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ABSTRACT 

Despite the depth of research contributing to mechanistic theories of non-contact anterior 

cruciate ligament (ACL) injury, there are few studies linking neuromuscular interventions with 

reduced ACL injury rates. Interventions successful in reducing ACL injury rates have typically 

contained a technical component, which improves their effectiveness in targeting the injury 

mechanism. Ultimately, the success of these interventions is limited to the extent the theoretical 

basis: (1) accurately represents the injury aetiology, (2) is applicable to the intervention 

population and, (3) provides practical guidelines for modifiable neuromuscular and movement 

risk factors. This thesis aimed to better understand the underlying causes of ACL injury, with the 

overarching goal of improving the applicability and practical relevance of this knowledge to 

future intervention efforts. 

 

Study One tested the effectiveness of a biomechanically informed training intervention in 

reducing ACL injury risk factors among a community-level female athlete population. After the 

nine-week period the comparison group displayed increased knee moments and decreased 

muscle activation, indicating their theoretical risk of ACL injury had increased. In contrast, 

athletes who participated in the intervention exhibited no changes in non-sagittal knee 

moments, had small but desirable changes to their sidestepping kinematics, yet reduced total 

muscle activation. While the training intervention mitigated the deleterious time-effects 

observed in the comparison group, it was not successful in reducing the participating athletes’ 

theoretical injury risk. 

 

Study Two investigated whether the choice of statistical model applied to biomechanical data, 

containing multiple observations per participant, influenced clinical interpretations of 

sidestepping data. A sample of 112 unplanned sidestepping observations from 35 male athletes 

was used to explore the applied impact of using a naïve regression analysis, which did not 

account for within-participant effects. Compared with an appropriately applied linear mixed 

model, the naïve analysis included different kinematic parameters and produced inaccurate 

parameter estimates when predicting peak knee valgus moments. Failing to account for within-

participant effects during analysis produced erroneous results, affecting the interpretation of 

the data and potentially causing divergence in future injury prevention research and real-world 

practices. The appropriately applied linear mixed model, which accounts for within-participant 

effects, was subsequently adopted for analysis in Studies Three and Four. 
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Motivated by the poor intervention outcomes to reduce ACL injury risk in Study One, Study 

Three investigated whether preparatory movement characteristics were related to established 

ACL injury risk factors. Flight-phase trunk angular momentum was associated with peak knee 

valgus moments and hip abduction during the execution-step, indicating the importance of 

preparatory trunk movement in relation to ACL injury risk. Execution-step trunk lateral flexion 

was not associated with trunk momentum but was predicted by trunk positioning at 

penultimate-step toe-off. These results identify the influence of preparatory movement on 

injury risk during unplanned sidestepping, and establish the importance of looking back within 

the penultimate-step to identify preparatory neuromuscular and movement strategies 

influencing trunk positioning. 

 

Study Four aimed to develop a detailed understanding surrounding how frontal-plane trunk 

posture can be controlled during the penultimate-step. Time-varying trunk muscle activation, 

recorded through surface and fine wire electrodes, and frontal-plane pelvis orientation were 

investigated as potential strategies influencing frontal-plane trunk position. Trunk lateral flexion 

was significantly greater in unplanned movements, beginning during penultimate-step push off. 

No differences were observed in total trunk activation or lateral contraction ratio between 

conditions. During planned sidesteps athletes medially rotate their pelvis towards the change of 

direction, allowing them to maintain an upright trunk posture. Post hoc analysis found that as 

little as a 3° change in pelvic lateral tilt during penultimate-step push off in unplanned 

sidestepping reduced execution-step trunk lateral flexion by 37 %. These findings provide novel 

evidence that neuromuscular trunk control can be improved through altering preparatory 

positioning of the pelvis. 

 

The outcomes of this thesis have significant implications for future ACL injury mechanism 

elucidation and injury prevention research. There is room for improving the effectiveness of 

interventions in reducing ACL injury risk factors. A method by which this can be achieved is 

through building upon the mechanical theories of ACL injury risk, however, it is important to 

protect the generalisability of these findings. This research provides support for identifying the 

role of preparatory mechanics in relation to ACL injury risk, and establishes non-contact ACL 

injuries as a ‘two-step problem’, with practical implications for future interventions. 
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CHAPTER ONE 

INTRODUCTION 

1.1 INTRODUCTION 

Anterior cruciate ligament (ACL) injuries are an acutely debilitating knee injury with ongoing 

long-term consequences for the injured athlete. Less than half of athletes who injure their ACL 

successfully return to sport at their pre-injury level.1 On average, those who return to 

competitive sport following an ACL injury do so 7-10 months post-reconstruction.2,3 There are 

also long-term health implications, with athletes who suffer a meniscal tear alongside their ACL 

rupture 20-50 % more likely to develop radiographic diagnosed osteoarthritis within 10-15 

years.4 Poor post-injury sports participation outcomes and long-term health consequences 

following an ACL injury indicate the impact on an individual’s long-term health and their future 

exercise participation. From a financial perspective, ACL reconstruction surgeries alone are 

estimated to cost Australia A$140 million annually.5 However, the total financial burden of ACL 

injuries is much higher given that the costs of post-operative rehabilitation, income replacement 

and cost of treating any ensuing cases of osteoarthritis are not currently considered in such 

estimates. 

 

Within Australia approximately 70 % of individuals who undergo reconstructive ACL surgery 

sustain the injury while participating in sport.6 Over half of sporting ACL injuries are non-contact 

in nature,7–9 with the majority of these characterised by sidestepping manoeuvres, where an 

athlete is attempting to change the direction of their movement by stepping off their opposing 

limb.8,10 These sidestepping manoeuvres typically involve deceleration and acceleration of the 

body alongside the change in whole-body trajectory. Qualitative video analysis places the injury 

event within 50 ms of execution-step foot contact.11,12 Experimental biomechanical studies have 

observed elevated knee valgus and internal rotation moments during this weight acceptance 

period of sidestepping.13 These knee moments are surrogate measures for the loading patterns 

that elevate ACL strain in cadaver14–16 and in-vivo simulation17 models. Considering evidence 

from these observational,11,12 experimental13 and simulation14–17 sources together, it is believed 

that ACL injury risk is at its highest during the weight acceptance phase of the execution-step of 

sidestepping. 
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Injury to the ACL occurs when the forces applied to the ligament tissue are greater than the 

forces it can withstand.18 With current technology, measuring ACL strain in-situ is a highly 

invasive and impractical task. Research therefore focuses on understanding biomechanical 

techniques that promote knee loads associated with elevated ACL strain.18 A myriad of 

biomechanical and neuromuscular factors across multiple body segments have been linked to 

increased ACL injury risk, and these risk factors can be used to inform the design of 

countermeasures for ACL injury prevention.19 The goal of ACL injury prevention is to reduce 

injury risk through:  (1) minimising the use of movement strategies contributing to elevated ACL 

strain, and (2) improving the coordinated strength and activation of muscles capable of 

accommodating externally applied loads. 

 

For injury prevention practices to be successful in reducing ACL injury rates it is important that 

they are designed around scientifically sound theoretical mechanisms of injury.19,20 Training 

intervention research has often tested the effectiveness of various exercise modalities (e.g., 

plyometric, balance and resistance), with mixed success in “preventing” ACL injuries.21,22 The 

limited success of these interventions may stem from a narrow focus on the efficacy of different 

exercise types in influencing injury risk. Prevention strategies which successfully reduced ACL 

injury rates have tended to address movement technique23–26 that may promote effective 

targeting of biomechanical injury risk associations. Unsuccessful interventions may lack insight 

into the inherent biomechanical and neuromuscular factors that contribute to elevated knee 

loads. It is important to ensure that the theoretical basis of training interventions accurately 

addresses the mechanisms and aetiology of real-world ACL injuries, and provide 

recommendations that are generalisable to both elite and community-based populations. 

 

Weir et al.27,28 developed a training intervention which was biomechanically informed in that it 

targeted four established injury mechanisms: (1) knee flexion dynamics, (2) dynamic trunk 

control, (3) gastrocnemius muscle strength and (4) hip external rotator strength.  The 

intervention was successful in increasing hip muscle activation (30 %) and reducing peak knee 

valgus moments (- 30 %) in pre-identified ‘high-risk’ elite athletes, in an ‘ideal’ scenario19 with 

100 % athlete attendance and compliance. However, these results should be interpreted with 

caution, as a control group was not included in the research design, making it difficult to directly 

attribute improvements to the training intervention. Further research is needed to test the 

effectiveness of such a programme among community-level athletes in settings akin to “real-

world” scenarios.19 
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The paradox of non-contact ACL injuries is that they are generally sustained during movements 

that are regularly performed during sporting activity29 without eliciting injury (e.g., sidestepping 

and single-leg landing). Biomechanical ACL injury research often aggregates multiple 

observations of a participant’s movement into a mean of the individual's collected trials. 

Although a statistically accepted approach, reducing data to a single representative number 

loses valuable information from individual observations.30 In the context of ACL injury research, 

differences between ‘high’ and ‘low’ risk sidestepping movements are 'washed out' by such data 

reduction. A solution is to include observation level data within the analysis. However, care must 

be taken to account for within-participant effects in clustered data. Within ACL injury 

biomechanics research, there are examples where within-participant effects have not always 

been accounted for,31 or the treatment of within-participant effects has been ill-specified.32,33 

Failing to account for the mixed-effects nature of the data violates statistical assumptions and 

produces erroneous results which impact the validity and reproducibility of any findings.30,34 This 

is likely to have direct consequences when incorporating these research findings into injury 

prevention practices.35 It is important to understand the applied impact of inappropriately 

analysing clustered biomechanical data and identify sound statistical alternatives for use within 

injury biomechanics research to protect the translatability of reported injury risk associations. 

 

A number of kinematic and neuromuscular factors during weight acceptance of the execution-

step have been linked to non-contact ACL injury risk. These risk factors are commonly identified 

in close temporal proximity to when peak knee loading is observed13 and the ACL injury event is 

thought to occur.11,12 Once the execution-step has commenced there is insufficient time (≤ 50 

ms) to meaningfully influence injury risk through altering movement technique. The applied 

sport science and sports medicine researchers' tendency to focus on a small timeframe of the 

sidestepping movement is a potential limitation that may compromise the success of injury 

prevention research. ‘High-risk’ postures during the execution-step are well described, however, 

comparatively little consideration has been given to the underlying contributors to these 

postures. This is reflected in intervention programmes, which lack clear biomechanical or 

neuromuscular strategies for altering established ACL injury risk postures. Research 

investigating preparatory movement that elicits undesirable postures and knee loading, may 

provide an understanding of “how” athletes can alter their movement with sufficient time to 

mitigate injury risk during sidestepping manoeuvres.   

 

Few studies have reported sidestepping kinematics occurring before the execution-step,36–40 nor 

has the question of how preparatory movement influences execution-step risk factors been 

thoroughly investigated. Online-steering research,41 suggests that change of direction is 
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achieved through two primary strategies: (1) medio-lateral foot placement, and (2) lateral 

movement of the trunk away from the change of direction. These two strategies are also linked 

with increased knee valgus moments during sidestepping.36,42–44 Neuromuscular trunk control 

may be of particular importance and has been suggested to be the underlying cause of ACL 

injury.45 Frontal-plane trunk position influences whole-body centre of mass position, which in 

turn has been reported to affect peak knee valgus moments46 and the lateral foot placement 

required to produce medial forces.47 Evidence suggests preparatory trunk lateral flexion at 

penultimate-step toe-off is influenced by the time available to prepare the movement,36 but 

there is insufficient evidence linking preparatory trunk mechanics to known ACL injury risk 

factors. 

 

1.2 STATEMENT OF THE PROBLEM 

Despite strong advocacy for the use of neuromuscular training interventions, research does not 

clearly support their efficacy in reducing ACL injury rates.21,22 Additionally, it is relatively unclear 

what biomechanical mechanisms reduce risk of injury in successful training intervention 

studies.19 ACL injury preventions should be designed with a scientifically evidenced rationale as 

to how they have effectively targeted one/or a number of injury mechanisms. These 

interventions should then be assessed on how well they have targeted and influenced these risk 

factors. The aforementioned biomechanically informed training27,28 was successful in reducing 

ACL injury risk among an elite athlete population and further research is warranted to assess the 

intervention’s effectiveness in community-level athletes. 

 

The appropriateness of statistical procedures adopted in theoretical research is a potential 

limiting factor when applying injury mechanism theory to intervention practices. Within the ACL 

injury literature, statistically inappropriate methods have been used to analyse clustered 

biomechanical data.31 It is known that failing to account for within-participant effects increases 

susceptibility to Type I error,30 and compromises the generalisability of results.34 However, the 

impact of such analyses on ACL injury risk associations and ensuing recommendations to injury 

prevention practices is unclear. 

 

The mixed success of ACL neuromuscular training21,22 suggests that other shortcomings, in 

addition to poor mechanistic targeting, may compromise their effectiveness. Continued 

investigation into the underlying causes of ACL injury are necessary to build upon and improve 

current injury prevention strategies to better inform the design of future counter-measures. 

Specifically, further research is needed to better understand the underlying causes of 
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non-contact ACL injuries. Research into preparatory mechanics has described anticipatory 

postures during the penultimate-step.36-40 However, there is insufficient evidence relating these 

mechanics to execution-step postures and knee moments linked to increased ACL injury risk. 

 

1.2.1 RESEARCH AIMS 

This thesis aims to improve the current understanding of preparatory musculoskeletal 

mechanics and effective training interventions. Extending   the work of Weir et al.27,28 this 

research will assess the efficacy of biomechanically informed training focusing on execution-step 

technique and risk factors in a community-level athlete population. The influence of different 

statistical methods in the analysis of clustered data, with regard to the communication of 

scientific results and applicability to real-world applications will also be examined. Finally, this 

research aims to characterise preparatory upper-body musculoskeletal mechanics and identify 

associations with established kinematic and kinetic ACL injury risk factors. Together, these 

research components aim to contribute theoretical evidence, and aid in enhancing the 

effectiveness of ACL injury prevention programmes. 

 

1.3 THESIS OUTLINE 

This thesis is presented as a series of papers building upon the scientific understanding of the 

non-contact ACL injury mechanism, and factors affecting the application of research findings to 

ACL injury prevention research, and comprises the following chapters: 

 

1.3.1 CHAPTER TWO – REVIEW OF THE LITERATURE 

The literature review builds the context of the thesis through a comprehensive overview of 

previously published research. It highlights ‘gaps’ in the current knowledge and provides a 

framework for the theoretical rationale of this research. 
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1.3.2 CHAPTER THREE – STUDY ONE 

TARGETING ASSOCIATED MECHANISMS OF ANTERIOR CRUCIATE LIGAMENT INJURY IN FEMALE 

COMMUNITY LEVEL ATHLETES 

 

The aim of this study is to: 

• Determine if biomechanically informed ACL injury prevention training can modify 

targeted postures, neuromuscular activation and knee moments associated with ACL 

injury risk in a community-level athlete population. 

 

It is hypothesised that: 

• Athletes not participating in the training intervention (comparison group) will exhibit 

deleterious biomechanical changes over the intervention period, evidenced by: 

increased non-sagittal plane knee moments and reduced total knee and hip muscle 

activation. 

• Athletes participating in a biomechanically informed prevention programme will 

decrease their theoretical ACL injury risk, evidenced by: reduced non-sagittal plane knee 

moments and increased total knee and hip muscle activation and desirable changes to 

knee, hip and trunk kinematics. 

 

1.3.3 CHAPTER FOUR – STUDY TWO 

THE APPLIED IMPACT OF ‘NAÏVE’ STATISTICAL MODELLING OF CLUSTERED OBSERVATIONS OF 

MOTION DATA IN INJURY BIOMECHANICS RESEARCH 

 

The aims of this study are to: 

• Compare statistics and inferences of the results of two different statistical models 

applied to a sample of clustered (multiple observations per participant) biomechanical 

sidestepping data. The results from a linear regression, which does not account for 

within-participant effects, will be compared with results from a linear mixed model. 

• Discuss the effect choice of statistical model has on the clinical interpretation of the data 

and applied injury prevention recommendations. 

 

It is hypothesised that: 

• A linear regression model will identify different kinematic parameters (i.e., injury risk 

predictors) to the linear mixed model. 
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• A linear regression model will over or underestimate the estimates of parameters 

common to both models. 

• A linear regression model will overestimate model goodness of fit (R2) when predicting 

peak knee valgus moments. 

• When cross-validated, the linear mixed model will have superior goodness of fit (R2) to 

the cross-validated naive model. 

 

1.3.4 CHAPTER FIVE – STUDY THREE 

BY FAILING TO PREPARE, YOU ARE PREPARING YOUR ACL TO FAIL 

 

The aims of this study are to: 

• Describe preparatory trunk and hip postures at penultimate-step toe-off and angular 

momentum during flight-phase of unplanned sidestepping. 

