2,4      

Plyometric Karaoke1,2,3       

Lateral Shuffle1,2,3      

Skiiers1,2,3      

Skaters1,2,3,4      

Star Jumps3      

Box Jumps:1,2,3,4      

i. Double Leg      

ii. Single Leg      

4 way hop1,2,3      

Split lunge jumps1,2,3,4      

Heisman Holds1,2,3,4      

Bounding:1,2,3,4      

i. Double Leg      

ii. Single Leg      

Single Leg Ball Slams2,3,4      

Tuck Jumps:1,3,4      

i. Double Leg      

ii. Single leg      

Squat Jumps1,3,4      

Burpees3      

Mountain Climbers1,3      

Step-up and Jump3,4      

Split jump with 180 turn1,2,3,4      

Lateral Box Jump1,2,3,4      

Pike Jump1,2,3      

Resistance Bird Dog2,4      
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Modality  Exercise  

Initial Maintenance 

Stage 1 
(Wk 1-2) 

Stage 2 
(Wk 3-4) 

Stage 3 
(Wk 5-6) 

Stage 4 
(Wk 7-8) 

Stage 5 
(Wk 9-25) 

Plank (prone and lateral)2,4      

Double Leg Raise2           

Core rotators2      

Walkouts2      

Banana Hold2      

Kettle Bell Swings2,3,4      

X – ups2      

V –sits2      

Bicycles2      

Sit up with twist2      

Clams4      

Sitting Tucks2      

Squat hold2,3,4      

Double leg raise with partner 
push down2      

Lateral Squat2,3,4      
1Knee Flexion Dynamics | 2Dynamic Trunk Control | 3Gastrocneius muscle strength | 4Hip external rotator strength 
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Table D.4. Delivered training intervention. Each session was written and delivered by team strength and 

conditioning coaches during gym sessions or as a warm up. Training modality is written in bold at the top 

of each session where B=Balance, R=Resistance, P=Plyometric and Y=Yoga. Technique feedback was 

delivered using internal and external cueing from the strength and conditioning coach.  

Week Session 1 - Gym  Session 2 – Warm Up Session 3 – Warm Up Session 4 - Gym 

1 & 2 Modality: B,R,P 

3 rounds of 30sec 

Bird dogs 

Walk and hug 

Wall sit DL R/L 

Wall sit SL 

Plank 

KB 

Double leg raise 

Karaoke 

Lateral shuffles (side 
squats) 

  

P,R,B 

4 rounds 16 yards 

Marching (40 on spot) 

Walking knee/hip 
flexion 

Karaoke 

 

8min AMRAP 

40 Skiers (Karaoke) 

40 Skaters (Lat shuffle) 

40 Star jumps 
(SLDL/Squat) 

20 Core rotators 

10 Walkouts 

 

RL extra mods 

Plank 

Side plank 

SLDL 

Core rotators 

 

P,B,R 

4 rounds 30sec 

Jog on spot 

Walking knee/hip 
flexion 

Butt kicks 

 

3 rounds 

P1 50 Skiers (8x4 way 
hop) 

P2 hollow hold/banana 
hold (change @25) 

 

P1 50 Skaters (Lat 
shuffle) 

P2 Plank 

 

P1 50 Star jumps 
(SLDL/Squat) 

P2 Reverse x-over lunge 

 

R,B,P,Y 

2 rounds 

1min 

Up and down plank  

KB 

Walkouts 

Double leg raise 

Wall sit SL (standing 
disc) 

Reverse x-over lunge 

Star jumps 
(SLDL/Squat) 

Skaters (Lat shuffle) 

 

 

Yoga sequence ~ 5min 

Downward dog- 
upward dog- runners 
pose-warrior I- warrior 
II- warrior III 



 

222 
 

Week Session 1 - Gym  Session 2 – Warm Up Session 3 – Warm Up Session 4 - Gym 

3 B,R,P 

2 rounds 

10 Walking knee/hip 
flexion 

15m Karaoke 

5 double leg raise 

 