• Investigate the influence of preparatory trunk and hip mechanics at penultimate-step 

toe-off and during flight-phase, on frontal-plane kinematic and kinetic ACL injury risk 

factors during unplanned sidestepping. 

 

It is hypothesised that: 

• Mean flight-phase trunk angular momentum, acting to laterally flex the trunk over the 

execution-stance limb, along with preparatory trunk lateral flexion and hip abduction 

angles at penultimate-step toe-off, will be associated with peak knee valgus moments 

during weight acceptance of the execution-step. 

• Preparatory trunk lateral flexion and mean flight-phase frontal-plane trunk angular 

momentum, acting to laterally flex the trunk over the execution-stance limb, will predict 

trunk lateral flexion at foot contact of the execution-step. 

• Preparatory hip abduction and trunk lateral flexion postures, along with mean 

frontal-plane trunk angular momentum toward the execution-stance limb, will be 

significantly associated with hip abduction angle at execution-step foot contact. 
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1.3.5 CHAPTER SIX – STUDY FOUR 

“HIPS DON’T LIE”: PELVIS ORIENTATION INFLUENCES LATERAL TRUNK POSITION WHEN 

SIDESTEPPING 

 

The aims of this study are to: 

• Identify differences in preparatory trunk and pelvis mechanics, and trunk muscle 

activation that may contribute to the greater trunk lateral flexion observed in 

unplanned, compared with planned sidestepping. 

• Assess how effective a post hoc analysis, using the aforementioned biomechanical 

and/or neuromuscular differences found between the preparatory movement of 

planned and unplanned sidesteps as independent variables, is at predicting execution-

step trunk lateral flexion during unplanned sidestepping. 

 

It is hypothesised that: 

• During unplanned sidesteps an athlete’s trunk lateral flexion and pelvis lateral tilt will 

be more laterally directed (away from the change of direction) than in planned 

sidesteps. 

• An athlete's total trunk activation (comprising rectus abdominus, and bilateral, erector 

spinae, quadratus lumborum, external obliques and internal obliques) during 

penultimate- and execution-steps will be higher in unplanned, compared with planned, 

sidestepping. 

• Pre-planning the sidestep direction will not influence the lateral contraction ratio 

between activation of contralateral and ipsilateral trunk muscles. 

 

1.3.6 CHAPTER SEVEN – SYNTHESIS OF FINDINGS AND CONCLUSION 

The final chapter provides an overall synthesis of the results presented throughout the thesis, 

integrating the major findings from each study, providing an overall summary of the research 

scope, and highlighting the broader conclusions of the research. 

 

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

(i.e., previous studies) has been undertaken, although at times the examiner may find some 

repeated methodology redundant in the course of reading.  

 

1.4 LIMITATIONS AND DELIMITATIONS 

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

 

1.4.1 LIMITATIONS 

Global limitations: 

• It is assumed that the laboratory based sidestepping protocol is representative of the 

sporting situations in which ACL injuries occur. 

• It is assumed that the arrow stimulus is an ecologically valid signal to indicate the change 

of direction for sidestepping movements. 

• It is assumed that the movement proficiency and techniques of the populations 

investigated are representative of other athletes of their sex and skill level. 

• Electromyography data provides information about the electrical activity of a muscle 

and does not represent the magnitude of force produced by the musculo-tendon unit. 

 

Chapter Three - Study One: 

• Due to participant drop out seven athletes (six from the intervention and one from the 

comparison group) were lost to the follow-up testing. 

• Due to telemetry issues with the electromyography equipment, muscle activation could 

not be recorded from three participants (two from the intervention and one from the 

comparison group) on follow-up. 

• Training attendance (71 %) and compliance (77 %) were lower than a previous 

implementation of this intervention programme among an elite female athlete 

population, which likely impacted programme effectiveness. 

• Participants were not randomised into training and comparison groups and as such the 

results are susceptible to selection bias. 
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Chapter Four - Study Two: 

• It is assumed that the strength of within-participant correlations in this data are 

representative of sidestepping movement datasets and external populations. 

 

Chapter Five - Study Three: 

• Cadaver models, which may not represent the sample tested, were used to estimate 

segment inertial properties for angular momentum calculations. 

 

Chapter Six - Study Four: 

• Muscle activation was not recorded from all muscles capable of influencing lateral trunk 

motion (e.g., multifidus). 

• The presence of indwelling electrodes within trunk muscles may have altered 

participant movement patterns during the sidestepping protocol. 

 

1.4.2 DELIMITATIONS 

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

 

General delimitations: 

• The approach velocity of the sidestepping tasks was set to 4-4.5 ms-1. 

• Lines and cones within the lab space were used to guide the participants to change 

direction by 45° to their line of approach. 

• During unplanned sidesteps athletes were signalled to change direction approximately 

1.5 m before execution-step foot contact. 

 

Chapter Three- Study One: 

• Only female community-level hockey players were included in the study and findings 

may not be transferrable to males and/or other team sport athletes. 

• Two trained researchers conducted the training intervention to ensure that the 

programme was correctly implemented.  

 

Chapter Five - Study Three: 

• A male athlete population was tested and the findings may not be transferable to 

female athletes. 

• All participants were right-leg dominant performing the sidestep off their right leg. 
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Chapter Six - Study Four: 

• A sample of convenience was used and participation was not restricted to team sport 

athletes. As such, these participants’ movement patterns may differ to team sport 

athletes. 

.  
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CHAPTER TWO 

REVIEW OF THE LITERATURE 

2.1 INTRODUCTION 

From the year 2000 through to 2015 almost 200,000 anterior cruciate ligament (ACL) 

reconstructions were performed in Australia, at an annual incidence rate of 77.4 per 100,000 

people - the highest population-adjusted rate reported world-wide.1 Given that not all injured 

persons undergo reconstructive surgery, the actual incidence rate of ACL injuries within 

Australia is likely much higher. The burden on the Australian health care system is substantial 

with total ACL reconstructive surgeries estimated to cost Australia A$142 million per year,1 with 

this estimate not including costs of post-operative rehabilitation and income replacement. 

Epidemiological research by Janssen et al.2 found that 70 % of ACL reconstructions within a 

five-year period were a direct consequence of sporting injuries. Considering the percentage of 

sport related injuries, it is reasonable to conclude that ACL reconstructions directly resulting 

from sporting participation costs the Australian health care system approximately $A100 million 

annually.1,2 

 

ACL injuries prove costly to the injured athlete’s physical condition and sporting ambitions. 

Despite the fact that reconstructive surgery is regarded as the best treatment for return to 

competitive sport,3 less than half of surgically treated athletes return to sport at their pre-injury 

level.4 Six months post-operation, dynamic function of the ACL injured knee is still impaired,5 

and individuals who return to active sport participation do so 7-10 months after surgery.6,7 This 

represents a significant amount of time away from the sport, particularly for professional 

athletes whose career and financial stability may depend on their ability to compete at a high 

level. Additionally, there appears to be a long-term impact on the longevity of sporting 

participation of injured athletes, even for individuals that return to competitive sport. Roos and 

colleagues3 found that over a seven year period none of the professional soccer players with a 

previous knee ligament injury were still participating at the same level of sport, whilst 30 % of 

the non-injured group were still actively playing. Time spent in rehabilitation and poor 

participation-based outcomes following ACL injury clearly demonstrate limitations in treatment 

and recovery protocols, as well as highlight the importance of the development and 

implementation of successful preventative measures to reduce the number of ACL injured 

athletes. A substantial amount of research has been devoted to designing and implementing 
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preventative injury models. However, there is limited evidence that intervention methods 

appropriately target the underlying biomechanical and neuromuscular mechanisms of ACL 

injury. 

 

This literature review commences with a description of the anatomy and function of the ACL. 

The aetiology of ACL injuries will be discussed next, followed by an overview of biomechanical 

and neuromuscular risk factors related to elevated knee joint loading (e.g., moments) and injury 

risk. The literature review will then outline the importance of basing preventative methods on 

empirically evidenced risk factors. The review will conclude by identifying potential areas in 

which the current understanding of the ACL injury mechanism can be improved upon, with the 

overarching aim of better informing future injury prevention practices. 

 

2.2 FUNCTION AND ANATOMY OF THE ACL 

The ACL is one of two cruciate ligaments within the knee which act to stabilise the knee joint 

and minimise anterior-posterior displacement of the tibia from the femur. Both cruciate 

ligaments consist of a highly organised collagen matrix, formed into multiple fibre bundles.8 

Within the cruciate ligaments are sensory nerve endings, the presence of which suggest that 

these ligaments have a proprioceptive functioning within the knee joint. There is some 

contention as to whether the ACL is made of two or three anatomical bundles.9 However, from 

a functional perspective it is generally agreed that the ACL can be characterised as having two 

distinct bundles defined by their tibial insertions; the anteromedial and posterolateral.8,10,11 

 

The complicated anatomy of the ACL makes it efficient at resisting multi-planar movements of 

the tibia. It’s primary function is to resist anterior tibial translation relative to the femur, 

providing up to 86 % of the force resisting this motion.8 The anteromedial and posterolateral 

bundles are thought to have unique functionality during non-weight bearing activities. The 

anteromedial bundle becomes more taut when the knee is flexed (around 90°), whereas the 

posterolateral bundle becomes taut when the knee approaches full extension.8,9,12 However, this 

reciprocal behaviour is not seen during weight-bearing phases of gait, as both bundles undergo 

similar changes in length during stance, suggesting they perform a similar function at this time.13 

 

Injury to the ACL is caused when the ligament is required to resist forces greater than it can 

withstand.14 Naturally, the forces the ACL acts to resist have the greatest potential to cause 

injury if they exceed the ligament’s force tolerance.  A combination of knee extension, valgus 

and internal rotation moments place the ACL under the highest strain in-vitro.15,16 Cadaveric 
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simulations of lower-extremity impact loading during landing identified that increases in knee 

abduction angle16 and valgus moments17 significantly increase ACL strain. These findings prompt 

recommendations to reduce knee valgus moments to minimise ACL strain.17 Valgus torque 

applied to the distal tibia of cadaver lower-limbs produces the greatest in-situ ACL force when 

the knee is near full extension.18 This is consistent with qualitative video analysis of non-contact 

ACL ruptures which are typically observed when an athlete's execution-step stance knee is 

minimally flexed.19–23 While cadaver models provide critical insight to how the ACL is strained, 

these loads must be considered within the context(s) in which ACL injuries commonly occur, 

which is during dynamic tasks with the stance limb transitioning from a non-weight bearing 

flight-phase to a weight bearing stance phase. 

 

2.3 AETIOLOGY 

Within sporting contexts ACL injuries can be broadly categorised as contact or non-contact in 

nature.24 Qualitative video analysis of ACL injuries across a variety of team sports has found that 

45 – 85 % of the injuries occur in non-contact situations.22,24–26 Given that the majority of ACL 

injuries can be described as non-contact, this literature review will focus on the injury 

mechanisms that underpin non-contact ACL injury risk.   

 

Non-contact ACL injuries are most commonly observed during movements involving rapid 

change of direction (CoD) where the knee of the stance limb is injured.19,22 There is also a high 

level of consensus within qualitative video analysis studies that ACL injury events occur within 

50 ms following foot contact, with the knee close to full extension.19–23 The injury surveillance 

literature has also shown that a ‘valgus collapse’ or a valgus joint posture is typically observed 

during an ACL injury event,19,20,23 however, this may present following ACL rupture, as a 

consequence of increased joint laxity resulting from ligament failure.23 It is acknowledged that 

the qualitative evidence from in-game footage of ACL injuries has strong ecological validity, 

however, these studies are limited in their ability to estimate joint mechanics such as knee joint 

moments. Currently, we must rely on the less ecologically valid, but more robust and higher 

fidelity laboratory-based CoD analyses, if we are to elucidate the mechanical factors that 

underpin ACL injury events.  
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2.4 BIOMECHANICAL INJURY MECHANISM 

Measurement of direct ACL strain, or in-situ forces in-vivo involves highly invasive methods 

which limits the available data. An in-vivo case study by Cerulli and colleagues27 reported that 

peak ACL strain was observed during the weight acceptance (WA) phase of a single-leg hopping 

task, and these results suggest that the ACL is under the greatest strain when decelerating the 

whole-body centre of mass (Figure 2.1).  Knee moments that induce strain in ACL cadaver 

models,15,18 are also highest in-vitro during the WA phase of sidestepping movements.28 The 

agreement between cadaveric models and invasive  in-situ data point towards the WA phase as 

having the greatest risk of ACL injury, which is congruent with observations of real-world injury 

events.20,29  

 

Laboratory based biomechanics research has shown that peak knee flexion moments are similar 

during sidestepping and straight-line running, however, peak valgus and internal rotation 

moments are substantially higher during sidestepping manouvres.28 During sidestepping, the 

quadriceps produces a large internal knee extensor moment to accommodate a large external 

knee flexion moment, which induces a net anterior reaction force on the tibia.14 The magnitude 

of this reaction force is dependent on the joint moment as well as the joint angle of the tibia 

relative the femur.  During WA, peak anterior shear force in isolation is insufficient to cause an 

ACL injury,30 and evidence from cadaver models suggests that it is combined multi-planar knee 

Figure 2.1 Anterior cruciate ligament (ACL) strain and vertical ground reaction force (Fz) recorded 
during stance phase of a single-leg hop.  Image adapted from Cerulli et al., 2003. 

Foot Contact Toe-off 
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moments that places the largest strain on the ACL.15,17,18 While knee flexion angle and anterior 

shear force are important components of the ACL injury mechanism, they must coincide with 

non-sagittal plane loads to place an individual at an elevated risk of injury. The magnitude of 

non-sagittal plane knee moments is thought to better indicate elevated injury risk, which is why 

a substantial amount of biomechanics research focuses on minimising non-sagittal plane knee 

moments to reduce ACL injury risk. When in conjunction with anterior shear forces, valgus 

moments increase ACL strain more than varus moments in cadaver models.15 This is supported 

by Hewett et al.31 who observed that athletes who injured their ACL had greater knee valgus 

moments during a jump-landing task than uninjured athletes. 

 

To summarise, it is the relative increase in non-sagittal knee moments (i.e., valgus and internal 

rotation moments) that suggests an individual’s risk of ACL injury is elevated in sidestepping 

versus straight-line running.  It is therefore important for researchers to investigate 

musculoskeletal countermeasures that can reduce, or mitigate valgus and internal rotation 

moments during sidestepping, when developing effective methods of preventing non-contact 

ACL injuries. 

 

2.5 BIOMECHANICAL AND NEUROMUSCULAR RISK FACTORS 

The positioning of joint centres and axes of rotation of the lower-limb has a direct influence on 

the external forces and moments applied to the knee joint. In a prospective investigation 

“dynamic knee valgus” angles (Figure 2.2) during a jump-landing task were significantly greater 

in athletes who went on to injure their ACL.31 A “dynamic knee valgus” posture is effectively the 

medial displacement of the knee relative to the hip and ankle joints. This medial displacement 

serves to alter the position (i.e., joint centre) and orientation (i.e., joint axes) of the knee relative 

to the ground reaction force (GRF), effectively increasing the valgus moment arm, and thereby 

valgus moments. This association between an abducted knee posture and knee valgus moments 

has been also been identified in sidestepping movements.32,33  

 

Landing with a flexed knee, and increasing knee flexion range of motion during weight 

acceptance are commonly recommended technique modifications within ACL injury prevention 

research.34 Forward dynamic simulations of sidestepping movements have clearly shown that 

increases in knee flexion reduce the likelihood of simulating an ACL injury;35  defined by 

exceeding anterior shear force36 or valgus moment37 thresholds (2000 N and 125 Nm, 

respectively). Knee extension increases ACL injury strain through promoting anterior tibial shear 

forces,35 and may also force the surrounding knee musculature to act at sub-optimal 
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fibre-lengths when attempting to support and stabilise the knee against external and internal 

loading.38 Landing movements with decreased knee flexion, have the highest resultant GRF and 

knee joint stiffness,39 suggesting that knee flexion may reduce external loading by dampening 

the magnitude of the resultant GRFs during weight acceptance. 

 

 

The muscles surrounding the knee are capable of producing forces directly opposing anterior 

shear force and valgus moments. Increased activation of hamstring muscles can counter anterior 

drawer caused by excessive quadriceps activation when the knee is near full extension.21 In 

cadaver models increases in hamstring force, while under constant quadriceps load, can act to 

reduce antero-posterior and medio-lateral tibia translations, resulting in reduced in-situ ACL 

forces throughout a range of knee flexion.40,41 These findings suggest that knee postures alone 

are not enough to determine in-situ ACL forces as they are highly dependent upon the 

co-contraction and forces produced between the hamstrings and quadriceps. Musculoskeletal 

modelling approaches have identified that soleus, biceps femoris long head and medial 

hamstrings generate the greatest posterior shear force, directly opposing anterior shear forces 

during WA of sidestepping.42 Activation of specific medio-lateral muscle groups crossing the 

knee joint can support against applied valgus and internal rotation moments.43 Muscles medial 

to the knee joint have moment arms which can support against externally applied valgus 

moments,43,44 and increasing the force of these muscles may be a potential strategy to support 

against elevated knee moments that increase ACL strain.38 

 

The muscles surrounding the knee can also be coordinated to generate forces to stiffen and 

provide support against external knee moments and forces. Elevated total muscle activation, 

with co-contraction between the quadriceps and hamstrings and/or gastrocnemius muscles can 

Figure 2.2 "Dynamic knee valgus" posture, where the knee is medially 
displaced relative to the hip and ankle. Image adapted from Hewett et 
al., 2005. 
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protect the ACL, by increasing compressive joint forces, thereby improving knee joint 

stability.40,41,45,46 Increasing the activation of muscles surrounding the knee prior to external 

forces being applied is another positive neuromuscular strategy, as the cartilage and menisci 

structures within the knee are loaded earlier, better ensuring appropriate condylar alignment.45 

This pre-activation is also thought to increase the tension banding of knee musculotendinous 

structures, reducing translation between the tibia and femur.45 

 

During sidestepping, the magnitude of peak knee valgus and internal rotation moments have 

been shown to be inversely proportional to the time available to plan the movement.47,48 When 

a change of direction is indicated shortly before the execution-step, athletes are required to 

make a ‘last-minute’ decision on the movement to perform. In such unplanned sidesteps, valgus 

moments during WA are 60 % greater than during planned sidesteps,47 suggesting that 

unplanned sidesteps have a greater potential to strain the ACL. Activation strategies of muscles 

surrounding the knee may not be adequate to support against increased knee loads during 

unplanned sidestepping as net knee muscle activation is only 10 - 20 % greater than in planned 

sidesteps.48 

 

2.6 HIP MECHANICS AS A RISK FACTOR 

The position and motion of the stance hip during the execution-step has the potential to 

influence knee loading (i.e., moments and forces). Hip flexion and internal rotation postures,33,49 

together with hip flexion motion during early stance,50 are positively associated with knee valgus 

moments during CoD movements. A flexed and internally rotated hip is likely to increase knee 

valgus moments through promoting a “dynamic knee valgus” position,31 which would direct the 

GRF vector laterally relative to the knee. It is also thought that the capacity for medial knee 

muscles to support against valgus moments is reduced when the hip is flexed and internally 

rotated.33 Thereby, improving the strength and control of muscles which act to extend and 

externally rotate the thigh, such as the gluteus maximus,51 may provide support against 

“dynamic valgus” knee postures and in turn knee valgus moments. This notion is supported by 

prospective research, which found that impaired baseline hip external rotation strength is a 

significant predictor of future ACL injury events52 and general lower-limb injuries.53 

Computational musculoskeletal modelling shows that gluteus medius and maximus, along with 

the piriformis muscle produce the most force opposing valgus moments,42 further highlighting 

the potential for the hip musculature to mitigate frontal-plane knee loads. 
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A wide placement of the execution-step stance limb is used to create medially directed GRFs,54 

which serve to accelerate the centre of mass towards the intended CoD path during push off. 

This lateral foot placement is partially achieved through abducting the thigh.49 During 

sidestepping, a wide foot placement32,55 or abducted hip posture49 is also associated with 

increased knee valgus moments. This movement technique can redirect the GRF vector laterally, 

outside of the knee, increasing the size of the moment arm between the GRF vector and the 

knee joint centre, in turn again increasing knee valgus moments.  

 

2.7 UPPER BODY CONTRIBUTION AS A RISK FACTOR 

The upper body has substantial potential to influence the loading of distal joints during 

sidestepping. Together, the head and trunk account for over 50 % of an individual's total body 

mass.56 Increased trunk lateral flexion (away from the CoD) during the execution-step is 

associated with higher knee valgus moments.32,55,57,58 Trunk lateral flexion over the execution-

step stance limb shifts an athlete’s trunk and whole-body centre of mass laterally, which in turn 

directs the GRF vector laterally outside of the knee to keep the whole body centre of mass within 

the base of support.  The downstream effect of this posture once again is elevated knee valgus 

moments. The mechanical linkage of trunk lateral flexion with knee valgus moments is 

corroborated by  qualitative video analyses which describe laterally flexed trunk postures during 

non-contact ACL injury events.21,59  

 

Lateral trunk flexion postures during sidestepping are affected by available ‘planning-time’, and 

may result from a reliance on lateral trunk movement to change direction,58,60 or indicate poor 

neuromuscular control of the trunk.61 Research has also shown that laterally flexed trunk 

postures are greater when less time is available to ‘plan and coordinate’ the sidestepping 

movement.58 Excessive trunk lateral flexion has also been considered a consequence of poor 

neuromuscular trunk control indicating it may be a modifiable strategy.61 Weir et al.62 suggest 

that the increased sensitivity of associations between trunk mechanics and ACL injury risk 

indicates they should be investigated during unplanned, rather than planned sidesteps. 

Potential strategies for influencing trunk lateral flexion during unplanned sidesteps are unclear 

and further research investigating the musculoskeletal mechanisms between trunk 

biomechanics, neuromuscular control and ACL injury risk is warranted.  

 

The majority of biomechanical investigations researching ACL injury have described ACL injury 

risk during sidestepping and landing techniques through postures and resultant knee moments. 

Yet, there is insufficient evidence identifying the origins of resultant knee loading and ‘at-risk’ 
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body postures. The underlying causes of increased ACL injury risk may depend on the movement 

strategy used to change direction. The intrinsic goal of a sidestep is to redirect an individual’s 

centre of mass velocity, and the movement patterns utilised to achieve this outcome have a 

direct bearing on ACL injury risk factors. Simulation research optimising whole-body 

sidestepping kinematics has shown that redirecting an individual’s centre of mass medially 

(towards the desired direction of travel) by as little as 4 cm can reduce peak knee valgus 

moments up to 40 %.63 This movement strategy may be most efficiently achieved through a 

medial displacement of the trunk, given the trunk is the heaviest segment in the human body 

and has the greatest influence on centre of mass position.56,64 However, given that the reaction 

time of trunk muscles in response to sudden loading (< 65 ms)65 is greater than the estimated 

time from foot contact to rupture of the ACL (≤ 50 ms),20,29 there is insufficient time to effectively 

alter trunk postures within the weight acceptance phase of stance when peak knee moments 

occur. Therefore, adjustments to trunk posture must occur during preparatory movement 

(before the execution-step) if these changes are to influence ACL injury risk.  

 

An athlete’s ability to maintain ‘core stability’ in the frontal-plane, defined as the ability to limit 

medio-lateral trunk excursions in response to external perturbations,66 has also been associated 

with ACL injury incidence. In a prospective study, Zazulak et al.66 found that lateral trunk 

displacement in response to controlled perturbations was greater in athletes who subsequently 

injured their ACL (odds ratio = 2.2). Although, ‘core stability’ was assessed from a seated position 

the findings indicate that it is not just discrete trunk postures, but also trunk motion that plays 

a role in ACL injury events. Excessive lateral trunk displacement during sidestepping may arise 

from an inability of ‘core’ musculature to stabilise the trunk during dynamic movement, or an 

undesirable reliance on preparatory lateral trunk motion to facilitate the CoD.60 It is clear an in-

depth understanding of the influence of the mass and motion of the trunk are important in 

understanding its influence on ACL injury risk, however, common analysis of discrete trunk 

postures belies such analysis. Trunk momentum, which incorporates both segment mass and 

motion, may provide new insights into the role of upper body mechanics on ACL injury risk. 

Specifically, preparatory angular momentum of the trunk may serve to exacerbate or mitigate 

execution-step ACL injury risk factors. 

 

There is sparse research investigating the role of the trunk musculature and its neuromuscular 

coordination during sidestepping, even though clear mechanical links have been made between 

trunk mechanics and ACL injury risk. Trunk muscles with moment arms capable of producing 

laterally directed forces may influence frontal-plane trunk positioning. ‘Core’ muscles are 

believed to activate before distal musculature to provide central stability for actions performed 
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by the distal-limbs.67 In the context of sidestepping movements, trunk muscle activation may 

precede and influence trunk and lower-limb kinematics. It is unlikely that muscle activation in 

response to the sudden loading from the execution-step foot contact can influence ACL injury 

risk as the aforementioned reaction time of trunk musculature (< 65 ms),65 and 

electromechanical delay between muscle activation and force onset (~125 ms),68 indicate that 

trunk activation needs to occur prior to the execution-step to effectively influence or modify 

trunk posture.  

 

Jamison et al. 69 examined the role of the trunk musculature during a dynamic movement and 

recorded preparatory muscle activation from bilateral, internal obliques, external obliques and 

erector spinae during the flight-phase of unplanned sidesteps using surface electromyography. 

Counter to the authors hypotheses, pre-contact total muscle activation of medial (towards the 

CoD) and lateral (away from the CoD) trunk muscles, or asymmetry between medial and lateral 

trunk muscles, were not associated with increased trunk lateral flexion or knee valgus moments 

during the execution-step. This suggests that preparatory activation of the trunk muscles may 

have minimal potential to reduce ACL injury risk during sidestepping. However, the findings 

should be considered in the context of the study's limitations. Activation of internal and external 

obliques were recorded using surface electrodes, which may have recorded signal cross-

contamination from surrounding muscles. The trunk consists of several overlapping and 

adjacent muscles in close proximity to each other,70 and surface electrodes perform poorly when 

trying to record selectively from specific muscles in this scenario.71 Intramuscular electrodes 

record electrical signal from within the muscle and are a gold-standard method for minimising 

signal cross-talk and improving the specificity of the measured signal.72 Another limitation of the 

study was that muscles were assessed in pairs (e.g., medial vs lateral external obliques) rather 

than functional muscle groups (e.g., medial vs lateral musculature). Recording trunk muscle 

activation using indwelling electrodes, as well as grouping and analysing muscles by their 

function, may better reflect the influence of this musculature on trunk position and subsequent 

ACL injury risk. 

 

2.7.1 PELVIS ORIENTATION 

The pelvis makes up the lower portion of an individual’s “core” connecting the upper body with 

the distal limbs and is influential in the transfer of kinetic energy between the upper and lower-

body.67,73 Despite the potential influence of the pelvis on trunk and lower-limb biomechanics, 

the role of the pelvis during sidestepping has not been thoroughly explored. Houck et al.74 noted 

that in low velocity (i.e., walking gait) planned and unplanned sidestepping, the pelvis and thorax 
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rotate as a single segment (Figure 2.3). During unplanned sidestepping the mean frontal-plane 

pelvis orientation was directed 3° laterally (away from the CoD) when compared with the 

planned condition.  Within lateral jump movements medial pelvis tilt (towards the CoD) resulted 

in reduced knee abduction angle.75 Weltin et al.75 suggested that medial pelvis tilt also improved 

transmission of forces during the push-off phase of the lateral jump tasks. While there is a 

limited number of studies examining the role of the pelvis during sidestepping, evidence 

suggests that the medial orientation of the pelvis may mitigate lower-limb ACL injury risk factors. 

Further research is warranted to establish how pelvis biomechanics influences upper body risk 

factors, such as execution-step trunk lateral flexion.  

 

2.8 INJURY PREVENTION 

There has been a large body of injury research attempting to map the biomechanical and 

neuromuscular factors that underpin peak knee loading to inform effective injury prevention.  

There are two global approaches to minimising ACL injury risk: (1) improve the capacity of the 

ACL to withstand force, and (2) reduce the strain experienced by the ACL.14 The first 

recommendation is not feasible for healthy ligamentous tissue76 and likely has minimal potential 

Figure 2.3 Frontal-plane thorax, pelvis, hip joint and step-width measured during the execution-
step of planned (top) and unplanned (bottom) sidesteps performed at walking speed (1.9 ms-1). 
Image adapted from Houck et al., 2005. 
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to influence ACL injury risk. There is greater opportunity to reduce ACL injury rates by minimising 

the magnitude of force applied to the ligament. This can be achieved through two global 

approaches: (1) altering movement technique associated with external loads applied to the knee 

joint, and (2) increasing the support against high knee forces and moments from the surrounding 

musculature.  

 

Looking to the biomechanics and neuromuscular literature, there are currently four global 

strategies that can be adopted to reduce ACL injury risk, or associated knee moments : (1) knee 

flexion dynamics,18–23 (2) dynamic trunk control,21,32,55,58,59,63 (3) neuromuscular support provided 

by the quadriceps, hamstrings and gastrocnemius muscles,40,41,43–46 and (4) improved hip 

external rotation strength to resist dynamic valgus postures.31,33,49,52,53 Though research findings 

have provided rationale for targeting one, or all four of these, they are often secondary or non-

central components of most ACL injury prevention interventions. 

 

2.8.1 TECHNIQUE BASED PREVENTION 

Interventions targeting an athlete’s movement technique aim to modify postures believed to be 

associated with, or contribute to, increased joint moments and ACL injury risk.  Although there 

is an abundance of research linking an athlete’s posture to risk of injury, there is little research 

aiming to reduce injury risk through dynamic changes to movement technique. Dempsey et al.77 

conducted a six-week technique modification programme, where training was performed twice 

a week focusing on technique goals that progressed from closed to open skill movements. The 

intervention contained three key technical recommendations: (1) position the execution-step 

stance foot closer to the midline of the body, (2) maintain an upright trunk during the sidestep, 

and (3) rotate the trunk towards the CoD. The intervention was successful in reducing peak knee 

valgus moments by 35 % in unplanned sidesteps. However, the mechanism(s) by which this was 

achieved is unclear. Significant differences in pre- to post-kinematics were reported, however 

the mean differences observed in lateral foot width (-2.2 cm) and trunk lateral flexion (-0.6°) 

were likely too small to be functionally meaningful and may not be enough to explain the 

reductions to knee valgus moments (-35 %). It is possible that unreported postural changes may 

have contributed to the reductions in knee valgus moments observed in pre to post-testing.  

 

2.8.2 EXERCISE BASED PREVENTION 

‘Neuromuscular training’ has received substantial attention within ACL injury prevention 

research.  ACL Neuromuscular training has been described as a multi-component training 



CHAPTER TWO: REVIEW OF THE LITERATURE 

 

29 

intervention, incorporating combinations of balance, resistance, plyometric, agility and sport-

specific exercises to modify ACL injury risk factors and ACL injury risk.78 Despite widespread 

advocacy, there is conflicting evidence as to whether participation in training interventions 

reduces ACL injury rates.78–80 This is in alignment with epidemiological evidence finding no 

change or an increase in ACL injury rates over 15-17 years,7,66 which would not be observed if 

ACL injury prevention programmes were effective. A general limitation of ACL training 

intervention research has been a tendency to focus on interrogating the relative merits of 

different exercise modalities (e.g., balance, resistance, plyometric etc.). Interventions which 

successfully reduced ACL injury rates81–84 contained technical components within the training 

programme. For example, Myklebust et al.84(p73) encouraged participating athletes: “… to be 

focused and conscious of the quality of their movements, with emphasis given to the core 

stability and hip and knee position relative to the foot ...”. Gilchrist et al.81 and Mandelbaum et 

al.83 provided videotapes which demonstrated ‘high-risk’ techniques to avoid and gave examples 

of desirable biomechanical movement technique. The success of these training interventions 

may be partially attributable to the clear instruction regarding how the movement technique 

should be performed. In the examples given, technical recommendations for “core stability” and 

“hip and knee position” indicate the interventions were potentially targeting three of the four 

global strategies previously outlined (knee flexion dynamics, dynamic trunk control and external 

rotation strength). 

 

The mixed success of ACL injury prevention training programmes perhaps highlights a failure of 

biomechanists to properly inform and engage the wider allied health community (e.g., 

physiotherapists, strength and conditioning staff) in effective translation of research into 

practice. The design of intervention programmes should be informed by scientifically 

established injury theorems with rationale as to how the programme targets ACL injury risk 

factors if we are to maximise their impact. Historical training intervention programmes tended 

to include a variety of exercise types and varying levels of technical consideration, meaning it is 

difficult to ascertain why an intervention did, or did not, influence ACL injury incidence. More 

so, it is impossible to ascertain what aspects of the programme were successful or unsuccessful. 