15min AMRAP 

10 KB 

20 X-ups 

10 Box jumps (step ups) 

10 SL deadlifts 

10 SL squat double 
reduced ROM) 

5 Walkouts 

 

 

P,R,B 

3 rounds 16 yards 

Walk and hug 

Lunge to high knee 

Butt kicks 

Ankle bounces 

 

3min 

4 4 way hop (star 
excursion) 

6/leg Split lunge jumps 
(lunge) 

8 SL squat (alt legs each 
round) (double) 

10 Mountains (slow 
&/or reduced ROM) 

20 x-ups 

 

30sec rest 

 

repeat 

P,B,R 

3 rounds  

Wide leg marching (40 
on spot)  

40 KB mimic 

10 Walking knee/hip 
flexion 

 

10 v-sits 

20 Heisman (walking) 

30 Bicyles 

40 SL deadlifts 

50 Reverse x-over lunge 

40 SL deadlifts 

30 Bicyles 

20 Heisman (walking) 

10 v-sits 

R,B,P,Y 

Bicycles 

3 rounds 

1round = 

5 4way hop 

10 Walkouts (up/down 
plank, lat plank) 

10 Sit up with twist  

15m SL deadlift – SL 
squat –lunge 

10 KB 

10 box jump (step ups) 

10 clams 

15m SL deadlift – SL 
squat –lunge 
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Week Session 1 - Gym  Session 2 – Warm Up Session 3 – Warm Up Session 4 - Gym 

4 & 5  B,R,P 

7 rounds 

7 SL 45 degree 
turns/leg (SLDL 
open/close rotation) 

7 Up and down planks 

7 Single leg bounds 
(lunge with high knee 
raise) 

7 SL ball slams (SL butt 
to box) 

7 Sitting tucks 

7 tuck jumps (reduced 
ROM or squat to toes 
raise) 

P,R,B 

30/30 

30/25 

30/20 

30/15 

30/10 

30/5 

SLDL with arm raise and 
hop (no hop) 

Hollow holds 

Burpees (walking 
burpees) 

Rotate thru exercises 

P,B,R 

Tabata 

Squat jumps (squat to 
toes raise) 

Reverse x-over lunge 

Sit up with twist 

 

R,B,P,Y 

21-18-15-12-9-6-3 

KB 

Bicycles 

180 jump twists (lat 
step with high knee - 
banded) 

SL OH ball toss 

(Cronk bentover row) 

Yoga sequence ~ 5min 

Downward dog- 
upward dog- runners 
pose-warrior I- warrior 
II- warrior III 

6  & 7 B,R,P 

4 rounds 

P1 20 SL squat butt to 
box  

P2 Squat hold (reduced 
ROM) 

 

P1 10 Reverse x-over 
lunge/leg 

P2 Plank (hollow hold) 

 

P1 5 SL bounds /leg 
(lunges/ reduced ROM) 

P2 Mountain climbers 

(flutter kick) 

P110 Step with 
jump/leg (no jump) 

P2 Hollow hold/banana 
hold 

P1 + 2 10 partner leg 
push downs/person 

P,R,B 

10min AMRAP 

10 Burpees (walking 
burpees/MA squat 
jumps) 

10 Suitcases 

5 Tuck jumps SL landing 
(squat to toe raise) 

10 Sit up with twist 

10 180 jump twists (lat 
step with high knee - 
banded) 

5 SLDL to arm raise and 
hop/leg (no hop) 
Spence to take out 
completely 

P,B,R 

5 rounds 

90/30 

5 Split jumps 180 (alt 
leg in the air) (lunge) 

10 Walkouts 

5 Broad jumps (squat 
to toes raise) 

5 SL DL-squat 

 

R,B,P,Y 

15min AMRAP 

8 SL 180 turns (circle 
and return) (split 
squat) 

10 SL lat ball throw 
(partner or wall) 
(banded SL rotation) 

12 Suitcases 

14 Core rotations 

16 KB (hip raise) 

 