To circumvent this issue, it is important that interventions are designed to target clear 

biomechanical risk factors, and that they are then assessed against their ability to modify these 

injury factors within the target population(s).85 

 

The relationship of trunk posture32,55,58,86 and stability66 with peak knee valgus moments and ACL 

injury events respectively, indicate that modifying dynamic trunk control may reduce ACL injury 

risk. However, research aiming to modify trunk postures during dynamic tasks have been 
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ineffective in reducing lateral trunk postures. Training interventions consisting of closed chain 

core stability87 and trunk stabilisation exercies88 were unsuccessful in reducing lateral trunk 

postures during sidestepping and trunk perturbations. The static nature of the exercises 

included may have limited the success of the interventions, and dynamic trunk exercises 

requiring active control of the trunk mass may be more suitable for improving trunk control 

during sporting manoeuvres.  An intervention combining plyometric and perturbation training 

during open-chained lateral jumps was successful in improving transverse-plane trunk and pelvis 

rotation (directed towards the CoD).89 However, it was unsuccessful in reducing targeted trunk 

lateral flexion postures during sidestepping or lateral jumps.89 The challenges faced in improving 

lateral trunk control through targeted interventions87–89 highlights the need for clear 

mechanisms by which trunk lateral flexion can be reduced when performing ACL injury related 

manoeuvres.   

 

Biomechanically informed training is an intervention designed to target known ACL injury risk 

factors.90,91 This type of training prioritises addressing the injury mechanism and is less focused 

on the types of exercise used (e.g., balance or strength). A session typically includes a variety of 

exercises (Appendix B.7), each targeting one or more risk factors, during which coaches instruct 

correct movement technique. Weir et al.90,91 implemented a novel nine-week training 

intervention in an elite athletic cohort. The intervention was biomechanically informed, in that 

it was purposefully designed to target the four global strategies described earlier: knee flexion 

kinematics, dynamic trunk control, gastrocnemius muscle strength and hip external rotator 

musculature strength.  The intervention successfully reduced peak knee valgus moments and 

increased total hip muscle activation in ‘high risk’ athletes. These results were achieved in an 

ideal training environment with 100 % athlete compliance and a low athlete to trainer ratio. The 

efficacy of such a training intervention should be tested in non-elite sporting populations in 

“real-world” scenarios. A limitation of the research by Weir et al.90,91 is that a control group was 

not included in the research design, and it is therefore difficult to attribute the changes to 

participation in the training. Further research is required to assess whether an intervention 

which targets these four strategies is capable of minimising ACL injury risk factors compared 

with a control group.  

 

2.9 BUILDING UPON INJURY MECHANISM THEORIES 

Ongoing research examining the ACL injury mechanism is necessary to build upon and improve 

the efficacy of ACL injury prevention practices. A variety of research approaches have the 

potential to improve intervention outcomes. Athlete attendance and compliance are recognised 
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challenges of “real-world” injury prevention implementation,92 and further research is needed 

to understand how the belief in, and uptake of, injury prevention programmes can be 

improved.93 Within the biomechanical research stream, further exploratory research is needed 

to build upon our current understanding of the injury aetiology.  

 

2.9.1 APPROPRIATE STATISTICAL ANALYSIS 

Statistical analysis is an integral component of scientific research, used to test a priori 

hypotheses on pre-defined populations.94 To ensure results are repeatable and generalisable at 

the population-level, analyses must be appropriate to the population investigated, the research 

question posed, and the study-design. This is especially important in injury biomechanics 

research where results are commonly extrapolated to populations outside of the research 

cohort.95 A common approach in the sport sciences is to aggregate data from multiple 

observations of a participant into a single representative datapoint (e.g., the mean). However, 

this directly juxtaposes with the nature of non-contact ACL injuries, which are occur in a single 

event, during movements that are otherwise regularly performed during sport without 

sustaining injury.96 ACL injuries are unlikely to occur during an “average” sidestep; it can 

therefore be argued that representing participants as a single datapoint likely loses information 

available from observation-level (clustered) data.97 

 

Mixed effects analyses can be used to investigate clustered data, which contain multiple 

observations for each individual. Using clustered datasets is also an effective way to maximise 

the potential power of a study,98 which is of particular benefit given the small sample sizes 

common in sport science research.99 While there are clear advantages to analysing clustered 

data, doing so introduces within-participant effects to between-participant study 

designs.97,100,101 It is important to account for these within-participant effects, as observations 

from a single participant will be more closely correlated than inter-participant data.101 Statistical 

analysis of clustered data which doesn’t account for the mixed-design of the dataset will assume 

all datapoints in the study are independent, may produce misleading results,100 and have an 

increased susceptibility to “false-positive” findings.97 Galbraith et al.97 suggest that research 

employing analysis that doesn’t account for within-participant effects may have come to 

different conclusions had a statistical method that accounted for clustering been used. 

Therefore, it is important to use appropriate methods (e.g., linear mixed model) when analysing 

clustered data to protect the repeatability and validity of scientific findings. 
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Within the field of ACL injury biomechanics, researchers have used linear regression to analyse 

clustered data,102 which incorrectly treats all observations as independent. Other researchers 

have not always clearly stated whether within-participant effects were accounted for in the 

statistical procedure.31,103 The potentially limited reproducibility of findings from these studies 

may reduce the translatability of the findings to external heterogenous populations. The wider 

research and the greater sport science community should be aware of the limitations of findings 

arising from less than optimal statistical approaches. An example of a suitable analysis 

procedure, is the linear mixed model, a form of regression analysis in which participants can be 

modelled as random factors to account for within-participant effects and protect the 

generalisability of the findings.100,104 It is critical that injury biomechanics research analysing 

clustered data use appropriate statistical methods to ensure that the findings are both correct 

and applicable to external settings and populations.  

 

2.9.2 PREPARATORY MECHANICS 

ACL injury prevention programmes targeting movement technique commonly aim to adjust 

postures and motions during “landing” or WA of the execution-step.34 This is a consequence of 

the injury mechanism literature which thoroughly describes externally applied loads and 

associated risk factors during weight acceptance, with little insight as to how they are attained 

via preceding movement. As previously highlighted, there is insufficient time (<50 ms) within 

the execution-step to purposefully produce muscle force or alter movement technique before 

peak knee loads occur.28 Therefore, preparatory movement must be examined to understand 

how injury risk associations can be modified. Mornieux et al.58(p1,261) highlight the importance of 

modifying preparatory techniques to successfully reduce ACL injury risk: 

 

“It has to be emphasised that any cutting technique modification through a 

training intervention would probably be more effective if attention is brought to 

the step prior to the change of direction …” 

 

When changing direction during low-velocity (i.e., walking speed) postural adjustments during 

the penultimate-step initiate a disequilibrium which is thought necessary to alter the movement 

trajectory.105 Patla et al.60 were among the first to characterise online steering, by comparing 

reorientation strategies between planned and unplanned changes of direction during walking 

gait. Changes in whole-body kinematics were primarily initiated in the penultimate-step, and 

mediolateral control of the centre of mass was one of the key components for successfully 

changing direction. When the sidestep was planned, a medial penultimate-step foot placement, 
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creating a medially directed GRF,54 was used to accelerate towards the new direction. A second 

strategy relied on laterally flexing the trunk (away from the CoD) during the penultimate-step, 

which medially translates the hip towards the CoD.60,74 During unplanned sidesteps individuals 

rely upon this trunk strategy to shift their pelvis towards the CoD during the penultimate-step.60 

 

Research has described preparatory trunk and penultimate-step width characteristics during 

sidestepping. Lee et al.106 reported differences in the medio-lateral placement of the stance foot 

during the penultimate-step. During planned conditions the penultimate-stance foot was placed 

medial to the centre of mass, which is thought to result in lateral GRFs accelerating an 

individual’s movement trajectory towards the CoD.54 These findings were not corroborated by 

Mornieux et al.58 who found that the time available to plan the sidestep did not influence 

penultimate step width. However, ‘planning time’ did influence trunk kinematics, with increased 

trunk lateral flexion and trunk rotation (both away from the CoD) observed at penultimate-step 

toe-off, when less planning time was available. Therefore, trunk postures during the 

execution-step of sidestepping are initiated during the penultimate-step.  

 

Transverse-plane pre-orientation of the whole-body influences the distribution of loads across 

lower-limb joints. David et al.107 found that participants who pre-orient towards the CoD during 

the penultimate-step absorb more energy at the ankle, whereas individuals who have less 

penultimate-step pre-orientation primarily absorb energy at the knee, adopting a more efficient 

movement strategy during 90° sidesteps. Previous studies have linked transverse trunk rotation 

away from the CoD with higher peak knee valgus moments during the execution-step.55,86 The 

aforementioned associations with trunk and pelvis orientation were only identified in planned 

sidesteps55,86,107 and it is unclear if these are feasible strategies when the CoD is unplanned. 

Sidestepping research describing the interaction between the trunk and pelvis reports that the 

variability and coordination of these segments alters as a function of task complexity (planned 

vs unplanned), and suggest planned and unplanned sidesteps should be considered as different 

tasks.62 Subsequently, the effect of preorientation strategies should be explored within 

unplanned sidesteps. 

 

Other researchers have compared kinematics and kinetics between the penultimate- and 

execution-steps. During large CoD sidesteps (90° and 180°), knee flexion angle and peak 

horizontal GRFs are higher in the penultimate-step than the execution-step.108 However, the 

need for substantial braking forces during the penultimate-step was only observed in planned 

sidesteps with a CoD angle greater than 45° which require greater preparatory deceleration.109 
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There is a paucity of research describing flight-phase mechanics in CoD tasks (i.e., motion 

preceding execution-step contact). It is during the flight-phase that positioning of body 

segments can be modified to reorient the body towards the intended CoD. This reorientation 

may affect the forces and moments acting on the knee during the execution-step. Aside from 

discrete kinematics at penultimate-step toe-off, there is also little description of sidestepping 

biomechanics during the stance-phase of the penultimate-step. Preparatory techniques earlier 

within the penultimate-stance phase may have downstream effects on execution-step postures 

and joint loads. However, the extent of preparatory adjustments possible during unplanned 

sidesteps is unclear, and dependent on the amount of ‘planning time’. Perhaps, the biggest 

limitation to the current understanding of preparatory movement is a lack of association of 

preparatory postures and muscle activation strategies with established ACL injury risk factors. 

Without sufficient evidence, preparatory strategies cannot be recommended when designing 

ACL injury prevention countermeasures. 

 

2.10 SUMMARY 

Biomechanical research has established the postures, joint loads and neuromuscular 

coordination and support profiles that characterise ACL injury risk during WA. These factors are 

used to create mechanistic models of ACL injury risk and injury events, which are then used to 

develop appropriate counter-measures. Despite the theoretical knowledge available, the impact 

of training interventions on reducing ACL injury risk/rates is not clear, and when successful, the 

mechanisms by which training interventions modified ACL injury risk are not well understood. 

To improve the effectiveness of interventions, it is important to include scientifically verified 

injury risk factors within the design and development of the programme. These interventions 

should be assessed on their effectiveness at modifying the targeted injury risk associations to 

better understand the mechanisms by which an athlete’s ACL injury risk is influenced by training. 

 

While efforts to improve the success of injury preventions are ongoing, it is also important to 

gain a more holistic understanding of the factors underpinning joint loading and injury risk. 

Current interventions commonly teach ‘low-risk’ techniques during deceleration phases of 

movement, but give little information as to how these movement strategies can be modified to 

reduce injury risk. It is important to look back in time, to the preparatory phase of the 

sidestepping movement, to explain how undesirable movement techniques are elicited.  Once 

preparatory movements and the underlying biomechanical and neuromuscular factors related 

to peak knee moments and ACL injury risk are better understood, countermeasures can be 

developed to mitigate this risk. Upper body mechanics have a strong influence on knee valgus 
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moments and postures of the knee during the execution-step of sidestepping. Research 

investigating preparatory upper body mechanics and trunk muscle activation will give insight 

into how upper body positioning is controlled during sidestepping, and how this relates to 

surrogate measures of ACL injury (e.g., valgus moments).  
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LINKING STATEMENT 

 

There is a wide breadth of scientific evidence surrounding the biomechanical and neuromuscular 

factors underpinning non-contact ACL injuries. Research groups world-wide have attempted to 

translate biomechanical and neuromuscular injury risk associations into injury prevention 

practices with mixed success. A shortcoming of many ACL training intervention studies is their 

focus on assessing the effectiveness of the exercises included within the training. Instead, 

intervention programmes are better assessed on how the exercises affect risk factors associated 

with ACL injury/risk. The aim of the current study is to assess the ability of a biomechanically 

informed training intervention programmes to modify biomechanical ACL injury risk factors and 

improve neuromuscular support of the knee joint. 

 

Additional details related to the exercises included within the training programme and the 

measurement of athlete attendance and compliance are included in Appendix B.7.  
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3.1 ABSTRACT 

This study aims to determine if biomechanically informed injury prevention training can reduce 

associated factors of anterior cruciate ligament injury risk among a general female athletic 

population. Female community-level team sport athletes, split into intervention (n = 8) and 

comparison groups (n = 10), completed a sidestepping movement assessment prior to and 

following a nine-week training period, in which kinetic, kinematic and neuromuscular data were 

collected. The intervention group completed a biomechanically informed training protocol, 

consisting of plyometric, resistance and balance exercises, adjunct to normal training, for 15-20 

minutes twice a week.  Following the nine-week intervention, total activation of the muscles 

crossing the knee (n = 7) decreased for both the training (∆-15.02 %, d = 0.45) and comparison 

(∆-9.68 %, d = 0.47) groups. This decrease was accompanied by elevated peak knee valgus 

(∆+27.78 %, d = -0.36) and internal rotation moments (∆+37.50 %, d = -0.56) in the comparison 

group, suggesting that female community athletes are at an increased risk of injury after a 

season of play. Peak knee valgus and internal rotation knee moments among athletes who 

participated in the training intervention did not change over the intervention period. Results 

suggest participation in a biomechanically informed training intervention may mitigate the 

apparent deleterious effects of community-level sport participation. 

 

3.2 INTRODUCTION 

An anterior cruciate ligament (ACL) injury is among the most severe injuries an athlete can 

sustain in sport, with incidence and associated health costs continuing to rise each and every 

year.1 Female athletes have a higher incidence of non-contact ACL injury when compared to 

males participating in similar sports.2 The detrimental effect to the athlete is considerable, with 

approximately 70% of surgically treated athletes retiring from competition within three years.3 

Due to the short- and long-term health consequences of an ACL injury, considerable research 

efforts have been devoted to preventative measures.4 Two general biomechanical approaches 

to reducing ACL injury risk are commonly identified: (1) modifying an athlete’s movement 

patterns/technique to reduce the magnitude of external forces applied to the knee joint, a 

mechanical risk factor of ACL injury,5,6 and (2) improving the coordinated activation of the 

supporting musculature around the knee when peak joint loading is elevated.7,8  

 

It is often the goal of ACL intervention research to explore the effectiveness of neuromuscular 

training in reducing ACL injury rates, with many studies assessing the relative merits of different 
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exercise modalities (e.g., balance, resistance and plyometric).9 Despite the attention devoted to 

neuromuscular training, published interventions are only effective in preventing 51 % of ACL 

injuries in athletic populations.4 The mechanisms by which these type of interventions work is 

still unclear,10 and it is possible that unsuccessful interventions do not sufficiently address the 

mechanical aetiology of ACL injury. That is, the exercises undertaken within these training 

interventions are not effectively targeting biomechanical mechanisms associated with increased 

risk of sustaining an ACL injury. 

 

An ACL will rupture when the load applied to the ligament is greater than it can withstand.11 

Consequently, researchers may need to critically re-evaluate the goals of the intervention, to 

ensure that mechanisms hypothesised to load the ACL are taken into account. The primary 

function of the ACL is to limit anterior translation of the tibia relative to the femur, as well as 

limit internal rotation and valgus moments at the knee.12 In-vitro and in-vivo evidence both 

suggest that ACL strain is greatest during the first 20-30% of stance (weight acceptance), when 

the knee is flexed between 0⁰ and 30⁰, and valgus and internal rotation moments are applied.13 

Recent research has highlighted a number of biomechanical movement patterns associated with 

injurious knee loading, which will be discussed below. 

 

Robinson, Donnelly, Vanrenterghem, & Pataky14 reported evidence that knee flexion angle at 

impact of an unplanned sidestep (UPSS) predicts the combined magnitude of peak knee valgus 

and internal rotation moments during weight acceptance (WA). This finding is in agreement with 

previous research which has observed reduced ground reaction forces when landing with 

greater knee flexion,15 highlighting the importance of knee flexion posture when assessing ACL 

injury risk during movement tasks. 