Yoga sequence ~ 5min 

Downward dog- 
upward dog- runners 
pose-warrior I- warrior 
II- warrior III 
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Week Session 1 - Gym  Session 2 – Warm Up Session 3 – Warm Up Session 4 - Gym 

8 & 9 B,R,P 

3min on/30sec off 

5 SL 180 turns/leg  (lat 
step with high knee - 
banded) 

10 Side squats 

SL dynamic step up/leg 
(high knee march) 

6 (total) Lat box jump 
(with top touch) 
(Heismans) 

P,R,B 

30secs/exercise 

3 Tuck jump SL 
landing/leg (rest if 
there is remaining 
time) (squat to toes 
raise) 

Partner leg push downs 
(reverse crunch) 

Split jump 180 (land 
with same leg fwd) 
(lunge) 

Superman   

Banana 

High knee skip (high 
knee march) 

SL 180 turns (lateral 
squat) 

P,B,R 

10min AMRAP 

5 Broad jump (squat to 
toes raise) 

10 V-sits 

5 Single leg bound/leg 
(lunge) 

5 Pike jump (lateral 
squat) 

5 SLDL to arm raise and 
hop/leg (no hop) 

 

R,B,P,Y 

4 rounds 

5 SL box jumps/leg 
(dynamic step up) 

10 x-ups 

20 SL ball toss 

30 KB (hip bridge) 

20 burpees (walking) 

10 Partner leg push 
downs 

5 SLDL to arm raise and 
hop (no hop) 

Yoga sequence ~ 5min 

Downward dog- 
upward dog- runners 
pose-warrior I- warrior 
II- warrior III 

 

 

D.7 STUDY THREE - SCREENING TOOL DEVELOPMENT 

Initial kinematic variable selection was developed from previous literature identifying kinematics to be 

associated with elevated peak knee loading 8-15.  In the frontal plane, variables measured were peak knee 

valgus angle, peak dynamic medial knee shift, global measures of peak trunk lateral flexion (TLF),  

measured both horizontally and vertically, a relative measure of peak TLF, peak mid-pelvis to foot 

displacement and peak thigh abduction (Table D.5). Sagittal plane variables measured were peak knee 

flexion, knee flexion at impact, knee flexion ROM, peak trunk flexion and trunk flexion ROM (Table D.5). 
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Table D.5. 2D kinematic variable measurement conventions used in Silicon Coach 7.0 software. 

 

Variable Measurement Method Convention Image 

FRONTAL PLANE 

La
te

ra
l T

ru
n

k 
Fl

e
xi

o
n

 

Global 

Vertical (°) 

 Line 1: global vertical Y axis from 
midpoint between left and right 
anterior superior iliac spines (ASIS). 

 Line 2: clavicle marker to midpoint 
between left and right ASIS’s. 

Measurement: global vertical angle 

between line 1 and line 2. 

Away from 

desired 

direction = +ve 

Towards 

desired 

direction = -ve 

 

Global 

Horizontal 

(°) 

 Line 1: Global horizontal axis from 
right ASIS. 

 Line 2: acromion kinematic marker 
to right ASIS.  
 
Measurement: relative angle 

between line 1 and line 2. 

Angle = (90- relative angle) 

Away from 

desired 

direction = +ve 

Towards 

desired 

direction = -ve 

 

Relative (°) 

 Line 1: midpoint between left and 
right ASIS.  

 Line 2: clavicle marker to midpoint 
of ASIS’s. 

Measurement: Relative angle from 

line 1 and line 2. 

Angle = (90- relative angle) 

 

Away from 

desired 

direction = +ve 

Towards 

desired 

direction= -ve 

 

Dynamic Medial Knee 

Shift (m) 

 

 Line 1: greater trochanter to 
lateral malleolus of ankle.  

 

Measurement: perpendicular 

distance from line 1 to mid-

patella. 

Varus = -ve 

Valgus = +ve 
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Table D.5. (Continued) 

 

 

 

Table D.5. (Continued) 

Variable Measurement Method Convention Image 

FRONTAL PLANE 

Dynamic Knee Valgus 

Angle (°) 

 Line 1: hip joint centre to knee 
joint centre. 

 Line 2: knee joint centre to ankle 
joint centre.  
 

Measurement: relative angle 

between line 1 and line 2. 

True Angle = (180° - relative angle) 

Varus = -ve 

Valgus = +ve 

 

Mid-Pelvis-Foot 

Displacement (m) 

 Line 1: left ASIS to right ASIS.  

 Line 2: vertical line from 
midpoint of line 1 to ground.  
 
Measurement: discrete 

perpendicular distance from line 

2 to front centre of stance foot.  

Away from 

midline = +ve 

Towards 

midline = -ve 

 

 

Thigh Abduction (°) 

 

Angle 1 

 Line 1: left ASIS through right 
ASIS. 
 
Measurement: Relative angle 

from ASIS line to right ASIS, and 

measure 90° angle. 

 

Angle 2 

 Line 1: 90° angle line from angle 
1. 

 Line 2: right ASIS to mid-patella 
 
Measurement: relative angle 

between line 1 and line 2. 

 

Adduction = -

ve 

Abduction = 

+ve 
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D.7.1 PRELIMINARY STATISTICAL ANALYSIS 

For each 2D kinematic variable, values at foot strike, peak measurements and range of motion during 

weight acceptance of pre-planned straight line running (PSLR) and unplanned sidestepping (UPSS) tasks 

were taken for further investigation. Prior to correlation analysis, all variables were clinically examined, 

and measures that were considered inaccurate or subject to measurement error were disregarded. 

Pearson correlations were then used to determine significant associations between all remaining 2D 

kinematic variables and peak knee extension, valgus and internal rotation moments. Upon review, any 

non-significant correlations (α = 0.05) were removed prior to regression analysis, specific to each peak 

knee loading dependent variable. A backward stepwise regression was then run on each 3D peak loading 

condition to determine whether correlated 2D kinematic variables could predict variation within them. 

Regression models were run using PSLR and UPSS trials. In this study, two measures of knee valgus motion 

were measured, being peak knee dynamic valgus angle 16 and peak knee dynamic valgus displacement, 

and later compared and regressed, in order to determine which measurement would best predict 3D 

loading. Knee flexion angles at foot strike were also compared between 2D and 3D. Peak knee moments 

between all running conditions were also compared, and were normalised to body weight and height. 

SAGITTAL PLANE 

 Trunk Flexion (°) 

 Line 1: global vertical axis. 

 Line 2: acromion marker to 
greater trochanter  
 
Measurement: Relative angle 

between line 1 and line 2. 

 

Extension =  -

ve 

Flexion = +ve 

 

Knee Flexion (°) 

 

 Line 1: greater trochanter to 
lateral epicondyle of knee. 

 Line 2: lateral epicondyle of knee 
to lateral malleolus of ankle. 
 
Measurement: relative angle 

between line 1 and line 2. 

True Angle = (180°-relative angle) 

Flexion = +ve 

Hyperext. =  -

ve 
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D.7.2 PRELIMINARY RESULTS 

D.7.2.1 KNEE FLEXION ANGLE COMPARISON  

Mean knee flexion angles at foot strike were recorded in 2D and 3D for all running conditions (Figure 7). 

Similar values were observed across all conditions, although all 2D angles were notably larger than all 

corresponding 3D values, which is comparable to previous literature 17. 

 

Figure D.5. Comparison between 2D and 3D mean knee flexion angles for all running conditions during 
weight acceptance. 