 

Donnelly, Lloyd, Elliott, & Reinbolt,16 identified that small changes in weight bearing whole-body 

centre of mass (CoM) can reduce peak knee valgus moments by over 40%. The trunk is the 

heaviest body segment and the largest contributor to an individual’s whole-body CoM 

calculation. Control of this segment over all others during dynamic sporting tasks is paramount 

in the context of lower limb and ACL injury prevention.  Trunk orientation has previously been 

associated with risk of sustaining an ACL injury.17,18 Implications from these studies suggest that 

dynamic control of the trunk during sporting movements is an important biomechanical factor 

for mitigating an athlete’s ACL injury risk. 
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Recent research has shown that elevated gastrocnemius force during the impact phase of 

landing, increases joint compressive forces, which is hypothesised to protect the ACL from 

injury.19 This evidence conflicts with previous research suggesting that when activated the 

gastrocnemius increases ACL strain or acts as an antagonist to the function of the ACL.20 

However, ACL strain values attributable to gastrocnemius activation were only present at low 

knee flexion angles (5° and 15°) in a non-weight bearing task.20 The findings from Morgan et al.19 

were observed during the WA phase of single leg landing tasks, which is similar to movement 

situations where non-contact ACL injuries are observed.21  Research by Morgan et al.19 suggests 

the gastrocnemius is an important muscle group needed for joint compression and should not 

be overlooked in the development of ACL injury prevention training protocols.  

 

‘Dynamic valgus’ knee posture, defined as the position of the distal femur towards and the distal 

tibia away from the midline of the body, is predictive of future ACL injury in female athletes.22 

Internal rotation of the hip when the knee is flexed moves the knee closer towards an 

individual’s midline and towards a ‘dynamic valgus’ posture, highlighting the importance of hip 

external rotator muscles. More recently Khayambashi, Ghoddosi, Straub and Powers23 reported 

that isometric hip external rotation strength predicted non-contact ACL injuries in a sample of 

mixed gender athletes. These findings are evidence of a link between hip external rotator 

muscles and ACL injury risk. 

 

Applied loads and movement patterns with scientific evidence of their association with ACL 

injury risk (i.e., knee flexion dynamics, dynamic trunk control, gastrocnemius muscle forces and 

hip external rotator strength) should be considered when implementing an ACL training 

intervention. Weir, Cantwell, Alderson, Elliot, & Donnelly24,25 implemented a novel nine-week 

ACL training intervention in an elite athlete cohort comprising the Australian women’s hockey 

team. Participants trained for 20 minutes four times a week over the nine-week period. The 

training intervention was designed with a biomechanical focus, specifically aimed to reduce 

associated risk factors of ACL injury. A combination of plyometric, resistance and balance 

exercises were included, with exercises progressing in intensity.24,25 The included exercises were 

required to target at least one of the following injury mechanisms: knee flexion kinematics (e.g., 

broad jumps), trunk control (e.g., skater hops), gastrocnemius muscle strength (e.g., calf raises) 

and hip external rotator strength (e.g., clam shells).24,25 The intervention was successful in 

reducing peak knee valgus moments (Δ-29%, p = 0.003) in previously identified ‘high risk’ (n=4) 

athletes during.24,25 
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Research by Weir et al.24,25 established the efficacy of a biomechanically informed injury 

prevention programme among elite athletes in an ideal10 training environment (low athlete to 

trainer ratio and 100% athlete compliance). However, with the goal of reducing ACL injury rates 

in female athletes, there is a need to verify its efficacy among a more general female sporting 

population. A confounding factor worth consideration when working with a general athlete 

population, is the observed increase in risk of sustaining a non-contact ACL injury during a 

regular season of sport in male athletes.26,27 It is unknown whether a similar phenomenon occurs 

within female community-level athletes over a season of sport, and this will be investigated in 

the current study. 

 

The primary purpose of the current study is to determine if biomechanically informed ACL injury 

prevention training24,25 was effective in reducing biomechanical factors associated with ACL 

injury, among a general athlete population. A secondary aim of this research is to explore 

potential changes in ACL injury risk indicators among female community-level athletes during a 

regular season of sport. Based on changes seen among male Australian Football athletes,26,27 we 

hypothesise that athletes not participating in the training intervention will exhibit biomechanical 

changes over a sporting season which are unfavourable to ACL injury risk. Secondly, we 

hypothesise that the training intervention will counter the changes in injury risk over a sporting 

season. Specifically, we expect that athletes participating in the training intervention will 

maintain or decrease their ACL injury risk over the 9-week intervention period. 

 

3.3 METHODS 

3.3.1 PARTICIPANTS 

Twenty-five female community-level athletes were recruited from Western Australian 

community sporting clubs to participate in a nine-week controlled clinical trial training 

intervention during a season of team-based sport participation. A priori power analysis indicated 

a total sample size of 20 was required (power of 0.8, α < 0.05, effect size of 0.78, from G*Power 

v3.1, Düsseldorf, Germany).5 With an estimated attrition rate of 10%28 a total sample size of 22 

was deemed sufficient for this study. Subsequently, 25 participants were recruited from 

community sports (field hockey, netball, basketball and soccer) that involved dynamic 

movement tasks such as sidestepping and single-leg landing. Participants were excluded from 

the study if they presented with a lower limb injury, or less than two years had passed from full 

recovery of a major lower limb injury. The human ethics research committee from the University 
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of Western Australia approved this study, and written informed consent was obtained from all 

participants. 

 

A large attrition rate of 42.9% was observed in the training group pre-test (n=14) to post-test 

(n=8) compared with the comparison group pre-test (n=11) to post-test (n=10) attrition rate of 

9%. The training group’s high attrition rate was attributed to acute injuries unrelated to the 

implemented training programme, previously undiagnosed overuse injuries and one athlete 

who was unable to attend the post-testing session. 

 

Eight athletes (21.1±5.7 yrs., 1.70±0.06 m, 67.5±3.6 kg) completed the biomechanically informed 

training intervention24,25 adjunct to their normal in-season training (training group), and 

participated in both biomechanical testing sessions. The comparison group comprised of ten 

athletes (19.9±3.2 yrs., 1.69±0.07 m, 63.4±10.2 kg) completing their normal in-season training 

between testing sessions. 

 

3.3.2 DATA COLLECTION 

Prior to and following the intervention, all 18 athletes completed a sidestepping functional 

movement assessment, consisting of single leg squats, single leg drop-jumps, counter 

movement jumps and a series of planned and unplanned straight line running and change of 

direction tasks.7,26 Pre-testing was conducted during the first few weeks of the training season; 

one to four weeks before the first competitive game. Post-testing was conducted in the three 

weeks immediately following the last training intervention session; six to eight weeks after the 

first competitive game. During testing a three-dimensional motion analysis system recorded 

each athlete. Upper and lower body kinetics and kinematics 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 plate, recording at 2,000 Hz (Advanced Mechanical 

Technology Inc., Watertown, United States of America). 

 

The activation of nine muscles was recorded with a telemetry surface electromyography (EMG) 

system at 1,500 Hz (TeleMyo 2400 G2, Noraxon, Scottsdale, United States of America). Pairs of 

surface 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.29–31 Due to telemetry issues, surface EMG data was 

obtained from six participants in the intervention group and nine from the comparison group.   
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3.3.3 DATA ANALYSIS 

Reliable full body models were used to calculate knee joint, trunk and hip kinematics and knee 

joint kinetics via inverse dynamics procedures during UPSS in BodyBuilder® software using the 

Nexus® software pipeline (Vicon®, Oxford Metrics, Oxford, UK).26,32 A custom model utilising 

triad cluster markers and a calibrated anatomical systems technique33 with functional hip and 

knee joint centres was employed.32 Following the SENIAM surface EMG processing 

recommendations,34 DC offsets were removed, then band-pass filtered between 30 and 500 Hz 

with a zero-lag, 4th order Butterworth digital filter. The signal was then full-wave rectified and 

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 the 

functional or sidestepping trials and expressed as 0 – 100% maximal voluntary contraction.27 

Muscle activation was normalised to maximal activation recorded during all of the functional 

and sidestepping trials, to better represent each participant’s true maximum activation. 

 

Kinetic, kinematic and muscle activation data were analysed during the WA phase of UPSS as 

defined by Dempsey et al.17 Kinetic variables included external peak knee valgus, internal 

rotation and flexion moments normalised to height and bodyweight (Ht*BW), and expressed in 

scientific notation x10-1. As per Donnelly et al.27 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) and medial/lateral (M/L) moment 

arms.27 Semimembranosus/bicep femoris muscles (SM/BF) DCCR was also calculated. The DCCRs 

were calculated as follows:35 

 

If flexion/medial mean EMG > extension/lateral mean EMG; 
DCCR = 1 – extension/lateral mean EMG ÷ flexion/medial mean EMG 

Else, 
DCCR = extension/lateral mean EMG ÷ flexion/medial mean EMG – 1 
 

Equation 3.1 Directed co-contraction ratio formula. 

 

3.3.4 TRAINING INTERVENTION 

The training intervention was biomechanically informed,24,25 and targeted proposed 

mechanisms of ACL injury (i.e., knee flexion dynamics, dynamic trunk control, gastrocnemius 
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muscle strength and hip external rotator muscle strength). Exercises relied on body weight and 

consisted of resistance, plyometric and balance exercises. Exercises targeted muscles of the 

trunk and lower limb and progressed in complexity and intensity over the nine-week period. 

Examples of exercises and progressions included: (1) static squats, single leg squats, jumping 

squats, broad jumps, (2) single leg hops, diagonal single leg hops, single leg 90° turns, (3) 

standing single leg balances progressing to dynamic movements with the arms and legs lifted. 

The intervention was incorporated into the athlete’s regular training as a warm up, for 15-20 

minutes twice a week and was facilitated by the research team. A recommended high coach to 

athlete ratio of 1:8 was implemented.36 Training sessions were time based for the first four-

weeks, to account for differences in fitness levels and encourage maximum participation. In the 

remaining weeks, a repetition-based approach was used to control training intensity level. 

Athlete attendance and compliance37 were recorded at every training session by the researchers 

implementing the training intervention. Compliance was rated on a five-point scale and 

expressed as a percentage. 

 

3.3.5 STATISTICAL ANALYSIS 

A two-way mixed-model ANOVA was used to identify any significant (α = 0.05) main or 

interaction effects (group*time) of each dependent variable between training intervention and 

comparison groups, pre to post-testing. When interaction effects (group*time) were observed 

protected Sidak t-tests were performed as post hoc analyses (α < 0.05). Despite an initial 

recruitment sample of n = 25, a higher than expected attrition rate28 resulted in 18 participants 

completing the study. The final sample size risked the analysis being slightly underpowered, and 

so additional analysis using Cohen’s d tests were performed to determine effect sizes (d ≥ 0.60: 

moderate/large effect size), in an attempt to indicate the practical significance of a finding, 

independent of the sample size.38 

 

3.4 RESULTS 

No significant main effects were observed for any of the analysed variables. Significant 

interaction effects (group*time) were observed during UPSS for trunk Flexion RoM (F = 7.044, p 

= 0.02) and knee flexion at foot strike (F = 6.34, p = 0.02). Protected post hoc Sidak t-tests found 

no significant pre- to post-test within group differences in trunk flexion RoM or knee flexion at 

foot strike (p ≥ .05), for either the intervention or comparison group. Due to the higher than 

expected attrition rate,28 effect sizes were reported to indicate the practical significance of 
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kinetic, kinematic or neuromuscular changes pre to post-testing. Percentage change and effect 

sizes were reported for within group comparisons. 

 

Significant interaction effects were not found in peak knee moment variables. However, 

moderate to large effect sizes for changes in peak knee moments were observed. Peak knee 

flexion moments increased (∆+13%, d = -0.77) in the training group, with minimal increases in 

peak knee valgus and internal rotation moments (Table 3.1). Moderate increases in both peak 

knee valgus (∆+28%, d = -0.36) and internal rotation moments (∆+38%, d = -0.56) were observed 

in the comparison group. 

 

Both the training (∆-15%, d = 0.45) and comparison groups (∆-10%, d = 0.47) reported decreases 

in mean TMA of muscles crossing the knee following the nine-week intervention period. Mean 

gastrocnemius TMA moderately decreased in both the training (∆-35%, d = 0.74) and 

comparison (-8%, d = 0.29) groups.  Mean hamstring TMA also moderately decreased in both 

the training (∆-17%, d = 0.44) and the comparison group (∆-21%, d = 0.55). Following the 

intervention, the SM/BF DCCR of the training group was laterally redirected (BF) (d = 0.67), a 

result not observed in the comparison group. Both the training (d = 0.74) and comparison 

group’s (d = 0.96) M/L DCCR were redirected laterally. 

 

Following the intervention, the training group exhibited a 4.5° decrease in hip abduction (∆-31%, 

d = 0.70), a 5.2° increase in knee flexion at foot strike (∆+33%, d = -0.59) and a 2.6° decrease in 

trunk flexion range of motion (RoM) (∆-29%, d = 0.97). These postural changes were not 

observed in the comparison group (Table 3.1). Both the training and comparison groups 

reported small to moderate effect sizes in peak lateral trunk flexion, adopting a more upright 

trunk position post-test (∆-16%, d = 0.4 and ∆-13%, d = 0.57, respectively). The comparison group 

reduced lateral foot placement by 3 cm (∆-11%, d = 0.84). 

 

The training group attendance to, and compliance with, the intervention programme was 

71 ± 14% and 77 ± 7% respectively. 
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Table 3.1 Mean (standard deviation) normalised kinetics (Ht*BW), kinematics and electromyography (DCCR and TMA) during the WA phase of UPSS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All kinetic data are presented in scientific notation x10-1 
a Indicates a greater than moderate effect size pre-test to post-test (d ≥ 0.60) 
b  Indicates a moderate effect size pre-test to post-test (0.30 ≤ d < 0.6)

  Comparison Group (n = 10)     Training Group (n = 8) 

 Variable Pre-test Post-test          Pre-test Post-test 

 
Kinetics 
(Ht*BW) 

 
Peak Knee Extension Moment 
Peak Knee Valgus Moment  
Peak Knee Internal Rotation Moment 

 
2.13 ± 0.37 
0.36 ± 0.25 
0.08 ± 0.05 
 

 
2.10 ± 0.33 
0.46 ± 0.46b 

0.11 ± 0.04b 

 

 
1.86 ± 0.32 

0.49 ± 0.26 
0.10 ± 0.05 

 

 
2.10 ± 0.30a 

0.45 ± 0.23 
0.10 ± 0.05 

 
 
Kinematics
  

 
Trunk Flexion ROM (°) 
Peak Lateral Trunk Flexion (°) 
Peak Hip Abduction (°) 
Mean Knee Flexion (°) 
Knee Flexion ROM (°) 
Knee Flexion at Foot Strike (°) 
Peak Knee Abduction (°) 
Foot to CoM (cm) 
 

 
9.19 ± 7.9 
14.74 ± 3.09 

11.94 ± 7.60 
37.94 ± 4.43 

36.27 ± 9.40 
21.62 ± 5.4 

3.45 ± 3.90 
28.16 ± 2.76 

 
10.57 ± 6.13 

12.82 ± 3.65b 

10.61 ± 7.17 
35.38 ± 5.14b 

37.45 ± 8.75 
19.00 ± 5.90b 

3.22 ± 4.41 
25.15 ± 4.24a 

 
9.01 ± 3.54 

12.44 ± 4.48 
14.78 ± 6.75 
32.52 ± 6.24 
37.93 ± 5.89 
15.69 ± 8.23 

3.69 ± 3.02 
27.11 ± 4.10 

 
6.37 ± 1.46a 

10.42 ± 5.48b 
10.26 ± 5.99a 

34.54 ± 6.88b 

35.22 ± 5.93b 

20.93 ± 9.49b 

2.69 ± 2.69b 

25.94 ± 2.88b 

 Variable Comparison Group (n = 9)     Training Group (n = 6) 

 
DCCR 

 
F/E 
M/L 
SM/BF 

 
-0.13 ± 0.33 
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 ± 0.23a 

-0.11 ± 0.19a 

-0.30 ± 0.31a 

 
TMA 

 
Gluteal 
Quadriceps 
Hamstrings 
Gastrocnemius 
Knee 

 
0.68 ± 0.17 
0.89 ± 0.26 
0.47 ± 0.24 
0.50 ± 0.16 
1.86 ± 0.31 

 
0.64 ± 0.17 
0.85 ± 0.31 
0.37 ± 0.12b 

0.46 ± 0.16 
1.68 ± 0.46b 

 
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 ± 0.18b 

0.46 ± 0.24b 

1.81 ± 0.62b 
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3.5 DISCUSSION AND IMPLICATION 

Aligning with previous literature, both groups reported increases in select peak knee moments 

(Table 3.1) during UPSS following a sporting season.26,27 The training group showed a large effect 

size for increases in peak externally applied knee flexion moments, alongside minimal changes 

in peak knee valgus and internal rotation moments. However, sagittal plane knee moments 

alone are unlikely to rupture the ACL39 and this change was accompanied by an increase in knee 

flexion at foot strike. Therefore, this change is unlikely to increase an athlete’s risk of ACL injury.  

Moderate increases were observed in both peak knee valgus and internal rotation moments in 

the comparison group, with minimal increases in peak knee flexion moments. Both peak knee 

valgus and internal rotation moments are believed to be related to ACL injury risk.7 These results 

suggest that the biomechanically informed training employed in this study may have maintained 

an athlete’s relative risk of ACL injury pre- to post-testing. Whereas, the comparison group’s risk 

of ACL injury appears to have increased following participation in a season of community-level 

sport. When adjusted for variable normalisation approaches, all peak knee moment 

measurements (Table 3.1) fall within the range of previously reported values.40 

 

Pre to post-testing, both groups reported decreases in the mean TMA of muscles crossing the 

knee. When accounting for kinetic changes, reduced muscle activation suggests that the level of 

support against injurious knee moments was also reduced.27 These observed reductions were 

primarily attributable to decreases in mean gastrocnemius and mean hamstring TMA. Reduced 

hamstring and gastrocnemius activation, relative to quadriceps activation, suggests a decrease 

in compressive forces at the knee - which is thought to reduce joint stability and potentially 

increase ACL strain.19,41 When 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 sport, with the comparison group observing a greater change in injury risk. 

This finding is in agreement with previous research which reported increases in ACL injury risk 

in male community-level athletes over a sporting season.26,27 

 

Following the intervention, the SM/BF DCCR of the training group were laterally redirected (BF), 

a result not observed in the comparison group. It has been previously reported, that when the 

knee is flexed both the SM and BF have large moment arms capable of supporting the knee 

against internal/external rotation moments.42 It is reasonable to suggest that both SM and BF 

are capable of producing internal/external rotation moment during UPSS, as the knee is typically 

flexed during WA.43 As the knee flexes there is an increase in the mechanical advantage of 
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external rotator muscles over internal rotator muscles.42 The training group’s knee flexion at 

foot contact increased from pre to post-testing, suggesting they had a greater mechanical ability 

to counter internal rotation moments after the intervention. 

 

The observed changes in DCCR between the SM/BF may be an effective neuromuscular 

adaptation to support the knee against internal rotation moments and associated risk of ACL 

injury. These results may also explain why increases in peak internal rotation moments were not 

observed in the training group. It is important to note that this explanation would not have been 

considered without the combined analysis of kinetics and muscle activation. The comparison 

group’s SM/BF DCCR remained unchanged, suggesting their muscular support against internal 

rotation moments also remained unchanged. With increases seen in internal rotation moments 

it is likely that an unchanged SM/BF DCCR fails to provide the extra support required at the knee. 

This suggests the comparison group was at increased risk of ACL injury during post-testing. While 

there is evidence for a relationship between changes in SM/BF DCCR and internal rotation 

moments, it should be noted that the sample size for kinetic data (eight training and 10 

comparison) differs from neuromuscular data (six training and nine comparison). It is therefore 

recommended that this relationship is investigated in future research. 

 

Following the intervention, both groups M/L DCCR were redirected laterally, which is thought to 

be an ineffective neuromuscular strategy to support against valgus knee moments.27 Though not 

an ideal neuromuscular adaptation, it may be inappropriate to make definitive injury risk 

statements based on these changes, as not all the muscles with medial (e.g., gracilis) and lateral 

(e.g., tensor fasciae latae) moment arms crossing the knee were included in the M/L DCCR 

estimates. Future research recording activation from all muscles with medial and lateral 

moment arms crossing the knee, is therefore recommended to verify these neuromuscular 

adaptations and associated injury risk statements. 

 

Positive kinematic changes were observed in the training group, with increased knee flexion at 

foot contact, which is hypothesised to be protective against ACL injury risk.12 Both groups 

demonstrated a decrease in lateral trunk flexion which is associated with reduced peak knee 

valgus moments during sidestepping.16,17 The reduction in trunk flexion RoM observed within 

the training group was too small (2.6°) to be clinically meaningful. The comparison group 

reduced lateral foot placement by 3 cm, which is associated with reduced peak knee valgus 

moments.5 There are over 500 possible kinematic solutions to decreasing ACL injury risk, with a 

single change always being accompanied by change in at least one other variable,16 making 



CHAPTER THREE: STUDY ONE 
TARGETING MECHANISMS OF ACL INJURY IN COMMUNITY ATHLETES 

 

60 

kinematic changes a less definitive injury risk indicator when compared to known kinetic risk 

factors. 

 

There are a number of limitations to this study. This study used a controlled clinical trial research 

design, where ideally a randomised controlled trial would be implemented. However, controlled 

clinical trials are more practical when implementing an intervention among a general athlete 

population. A high training group attrition rate and telemetry equipment issues for our EMG 

recordings reduced the study’s final sample size, which limited our ability to interpret the 

findings, even though practical significance was found. Lastly, training attendance and 

compliance were significantly lower than those recorded when the intervention was 

implemented amongst elite athletes,24,25 with both being a well-documented challenge in 

community-level sport research.10 It is important for future research to identify strategies to 

improve and/or circumvent low athlete attendance and compliance. 

 

3.6 CONCLUSION 

Over a season of community-level sport, increases in peak knee valgus and internal rotation 

moments, alongside decreases in total muscle activation were observed, theoretically serving to 

increase an athlete’s risk of ACL injury during UPSS tasks. Participating in a biomechanically 

informed ACL training intervention, which maintains peak knee valgus and internal rotation 

moments, and improves BF/ML DCCR may assist in mitigating the potentially deleterious effects 

of community-level sport participation. 
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LINKING STATEMENT 

 

The training intervention from Chapter Three (Study One) was unsuccessful in reducing non-

sagittal plane knee moments and biomechanical risk factors of ACL injury. Non-contact ACL 

injuries are a complex problem, with many potential kinematic and neuromuscular factors 

capable of influencing risk of injury. Targeting four injury risk associations may have been 

insufficient to elicit desirable changes to knee moments and selective activation of hip and knee 

musculature. The outcomes of applied interventions, such as in Chapter Three (Study One), may 

be improved through developing a more detailed understanding of how multiple biomechanical 

and neuromuscular factors relate to non-contact ACL injury risk. Within this context, 

multivariable regression analyses are a useful statistical method, in that they are able to model 

the association of several risk factors with an independent variable (e.g., knee moments). 

 

Biomechanical investigations commonly reduce multiple sidestepping observations to a single 

value (e.g., the mean) to represent an athlete’s movement. This data reduction results in the 

loss of information provided by individual observations. It is beneficial to include data at the 

observation level to better represent the range of kinematics, muscle activation patterns and 

joint moments during sidestepping manoeuvres. When including multiple observations per 

participant, it is important to account for within-participant effects in the data. Previous 

regression analyses investigating ACL injury biomechanics have not always followed, or clearly 

indicated, that suitable statistical methods were employed to analyse clustered data. The 

consequence is these ‘naïve’ analyses are susceptible to Type I error and produce erroneous 

results, which may not be reproducible or applicable to future research and injury prevention.  

 

The following Chapter assesses the impact of using a linear regression model, which doesn’t 

account for within-participant effects, to analyse clustered observations of injury biomechanics 

data. The linear regression results are compared with a linear mixed model, which models 

within- and between-participant effects. Findings from this Chapter inform the analysis 

procedures and reporting standards used in the Chapters Five and Six (Studies Three and Four). 

 

Additional information regarding the linear mixed model used in this Chapter is available in 

Appendix B.6.  
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4.1 ABSTRACT 

Objectives Appropriate statistical analysis of clustered data necessitates accounting for within-

participant effects to ensure results are repeatable and translatable to real-world applications. 

This study aimed to compare statistical output and injury risk interpretation differences from 

two statistical regression models built from a clinical movement sidestepping database. A 

“naïve” regression model, which does not account for within-participant effects, was compared 

with an appropriately applied mixed effects model. 

Design Comparative study. 

Methods Three-dimensional unplanned sidestepping joint angle data (trunk, hip, and knee) 

from 35 males (112 observations) were used to model peak knee valgus moments and anterior 

cruciate ligament injury risk during the impact phase of stance.  Both statistical models were 

cross-validated using a k-fold analysis.  

Results The naïve regression returned inflated goodness of fit statistics (R2 = 0.50), which was 

evident following cross-validation (predicted R2 = 0.43). Following cross-validation, the mixed 

effects model (predicted R2 = 0.40) explained a similar amount of variance, despite containing 

three less predictors. The naïve model produced inaccurate parameter estimates, 

overestimating the effects of certain kinematic parameters by as much as 79 %. 

Conclusions A regression model naïvely applied to clustered observations of sidestepping data 

resulted in erroneous parameter estimates and goodness of fit statistics which have the 

potential to mislead future research and real-world applications. It is important for sport and 

clinical scientists to use statistically appropriate mixed effects models when modelling clustered 

motion capture data for injury biomechanics research to protect the translatability of the 

findings. 

 

4.2 INTRODUCTION 

Statistics are a vital component of the philosophy and application of the scientific method. The 

primary purpose of statistics within science is to test a priori hypotheses of pre-defined test-

populations.1 The results from these analyses are estimates, often generalised beyond the 

sample of data used within the original statistical model. To ensure results are both repeatable 

and generalisable at the population level, statistical models must be appropriate for the test-

population investigated, the research question posed, and the study design in which they are 
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applied. 

 

Within the fields of biomechanics and sports medicine, dynamic movement patterns and 

postures are often linked to joint and tissue loading along with musculoskeletal and ligament 

injury risk. Regression models are a useful form of statistical analysis which model how multiple 

independent variables relate to a dependent variable. These statistical models have been 

utilised within biomechanical anterior cruciate ligament (ACL) injury research to model 

associations of multiple injury risk factors (e.g., joint and segment kinematics) with a surrogate 

measure of injury risk (e.g., peak tissue loading).2-4 These injury risk associations are then used 

to inform injury interventions.5 It is therefore important that sound statistical methods are used 

to promote efficacy when generalising findings to the wider community. 

 

Clustered datasets contain multiple observations for each participant and maximise the effective 

power of the sample used in a study.6 However, when analysing clustered datasets, care should 

be taken to account for correlations that exist between multiple observations from an 

individual.7 Examples where regression models have been implemented inappropriately for 

injury biomechanics data containing clustered observations can be found in the literature. For 

example, a limitation of a previous study, which associated sidestepping technique with ACL 

injury risk, was the use of a regression analysis which incorrectly assumed clustered observations 

were independent.2 Other ACL injury studies have reported collecting multiple observations of 

movement from each participant, without clearly specifying whether clustered observations 

were considered independent within the analyses.3,4 Analyses that don’t account for within-

participant effects present in clustered data, limit the ability to apply reported injury risk 

associations to individuals or populations external to the participants included in the analyses.8 

 

Mixed effects models contain both random and fixed effects, and are useful in settings where 

measurements are made on clusters of related observations.8 These models can include random 

effects to account for inherent correlations between clustered data. Moen and colleagues8 

tested the effect of statistically modelling within-subject effects for the treatment of neurons in 

mice. They found that “naïve statistical models”, which incorrectly modelled clustered 

observations as independent, produce incorrect model parameter estimates when compared 

with an appropriately applied mixed effects model. Additionally, a study comparing a variety of 

analyses for clustered data found a higher probability of recording a false-positive finding when 

analyses did not correctly account for correlations between clustered observations.9 It is known 

that clustered observations, which are incorrectly assumed to be independent, lead to 
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erroneous statistical outputs.8,9 However, it remains unclear what effect incorrect statistical 

modelling assumptions have on the clinical interpretation of biomechanical injury research 

findings, and by extension, their future scientific and real-world applications. 

 

The purpose of this study was to compare statistics and inferences from results of a naïve and 

an appropriately applied regression model applied to a sample of clustered unplanned 

sidestepping data. Joint and segment kinematics previously linked to ACL injury risk3,10,11 will be 

used to predict peak knee valgus moments (PKVM) during weight acceptance. We hypothesise 

that a naïve statistical model,8 in the form of a backwards multiple regression, will return 

parameter estimates that differ to the appropriately applied model. Where differences in the 

included model parameters are found between the two statistical approaches, we discuss the 

potential effects these differences may have on clinical interpretations and real-world 

applications. Secondly, we hypothesise that a naïve statistical model will overestimate model 

goodness of fit statistics. This will be determined by comparing goodness of fit measures of the 

naïve model within the sample population to its performance following cross-validation. Lastly, 

it is hypothesised that following cross-validation the mixed-effects approach will have superior 

goodness of fit statistics to the cross-validated naïve model. 

 

4.3 METHODS 

Three-dimensional kinematic and kinetic data from 35 right-leg dominant male participants (age 

22±5 years, height 1.8±0.3 m, and body mass 79.8±9.4 kg) were used in the current analysis. This 

sample comprises previously published data,12 and additional unpublished data using the same 

data collection protocols. Ethics approval was obtained from the Human Research Ethics 

Committee at the University of Western Australia (RA/4/1/5333 and RA/4/1/5713). 

 

Participants completed a series of randomised planned and unplanned straight-line runs, 

sidesteps and crossovers which is detailed in a previous study.12 For the current analysis, only 

the unplanned sidesteps were analysed. Retro-reflective kinematic markers were placed 

according to an established full-body anatomical joint model.13,14 Functional methods were used 

to identify hip and knee joint centres.13 A three-dimensional camera system consisting of 12 

Vicon® MX cameras (Oxford Metrics, Oxford, UK) recorded kinematic markers at 250 Hz. An 

AMTI force plate (Advanced Mechanical Technology Inc., Watertown, USA) synchronously 

recorded ground reaction force (GRF) at 2,000 Hz. Vicon Nexus® (version 1.85) was used for the 

signal processing of the kinematic and analogue data and to custom model the biomechanical 
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data. Both marker trajectory and GRF data were filtered at 15 Hz using a zero-lag fourth-order 

Butterworth filter.12 The impact or weight acceptance phase of stance was defined as when the 

vertical ground reaction force exceeded 10 N through to the first trough, which is typically 

observed in the first 20-30 % of stance.15 

 

Joint/segment angles were calculated for the trunk, hip, and knee at foot contact (vertical GRF 

> 10 N). All angles were calculated as the angle of the child segment relative to the parent 

segment, except for transverse plane trunk rotation which was relative to the global three-

dimensional coordinate system. Transverse-plane trunk rotation towards the change of 

direction, and lateral trunk flexion towards the stance limb were reported as positive angles. 

Inverse dynamics was used to calculate externally applied knee valgus moments during weight 

acceptance, which were normalised to each participant’s height (m) and weight (N) and the peak 

was recorded. 

 

Analysis of clustered data was performed in SPSS Statistics® (version 24) (p < 0.05). For each 

statistical model; trunk, hip and knee angles were entered as model parameters before 

performing a backwards stepwise elimination process. A total of 113 unplanned sidestepping 

observations, from 35 participants, were entered into SPSS. Examination of the data found one 

trial containing an unrealistic PKVM measure (0.42) as per a systematic review of knee 

kinematics and kinetics.16 This trial was removed, resulting in a final participant sample of 35, 

with 112 observations. 

 

Using the final sample, a backwards multiple regression was performed. This regression analysis 

does not account for within-participant effects present in the clustered data. The criterion to 

remove parameters was set to F ≤ 0.1. R2, adjusted R2, root mean squared error (RMSE), F and p 

values were reported. Non-standardised parameter estimates, confidence intervals and p-

values were reported for each parameter. 

 

Using the final sample, an appropriately applied linear mixed model was performed. Maximum 

likelihood estimation was chosen to allow the comparison of nested models. A random intercept 

was calculated with participants entered as random effects. Three-dimensional trunk, hip, and 

knee angles were entered as fixed effects and the relative log-likelihood for the model was 

recorded. Backwards elimination was performed by sequentially removing non-significant 

predictors. When a predictor was removed, Wilk’s likelihood ratio17 was used to test that the 

model before removing a predictor did not explain a significantly greater distribution of PKVM 
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than the model after parameter elimination. The last model which did not report significance in 

Wilk’s likelihood ratio test was used as the final model. The linear mixed model does not output 

the R2 statistic, however, the goodness of fit measure can be found by testing against withheld 

data or through cross-validation.18 

 

The backwards multiple regression model and the linear mixed model were tested using a k-fold 

cross-validation, where k was set to 10. This approach uses each observation once as a test 

variable and nine times in the training sets to create model parameter estimates.19 During each 

k-fold, fixed model parameter estimates from the training set were applied to make marginal 

predictions of PKVM from observations in the test set. Paired samples t-tests were used to test 

for significant correlations between the estimated PKVM and measured PKVM. The R2 statistic 

reported from the cross-validations is a predicted R2, which indicates the ability of the model to 

be extrapolated to homogeneous populations outside of the current sample.19 

 

For both models, changes to each model parameter by one standard deviation were performed 

to assess the influence of each parameter on the modelled dependent variable (PKVM).2 For 

each parameter, the standard deviation of the measurement was multiplied with the relative 

parameter estimate and was reported as a percentage of the mean predicted PKVM (where all 

parameters are set to the mean value from the sample). 