 

D.7.2.2 PEARSON CORRELATIONS 

When reviewing the Pearson correlations table for the PLSR and UPSS conditions, 3D peak knee extension 

moments were correlated to multiple 2D kinematic variables (Table 3).  Significant results with a p < 0.01 

were support leg knee flexion ROM (R= 0.530), peak knee flexion (R= 0.355), peak knee valgus angle (R= 

0.499), peak dynamic medial knee shift (R= 0.514), a global measure of peak TLF (R= 0.377), peak MPF 

displacement (R= 0.444) and peak thigh abduction (R= 0.499). Other variables significantly correlated to 

peak knee extension moments included trunk flexion ROM (R= 0.323, p < 0.05) and a global measure of 

peak TLF (R= 0.059, p < 0.10). All correlations were positive and relatively strong.  
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Pearson correlations between the 2D kinematic variables and 3D peak valgus knee moments with a p 

<0.001 were knee flexion at foot contact (R= -0.381), peak knee valgus angle (R= 0.541), peak dynamic 

medial knee shift (R= 0.592), peak MPF displacement (R= 0.642) and peak thigh abduction (R= 0.560). 

Significant correlations also occurred in knee flexion ROM (R= 0.314, p < 0.05), a relative measure of peak 

TLF (R= -0.245, p <0.10) and trunk flexion ROM (R= 0.227, p < 0.10). All correlations were positive, except 

that between peak relative TLF and valgus knee moments, and also knee flexion at impact and valgus knee 

moments, suggesting that reduced knee flexion at impact results in elevated knee valgus moments. To be 

clear, full extension of the knee was considered to be 0°, meaning that knee flexion values increased as 

knee flexion increased. 

Pearson correlations between the 2D kinematic variables and peak varus knee moments were a relative 

measure of peak TLF (R= 0.310, p <0.05), peak dynamic medial knee shift (R= -0.215, p < 0.10), a global 

measure of peak TLF (R= 0.241, p < 0.10) and peak MPF displacement (R= -0.238, p < 0.10). Within internal 

rotation knee moments, peak knee flexion (R= 0.409, p < 0.001), knee flexion ROM (R=0.364, p < 0.001), 

peak trunk flexion (R= 0.269, p < 0.05) and trunk flexion ROM (R= 0.271, p < 0.05) were all significantly 

correlated. Knee flexion at impact (R= -0.323, p < 0.05) and peak knee flexion (R= -0.261, p < 0.10) were 

found to be correlated with external rotation knee moments. 
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Table D.6. Correlations between discrete 2D kinematic variables and normalised peak knee moments for PSLR and UPSS conditions calculated during WA phase of stance. 

 Peak Knee Moments (Nm.Kg-1.m-1) 

2D Kinematics Extension Valgus Varus Internal Rotation External Rotation 

Knee Flexion Peak (°) 0.355*** 0.054 0.179 0.409*** -0.261* 

Knee Flexion ROM (°) 0.530*** 0.314** 0.158 0.364*** -0.077 

Knee Flexion Impact (°) -0.205 -0.381*** 0.054 0.127 -0.323** 

Knee Valgus Angle Peak (°) 0.499*** 0.541*** -0.142 -0.131 -0.066 

Knee Valgus Displacement Peak (m) 0.514*** 0.592***  -0.215* -0.140 -0.064 

TLF Global Vertical Peak (°) 0.059* 0.040 0.241* 0.025 0.137 

TLF Global Horizontal Peak (°) 0.377*** 0.187 0.150 0.098 0.158 

TLF Relative Peak (°) -0.161 -0.245* 0.310** 0.153 -0.020 

Trunk Flexion Peak (°) 0.084 -0.007 0.030 0.269** -0.027 

Trunk Flexion ROM (°) 0.323** 0.227* 0.188 0.271** -0.024 

MPF Displacement Peak (m) 0.444*** 0.642*** -0.238* 0.098 -0.027 

Thigh Abduction Peak (°) 0.499*** 0.560*** -0.127 0.069 0.013 

*** Correlation is significant at the 0.01 level (2-tailed). 
** Correlation is significant at the 0.05 level (2-tailed). 
  * Correlation is significant at the 0.10 level (2-tailed). 
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D.7.2.3 REGRESSION ANALYSIS 