 

4.4 RESULTS 

The mean and standard deviation of joint kinematic measurements at foot contact and PKVM 

during weight acceptance are reported in Table 4.1. Knee kinematics and kinetics fall within 

expected ranges reported in previous sidestepping biomechanics literature.16 Trunk and hip 

angles were also similar to measures reported previously.2,15 

 

In the backwards multiple regression model; trunk lateral flexion, trunk rotation, knee flexion 

and knee internal rotation at foot contact were removed, F(7,104) = 14.644, p < 0.001, R2 = 0.50, 

adjusted R2 = 0.46, RMSE = 0.27. Trunk lateral flexion, trunk rotation, hip internal rotation, knee 

flexion and knee internal rotation were removed from the linear mixed model (log-likelihood = 

-445.462, degrees of freedom = 6). There was no significant difference in the variance of PKVM 

explained when compared with the preceding model (log-likelihood = -446.446, degrees of 

freedom = 7). Knee abduction angle was a significant parameter in the naïve model but not in 

the linear mixed model. Hip internal rotation was a significant predictor in the naïve model but 
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was removed from the linear mixed model. Estimates of parameters common to both models 

differed, with the naïve model underestimating the trunk flexion estimate (-15.0 %) and 

overestimating the estimates for hip flexion (16.5 %), hip abduction (21.5 %) and knee abduction 

(79.4 %) when compared to the linear mixed model. For both models, parameter estimates, 

confidence intervals and the effect of a one standard deviation change on predicted PKVM are  

reported in Table 4.2. When cross-validated, the PKVM predicted from both the naïve backwards 

multiple regression (predicted R2 = 0.43, RMSE = 0.29, p < 0.001) and the appropriately applied 

linear mixed model (predicted R2 = 0.40, RMSE = 0.30, p < 0.001) were significantly correlated 

with measured PKVM (Figure 4.1). 

 

*Peak knee valgus moments (PKVM) are presented in scientific notation x 10-1 and normalised to 

participant height (m) and body weight (N). 

 

4.5 DISCUSSION 

This study compared the statistics and clinical interpretations of outputs derived from a naïvely 

applied regression model and an appropriately applied linear mixed model, applied to a sample 

of clustered three-dimensional sidestepping data. These analyses confirm our primary 

hypotheses. A model naïvely applied to clustered biomechanical data produced errors in the 

estimation of parameter estimates. Secondly, the naïve model also inflated the goodness of fit 

measures, which was proven by a lower predicted R2 estimate following cross-validation (0.50 

vs 0.43). Secondary hypotheses of this study were not supported by the findings, with both 

Segment/Joint Variable Mean Standard Deviation 

Trunk Flexion -10.2°    7.1° 
Lateral flexion    8.9°    4.2° 
Rotation   -6.4°    9.8° 

 
Hip Flexion  47.3°    7.5° 

Abduction  17.5°    8.2° 
Internal rotation    3.1°    8.2° 

 
Knee Flexion  17.4°    8.2° 

Abduction    2.4°    3.7° 

Internal rotation    2.0°    9.4° 

PKVM 0.79* 0.53* 

Table 4.1 Mean and standard deviation of joint angles at foot contact and normalised peak knee valgus 
moments during weight acceptance 
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models explaining a similar level of variance in measured PKVM. However, these findings may 

be attributable to the greater number of parameters included in the naive model predictor set 

after backwards elimination. The inclusion of extra parameters is an example of the naïvely 

applied models’ susceptibility to Type 1 error. Overall, the current results highlight concern for 

the effects of inappropriate statistical approaches when analysing clustered observations of 

biomechanical data. Differences in parameters and estimates produced within each model leads 

to potential compounding error in inferred injury risk recommendations and has the apparent 

potential to bias follow-on injury prevention and rehabilitation research along with real-world 

applications. 

 

Table 4.2 Model parameters, parameter estimates and percentage change in modelled peak 
knee valgus moments for different regression methods 

Model Parameters Parameter Estimates 
(Confidence Intervals) 

One SD 
change (%) 

Backwards linear 
regression (naïve model) 

Constant 

Trunk flexion° 

Trunk rotation° 

Hip flexion° 

Hip abduction° 

Hip internal rotation° 

Knee abduction° 

Knee rotation° 

 -0.660* (-1.245, -0.069) 

  0.021** (0.008, 0.034) 

 -0.012 (-0.026, 0.001)  

  0.013 (0.000, 0.025) 

  0.047*** (0.032, 0.062) 

  0.016** (0.006, 0.064) 

  0.039** (0.014, 0.064) 

  0.008 (0.001, 0.018) 

 

   18.9 

   15.3 

   12.1 

   48.9 

   16.2 

   18.4 

     9.8 

 

Linear mixed model 
(appropriately applied 
model) 

Constant 

Trunk flexion° 

Hip flexion° 

Hip abduction° 

Knee abduction° 

 -0.201 (-0.832, 0.431) 

  0.025** (0.010, 0.039) 

  0.011 (-.001, 0.023) 

  0.039*** (0.030, 0.048) 

  0.022 (0.002, 0.046) 

 

   22.2 

   10.4 

   40.3 

   10.3 

* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. Parameter estimates are non-

standardised. One SD change is the percentage change in predicted peak knee valgus moments from 

changing the parameter by one standard deviation and indicates the influence of an independent variable 

within a regression. 
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Figure 4.1 Scatterplots of the estimated peak knee valgus moments (PKVM) from the linear regression applied to the whole sample (left), the cross-validated linear 
regression (middle) and cross-validated linear mixed model (right). PKVM are normalised to height (m) and weight (N) and reported in scientific notation x 10-1. 
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Inappropriate analysis techniques that do not account for correlations between clustered 

observations, leads to erroneous statistical outputs. Our concern is that this creates the 

potential for incorrect interpretation of biomechanical data in the context of ACL injury risk. In 

the current study the naïve backwards multiple regression model overestimated goodness of fit 

statistics, which was evident when the naïve model (R2 = 0.50, RMSE = 0.27) was compared with 

its performance following cross-validation (predicted R2 = 0.43, RMSE = 0.29). These results align 

with research published in the neuroscience literature, which have shown that incorrectly 

assuming independence between multiple observations of the same participant biases model 

statistics.8 Results from this research demonstrates that incorrect statistical treatment of 

clustered data can have a significant bearing on the interpretation and conclusions derived from 

a statistical model. Moving forward, or looking back to the rules set within the field of statistics, 

the authors recommend reporting two items when applying regression analysis to clustered 

datasets: (1) sample sizes for the number of participants and number of observations, and (2) 

clear detail as to how analysis procedures treat clustered observations (i.e., independent vs 

dependent). This will provide adequate information for readers to critically evaluate the validity 

of the statistical methods and the suitability for future applications. 

 

Testing regression parameters against withheld data indicates the applicability of the results 

outside of the study’s sample population and improves the generalisability of the findings.20 

Though the naïve model was inappropriate for the statistical analysis of clustered 

observations,8,9 it returned similar goodness of fit statistics to the appropriately applied model 

when cross-validated (predicted R2: 0.43 vs 0.40, RMSE: 0.29 vs 0.30, respectively). Reported 

goodness of fit statistics from a published ACL injury prediction algorithm,4 which does not detail 

how clustered observations were treated, may be unaffected by any potential use of naïve 

statistical methods as the regression equation was validated against withheld data. It may be 

best practice for injury prevention research to test regression parameters outside of the sample 

used to train the statistical model, further safeguarding the generalisability of findings. 

 

Statistical modelling of ACL injury risk factors which does not account for correlations between 

clustered observations is more susceptible to Type 1 error.9 In the current study, the linear 

regression model contained three predictors not found within the appropriately applied model, 

which may have been incorrectly included due to inappropriate modelling of within-participant 

effects present in the clustered data. Additionally, hip internal rotation and knee abduction were 

significant parameters in the naïve model but not in the linear mixed model. Despite 

inappropriate statistical modelling, the inclusion of transverse trunk rotation and hip internal 
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rotation as predictors does align with previously published ACL injury research.10,21 However, the 

inclusion of knee internal rotation contradicts previous research, which has shown there is no 

effect on PKVM when this posture was imposed on an individual’s sidestepping technique.15 

Despite some agreement with previous findings, the associations unique to the naïve model 

should be treated with caution, as failing to account for correlated observations within clustered 

data increases susceptibility to Type 1 error9 - a result which cannot be ruled out in the present 

study. 

 

Differences in the number of parameters within the two statistical models mean the naïve model 

is less suitable for informing targeted ACL injury prevention research. The mixed effects model 

was more parsimonious while explaining a similar amount of variance in PKVM. The three 

additional variables reported in the naïve model convolute the importance of the predictors 

found within the appropriately applied model. Interestingly, the parameter unique to the naïve 

model were all transverse-plane joint angles which may shift the focus away from the frontal 

and sagittal-plane joint angles returned by the linear mixed model. Real-world interventions 

based on naïve statistical models may lead to the formation of a sub-optimal prevention 

programmes which spend resources and time targeting superfluous risk factors. In comparison, 

the lower number of degrees of freedom in the mixed effects model means it is more suitable 

for creating focused ACL injury prevention strategies, which may translate more effectively to 

time-poor sports and clinical settings. 

 

Disparity in the estimates of parameters common to both models (trunk flexion, hip flexion, hip 

abduction and knee abduction) suggest there is meaningful difference in the association of these 

common parameters with PKVM. Compared to the linear mixed model, the naïve model 

underestimated the trunk flexion estimate (-15 %) and overestimated the estimates for hip 

flexion (16 %), hip abduction (22 %) and knee abduction (79 %). Within the naïve model knee 

abduction had the third highest one standard deviation change on predicted PKVM, however, 

within the linear mixed model it had the lowest one standard deviation influence of any 

kinematic parameter. Therefore, the naïve analysis changed the perceived practical importance 

of parameters when explaining variance in PKVM. Errors in the estimates are likely attributable 

to modelling correlated participant data as independent.8 These errors highlight concern in the 

future reproducibility of naïvely applied regression models. Additionally, future research may be 

ill-informed if guided by estimates attained through inappropriate modelling of clustered 

biomechanical data. 
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There are limitations to the current study. It is not possible to identify the practical impact of 

differing technique recommendations from each model without testing informed interventions 

in randomised control trials. However, the findings that naïve regressions overestimate model 

goodness of fit and include variant parameters and parameter estimates when compared to an 

appropriately applied model, highlights a need to ensure statistical standards are observed 

when analysing clustered data. Specifically, it is important for researchers to treat clustered 

observations as dependent. There are other statistical methods of accounting for within-

participant effects in clustered datasets (e.g., generalised linear models) that were not tested in 

this study. However, it was not the aim of the current study to compare these approaches, but 

rather to establish the applied impact to injury prevention research when clustered 

biomechanical observations are incorrectly treated as independent. A linear mixed model was 

used as the appropriately applied model, as Galbraith, Daniel and Vissel9 reported that they 

perform best when clustered data is normally distributed. 

 

4.6 CONCLUSION 

The inappropriate statistical modelling of clustered biomechanical data results in overestimating 

goodness of fit measures and produces erroneous parameter estimates and significant 

associations influenced by Type 1 error. The downstream effect is that naïvely applied models 

change the relative importance of different kinematic parameters, potentially creating 

divergence in injury prevention recommendations within the literature. It is recommended for 

researchers in sports medicine to heed advice from the statistical literature by appropriately 

accounting for inherent correlations in clustered data, and clearly communicate how correlated 

observations are treated within analyses. Additionally, cross-validation of regressions is 

recommended to indicate the generalisability of the model and protect the repeatability and 

potential impact of future applications influenced by findings in the fields of sports medicine 

and biomechanics. 

 

4.7 PRACTICAL IMPLICATIONS 

• Inappropriate statistical analysis of data containing multiple observations per 

participant leads to inflated model goodness of fit statistics. 

• Inappropriately applied statistical models have the potential to identify alternate sets of 

predictor variables, due to increased susceptibility to Type I error. 
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• Failing to account for within-participant effects generates incorrect parameter 

estimates and alters the relative importance of kinematic variables. 

• Cross-validation of regression models is recommended to protect the translatability of 

the findings to real-world settings. 
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CHAPTER FIVE 

 

BY FAILING TO PREPARE, YOU ARE PREPARING YOUR ACL TO 

FAIL  
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LINKING STATEMENT 

 

Motivated by the lack of success of the training intervention in reducing ACL injury risk factors 

in Chapter Three (Study One), the next two chapters aim to explore the role of preparatory 

musculoskeletal mechanics during sidestepping. A limitation of the current, and previously 

published training interventions, is the narrow focus on modifying movement technique during 

the execution-step. From execution-step foot strike there is insufficient time (< 50 ms) to 

influence biomechanical injury risk factors before peak knee moments are reached. Preparatory 

movement, occurring before the execution-step, is arguably the most critical contributor to the 

execution-step sidestepping technique. However, there are relatively few studies which have 

described preparatory mechanics, and it is unclear how or if they are related to postures and 

peak knee moments during WA of the execution-step. 

 

When investigating preparatory movement, it is important to consider that the intrinsic goal of 

the sidestepping movement is to change the direction of an individual’s movement trajectory. 

Change of direction can be achieved through two steering strategies: (1) altering the medio-

lateral position of the stance foot and/or (2) laterally flexing the trunk over the execution-step 

stance limb. Interestingly, the use of these change of direction strategies during the execution-

step are linked with increased knee valgus moments. The following Chapter aims to describe 

and map how an individual’s preparatory mechanics influences frontal-plane trunk and hip 

posture during the execution-step of sidestepping.  Associations between, preparatory postures 

and angular momentum of the trunk and thigh, with established biomechanical risk factors, will 

be explored adopting the linear mixed model described in Chapter Four (Study Two). 
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5.1 ABSTRACT 

There is strong evidence linking an athlete’s movement technique during sidestepping with 

anterior cruciate ligament (ACL) injury risk. However, it is unclear how these postures are 

influenced by prior movement. We aim to describe preparatory trunk and thigh kinematics at 

toe-off of the penultimate-step and flight-phase angular momenta, and explore their 

associations with frontal-plane risk factors during unplanned sidestepping manoeuvres. We 

analysed kinematic and kinetic data of 33 male Australian Football players performing 

unplanned sidestepping tasks (103 trials). Linear mixed models tested for reliable associations 

between ACL injury risk during weight acceptance of the execution-step, with preparatory 

kinematics and angular momenta of the trunk and thigh during the penultimate-step. Multi-

planar flight-phase trunk momenta along with hip abduction angle at penultimate-step toe-off 

were significantly associated with peak knee valgus moments during the execution-step (R2 = 

0.21, p < 0.01). Execution-step trunk lateral flexion was significantly predicted by frontal and 

sagittal-plane preparatory trunk positioning at toe-off of the penultimate-step (R2 = 0.44, p < 

0.01). Multi-planar flight-phase trunk momentum, as well as multi-planar trunk and hip 

positioning at penultimate-step toe-off were associated with hip abduction during the 

execution-step (R2 = 0.53, p < 0.01). Preparatory positioning of the trunk and hip, along with 

flight-phase trunk momenta adjusting this positioning are linked to known ACL injury risk factors. 

We recommend during the penultimate-step athletes maintain an upright trunk as well as 

minimize frontal-plane trunk momentum and transverse-plane trunk momentum towards the 

sidestep direction to reduce risk of ACL injury during unplanned sidesteps. 

 

5.2 INTRODUCTION 

Non-contact anterior cruciate ligament (ACL) injuries during sidestepping occur shortly after 

foot-contact, during weight acceptance (WA) of the execution-step.1 Externally applied knee 

valgus moments, shown to elevate ACL strain in cadaveric models,2,3 also peak during this WA 

phase.1,4 Therefore, the risk of an athlete injuring their ACL can be considered at its greatest 

during the WA phase. Various movement techniques and postures during WA have been linked 

to ACL injury risk.5,6 However, the underlying causes setting these risk factors in motion are 

unknown. Consideration of preparatory movement is therefore important to discern the 

mechanisms which place athletes at risk of tearing their ACL during sidestepping. 
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Preparatory movement may contribute to the attainment of injurious sidestepping techniques. 

We define preparatory movement as occurring before the execution-step and identify two 

phases (Figure 5.1): (1) penultimate-step toe-off, and (2) flight-phase of the penultimate-step. 

Posture at penultimate-step toe-off represents an individual’s anticipatory preparedness to 

perform the sidestep (SS). Whereas, flight-phase movement indicates ‘last minute’ motion to 

adjust body positioning. Together these phases of preparatory positioning and movement 

demonstrate an athlete’s preparation for the SS, and how this preparation is continued, or 

altered in time for the execution-step. 

 

Movement direction is altered during gait through two primary strategies: (1) frontal-plane foot 

position when the change of direction is cued early, and (2) frontal-plane trunk motion when 

cued late.7 These two strategies have commonality with ACL injury research, with WA trunk 

lateral flexion5,8,9 and step width5 linked to valgus moments during SS performed by male 

athletes. Additionally, hip abduction angle is associated with lateral foot placement during SS 

cutting tasks.10 Trunk and hip injury risk associations provide rationale to investigate these 

segment’s preparatory kinematics. Preparatory trunk and hip postures may explain subsequent 

frontal-plane trunk and hip position attained during the execution-step. Specifically, trunk and 

hip angles at penultimate-step toe-off will describe the preparatory postural positioning 

achieved during the penultimate-stance. 

 

Simulation of sidesteps performed by male athletes,11 reduced peak knee valgus moments by 

40 N.m through moving the whole-body centre of mass medially towards the change of 

direction. The trunk is the heaviest individual body-segment and has the greatest individual 

Preparatory Movement Execution Movement 

Figure 5.1 Preparatory and execution-step phases of a sidestep, from left to right: (1) 
penultimate-step toe-off, (2) mid-flight-phase, (3) execution-step foot contact and (4) end of 
execution-step weight acceptance. 
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impact on an individual’s centre of mass positioning. Preparatory angular momentum of the 

trunk, which encompasses both mass and motion, will influence the centre of mass positioning 

during WA of the execution-step. Delayed coordination of movement during an unplanned SS 

means flight-phase trunk momentum, may produce the frontal-plane trunk movement required 

to change direction,7 and thereby impact whole-body centre of mass and valgus moments. 

Recent research has identified preparatory trunk postures9,12 which may increase ACL injury risk, 

however, no statistical associations with ACL injury risk measures were reported. Therefore, 

biomechanists are currently limited in the recommendations they can give to athletes to reduce 

ACL injury risk during sidestepping through changes to their preparatory movement. 

 

The current study aims to investigate the influence of preparatory mechanics on frontal-plane 

trunk and hip position, as well as knee valgus moments during unplanned SS manoeuvres. We 

hypothesize that in a regression analysis peak knee valgus moments during WA will be positively 

associated with the following preparatory mechanics: (1) mean flight-phase frontal-plane trunk 

momentum acting to rotate the trunk over the execution-step stance-limb, (2) trunk lateral 

flexion and (3) hip abduction. We also expect trunk lateral flexion at foot contact of the 

execution-step (TLFES) will be positively correlated with preparatory trunk lateral flexion and 

mean flight-phase frontal-plane trunk momentum acting to rotate the trunk over the 

execution-step limb. Lastly, we hypothesize that an athlete’s hip abduction at foot contact of 

the execution-step (HAES) will be positively associated with: (1) preparatory hip abduction, 

(2) preparatory trunk lateral flexion over the execution-step limb and (3) mean flight-phase 

frontal plane trunk momentum acting to tilt the trunk over the execution-step limb. 

 

5.3 METHODS 

5.3.1 PARTICIPANTS AND EXPERIMENTAL PROCEDURES 

Thirty-three male Australian Rules Football athletes (age 22 ± 5 years, height 1.8 ± 0.3 m & mass 

79.8 ± 9.4 kg) from a previously collected dataset13 were analysed in this study. Participant 

inclusion criteria were: (1) 18 - 35 years of age, (2) free of major lower limb injuries for the last 

12 months, and (3) a current squad member for a local field sports team. The Human Research 

Ethics Committee at the University of Western Australia (RA/4/1/5333 and RA/4/1/5713) 

approved this research and all participants provided their informed consent prior to testing. 
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A customised full-body marker set, which utilises a calibrated anatomical systems technique, 

was attached on anatomical landmarks of each participant.5 Lateral and medial femoral condyles 

of the knee, and lateral and medial epicondyles of the elbow were stored within associated 

segment technical coordinate systems. Bilateral joint centre locations of the knee and hip were 

determined by functional methods.14 

 

Participants completed a testing protocol consisting of a series of randomised planned and 

unplanned straight-line runs, SS’s and crossovers off their right stance limb,4 at an approach 

velocity of 5 ms-1. The participants were directed to change direction by 45° through arrows 

taped on the floor. A projected arrow (straight, left, or right) indicated the direction and type of 

movement (straight-line run, SS or crossover, respectively). For unplanned conditions the arrow 

was displayed approximately 1.5 m before the force plate where the execution-stance was 

performed. Three-dimensional motion of retroreflective markers was recorded using a 12 

camera Vicon MX motion capture system (Vicon, Oxford, United Kingdom) at 250 Hz. 

Additionally, ground reaction forces were synchronously recorded at 2,000 Hz through a runway 

embedded force plate (Advanced Mechanical Technology Inc., Watertown, USA). 

 

5.3.2 DATA PROCESSING 

Kinematic and kinetic data 

For the current study, only the unplanned SS condition was analysed. Both the marker trajectory 

and ground reaction force data were low pass filtered with a cut-off frequency of 15 Hz, which 

was selected after visual inspection of a residual analysis procedure.13 Joint angle data were 

calculated during the flight and WA phases of the unplanned SS tasks. The flight-phase was 

defined as one frame after toe-off of the preparatory-step to one frame prior to foot contact of 

the execution-step. Time points were identified through visual inspection of the calcaneous and 

metatarsal marker trajectories as well as the vertical ground reaction force trace. Weight 

acceptance was defined as the instant the vertical ground reaction force exceeded 10 N, through 

to the first trough in the vertical ground reaction force.6 During both the preparatory and WA 

phases, three-dimensional angles for the trunk and hip segments were calculated following 

recommendations form the International Society of Biomechanics.14 Trunk angles were defined 

relative to the pelvis segment, except for transverse trunk rotation which was reported in the 

global coordinate frame. All hip angles were calculated as the angle of the thigh relative to the 

pelvis. Discrete three-dimensional trunk and hip angles were reported at toe-off of the 

penultimate-step and at foot contact of the execution-step. Externally applied knee valgus 
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moments (N.m-1) were calculated via inverse dynamic procedures during WA and were 

normalised to participant weight (N) and height (m).15 

 

Angular momentum data 

A skeletal model and anthropometric segment inertial parameters were used to estimate 16 

body segments.14,18,19 The 16 body segments comprising the skeletal model were: head, thorax, 

upper torso, lower torso, bilateral upper arms, bilateral forearms, bilateral hands, bilateral 

thighs, bilateral shanks and bilateral feet (Figure 5.2). Each segments mass (mseg) was estimated 

as a proportion of the participant’s total mass.19 The body segment lengths were estimated by 

calculating the distance between the proximal and distal joint centres, except for the lower 

torso, head and hand lengths which were estimated as a proportion of the participants height19 

and foot length which was measured using a calliper. The weighted average of the 16 segments 

centre of mass positions were used to estimate whole-body centre of mass position (CMWB).  

 

Segment moment of inertia (Iseg) for the head, thorax, upper torso, lower torso and the 

execution-step thigh were calculated (Equation 5.1) using radii of gyration values from 

anthropometric measurements.19 Each segments’ Iseg was then used to calculate segmental 

angular momentum (Hseg), within the global frame, which consisted of global angular 

momentum about the whole-body centre of mass (Equation 5.2), and local angular momentum 

about the segment’s own centre of mass (Equation 5.3). Individual Hseg of the head, thorax, 

upper torso and lower torso were summed to create trunk momentum. Trunk and thigh 

momenta were normalised to participant mass, height and approach velocity (kg.m2.s-1).20 The 

Figure 5.2 Skeletal model viewed left to right from sagittal, frontal and transverse planes during 
flight-phase of a sidestep. Red circles indicate whole-body centre of mass position and black 
arrows show the direction of positive angular momentum within each plane. 
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average normalised angular momenta for the trunk and thigh during the preparatory phase 

were calculated and reported in scientific notation x 10-3. 

 

Iseg = r2 x mseg 

Equation 5.1 Segment inertia (Iseg) calculation, where r refers to the radius of gyration and mseg 
to segment mass. 

 

GlobalHSeg = (CMseg – CMWB) × mseg (Vseg – VWB) 

Equation 5.2 Global angular momentum calculation (GlobalHSeg), where seg refers to the 
segment, CM to three-dimensional centre of mass positioning, WB to whole-body, V to velocity 
within the global coordinate system. 

 

LocalHSeg = Isegωseg 

Equation 5.3 Local angular momentum calculation (LocalHSeg), where Iseg refers to the segment 
inertial properties and ω to angular velocity within the global coordinate system. 

 

Hseg = GlobalHSeg + LocalHSeg 

Equation 5.4 Segment angular momentum (Hseg) calculation, where GlobalHSeg and LocalHSeg 
refer to global and local angular momentum, respectively. 

 

5.3.3 STATISTICAL ANALYSIS 

Three linear mixed models were performed to predict: (1) peak knee valgus moments during 

WA, (2) TLFES, and (3) HAES. For each model three-dimensional preparatory trunk and hip angles 

along with three-dimensional mean preparatory trunk and hip momenta were included as 

predictor variables. Linear mixed models were chosen for analysis as they allow individual trials 

to be used as data points, whilst accounting for within-participant effects inherent in clustered 

data (Chapter 4).21 For each model the predictor set variables were entered as fixed effects, the 

participants were entered as random effects, a random intercept was included and alpha was 

set to 0.05. Maximum likelihood estimation was selected to allow comparisons of nested 

models. 

 

Backwards elimination 

For each statistical model backwards elimination of predictor variables was performed using the 

entire sample (33 participants and 103 trials). A stepwise process was carried out by removing 

the predictor with the highest p-value. At each stage of predictor elimination, the model log-
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likelihood and degrees of freedom were recorded. Wilk’s likelihood ratio,22 calculated from the 

log-likelihood and degrees of freedom, tested whether the initial predictor set accounted for a 

greater variation in the independent variable than the current-model. The elimination process 

was repeated until one of the following occurred: (1) the original model significantly explained 

a greater amount of variation than the current stage, in which case the last variable removed 

was added, or (2) all remaining predictors were significantly associated with the dependent 

variable. 

 

Cross-validation 

A k-fold (k = 10) cross-validation was used to test the a priori hypotheses. The 103 trials were 

randomly assigned across the ten-folds, resulting in seven folds containing 10 trials and three 

folds containing 11 trials. This method allows each trial to be used in both training and testing 

the statistical model.   During cross-validation, each fold is withheld as a test-set, while the 

remaining nine folds were used to identify parameter estimates of the selected kinematic 

predictors.21 Parameter estimates were then applied to the withheld fold to estimate the 

independent variable. For each statistical model the average of each parameter estimate across 

the ten-folds was calculated. In each model the relationship between the predictor variables 

and the independent variable was assessed by squaring the result of Pearson’s correlations (R2) 

between the predicted and measured independent variable values. A standardised effect of 

each predictor on the dependent variable was calculated by multiplying the standard deviation 

of the predictor with the relative parameter estimate. Standardised effects were reported as a 

percentage of the predicted independent variable calculated when all predictors were set to the 

average value from the sample. 

 

5.4 RESULTS 

Sample mean and standard deviation of preparatory and WA kinematics, along with mean three-

planar trunk and thigh momenta are reported in Table 5.1. 

 

The original predictor set (degrees of freedom = 14) for peak knee valgus moments, TLFES and 

HAES (log-likelihood = -386.2, 479.1 and 624.5, respectively) did not explain a greater variance in 

the independent variable than the predictor sets after backwards elimination (degrees of 

freedom = 5, 4 and 9; log-likelihood = -378.4, 486.2 and 628.6, respectively). For all statistical 

models the predicted values of the independent variable significantly correlated with the 
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measured values of the independent variable. For each model variance explained (R2) are 

reported in Table 5.2. 

 

In the peak knee valgus moment model, preparatory hip abduction angle along with frontal and 

transverse-plane trunk momentum were included as predictors. Preparatory trunk flexion and 

lateral flexion angles were included within the TLFES model. Lastly, in the HAES model frontal, 

transverse and sagittal-plane trunk momentum, along with preparatory trunk flexion, trunk 

lateral flexion, hip abduction and hip internal rotation were included as predictors. Measures of 

preparatory thigh momentum, transverse trunk rotation and preparatory hip flexion were not 

included in any of the injury risk models. The estimates and standardized effects for the 

parameters in each of the models are reported in Table 5.2. 

 

 

Trunk and thigh angular momenta are average values across the preparatory phase normalised to mass, 

height and velocity (kg.m2.s-1) and reported in scientific notation x 10-3. Peak knee valgus moments during 

weight acceptance are normalised to weight and height (N.m-1) and reported in scientific notation x 10-1. 

TLFES and HAES are trunk lateral flexion and hip abduction respectivey, at foot contact of the execution-

step. 

 

Phase Discrete Variable Mean SD 

 

Penultimate-step 

toe-off 

 

Trunk flexion (°) 

Trunk lateral flexion (°) 

Trunk rotation (°) 

Hip flexion (°) 

Hip abduction (°) 

Hip internal rotation (°) 

 

 

-10.5 

   5.7 

  -9.5 

 61.3 

   3.0 

  -8.3 

   

5.3 

  3.9 

  5.3 

  9.0 

  5.8 

  6.9 

Flight-phase Mean frontal-plane trunk momentum 

Mean transverse-plane trunk momentum 

Mean sagittal-plane trunk momentum 

Mean frontal-plane thigh momentum 

Mean transverse-plane thigh momentum 

Mean sagittal-plane thigh momentum 

 

  3.09 

  0.89 

  2.38 

  0.39 

 -0.26 

 -1.18 

 2.04 

 0.67 

 1.15 

 0.50 

 0.34 

 0.86 

WA  Peak knee valgus moments 

TLFES 

HAES 

 

  0.79 

    8.9 

  17.7 

 0.51 

 4.2 

 8.3 

 Table 5.1 Mean and standard deviation of kinematic and kinetic measurements 
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Table 5.2 Cross-validated model outputs 

 TLFES and HAES are trunk lateral flexion and hip abduction angle respcectively at foot contact of the 

execution-step. * represents p < 0.05 and ** represents p < 0.01. Parameter estimates are the average 

across all 10-folds. 

 

5.5 DISCUSSION 

The purpose of this study was to investigate the influence of preparatory mechanics on joint 

angle and knee joint moment ACL injury risk factors during unplanned SS manoeuvres. We aimed 

to identify associations between preparatory positioning and segmental angular momenta of 

the trunk and thigh with ACL injury risk factors during WA of unplanned sidestepping. The first 

hypothesis was partially supported, with peak knee valgus moments positively associated with 

both mean frontal-plane trunk momentum, acting to rotate the trunk over the execution-stance 

limb, and preparatory hip abduction angle. TLFES was positively associated with preparatory 

trunk lateral flexion, supporting our second hypothesis, however, no association was found 

between TLFES and trunk momentum. Lastly, the third hypothesis was partially supported with 

both frontal-plane trunk momentum and preparatory hip abduction positively correlated with 

HAES. Preparatory trunk and thigh posture, along with trunk momentum are associated with 

Dependent 
variable 

R2 Predictor variables Average 
estimate 

One SD 
change 

(%) 

 

Peak knee 

valgus 

moments 

 

0.21** 

 

Constant** 

Frontal-plane trunk momentum ** 

Transverse-plane trunk momentum * 

Preparatory hip abduction* 

 

0.036 

7.639 

16.953 

0.002 

 

 

 

19 

14 

15 

TLFES 0.44** Constant** 

Preparatory trunk flexion* 

Preparatory trunk lateral flexion** 

7.979 

0.178 

0.501 

 

 

11 

22 

HAES 0.53** Constant* 

Frontal-plane trunk momentum ** 

Transverse-plane trunk momentum ** 

Sagittal-plane trunk momentum ** 

Preparatory trunk flexion** 

Preparatory trunk lateral flexion* 

Preparatory hip abduction** 

Preparatory hip internal rotation 

5.732 

1105.118 

6614.141 

-1746.81 

-0.518 

-0.346 

0.680 

-0.147 

 

13 

25 

11 

16 

8 

22 

6 
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frontal-plane body position and knee moment injury risk factors. Successful manipulation of 

these preparatory mechanics has the potential to reduce down-stream risk of injury during 

sidestepping. Onward we make recommendations for injury prevention research through 

exploring the associations of individual preparatory mechanics on WA injury risk factors. 

 

5.5.1 PREPARATORY TRUNK AND HIP POSITIONING 

Preparatory trunk flexion and lateral trunk flexion over the execution-step limb were positively 

associated with TLFES, indicating that multi-dimensional preparatory trunk positioning effects 

downstream lateral trunk position during WA. Reducing preparatory lateral trunk position over 

the execution-step limb has the potential to minimize TLFES and the associated injury risk.5,8,9 

Interestingly, an athlete’s flight-phase trunk momentum did not significantly contribute to the 

variance explained (