A backward stepwise regression (Table 4) found that 2D knee flexion ROM (p < 0.01), peak dynamic medial 

knee shift (p < 0.01) and peak global vertical TLF (p = 0.029) were strong predictors of 3D peak extension 

knee moments, explaining 43.4% of variability. As for the 3D peak valgus knee moments, knee flexion at 

impact (p < 0.01), trunk flexion ROM (p = 0.038) and peak MPF displacement (p < 0.01) were strong 

predictors of peak valgus knee moments, explaining 55.7% of the variability. It is interesting to note that 

frontal plane kinematics such dynamic medial knee shift (R2= 0.434, p < 0.001) and LTF (R2= 0.434, p = 

0.029) predicted sagittal plane peak extension moments, while sagittal plane kinematics such as knee 

flexion (R2= 0.557, p < 0.001) and trunk flexion (R2= 0.557, p= 0.038) predicted frontal plane peak valgus 

knee moments. 

Peak relative TLF (p= 0.014) was a poor predictor of peak varus knee moments, explaining 9.6% of the 

variability. Peak knee flexion was found to be a poor predictor of peak internal rotation knee moments, 

explaining 16.7% of the variability, while knee flexion at impact (p= 0.006) was a poor predictor or peak 

external rotation knee moments, explaining 11.6% of the variability.
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Table D.7. Backwards stepwise linear regression between normalised peak knee loading data (Nm.m-1.kg-

1) and 2D kinematic variables during the WA phase of stance in PSLR and UPSS. [n= 15 participants x 

approximately 4 (out of a possible 6) successful trials each] 

Extension Moment: 

Total Model 2D Kinematics n Adjusted R2 β p 

 (Constant) 63 0.434   0.045* 

p < 0.001** Knee Flexion ROM 63 0.434 0.336 0.002* 

R2= 0.461 
Dynamic Medial Knee Shift 
Peak 

63 0.434 0.444 0.000* 

Adjusted R2= 0.434 TLF Global Vertical Peak 63 0.434 0.228 0.029* 

  

Valgus Moment: 

Total Model 2D Kinematics n Adjusted R2 β p 

  (Constant) 63 0.557   0.001* 

p < 0.001** Knee Flexion Impact 63 0.557 -0.385 0.000* 

R2=  0.578 Trunk Flexion ROM 63 0.557 0.182 0.038* 

Adjusted R2= 0.557 MPF Displacement Peak 63 0.557 0.607 0.000* 

           

Varus Moment: 

Total Model 2D Kinematics n Adjusted R2 β p 

p= 0.014* (Constant) 63 0.081   0.234 

R2= 0.096 TLF Relative Peak 63 0.081 0.310 0.014* 

Adjusted R2= 0.081   

  
Internal Rotation Moment: 

Total Model 2D Kinematics n Adjusted R2 β p 

p= 0.001** (Constant) 63 0.154   0.483 

R2= 0.167 Knee Flexion Peak 63 0.154 0.409 0.001* 

Adjusted R2= 0.154   

  

External Rotation Moment: 

Total Model 2D Kinematics n Adjusted R2 β p 

p= 0.006** (Constant) 15 0.104   0.000* 

R2= 0.116 Knee Flexion Impact 15 0.104 -0.341 0.006* 

Adjusted R2= 0.104   
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APPENDIX E - CODE 

APPENDIX E 1 – SEMG PROCESSING FILES 

A digital copy of the sEMG code used in Chapter four can be found on the disc attached with this thesis. 

This MATLAB code includes script used to calculate directed co-contraction ratios (DCCRs) and total 

muscle activation (TMA).   
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APPENDIX E 2 – UWA UPPER AND LOWER BODY MODELS 

A digital copy of the UWA upper and lower body models used in chapter three, four and five can be found 

on the disc attached with this thesis.  
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APPENDIX E 3 – FUNCTIONAL JOINT CENTRE CODE 

A digital copy of the functional joint centre code used in chapter three, four and five can be found on the 

disc attached with this thesis. 
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APPENDIX E 4 – TEMPNORMGUI 

A digital copy of the software and templates used to export 3D data recorded in Vicon into excel for 

chapter three, four and five can be found on the disc attached.  

 

 

 

 

 

 

 




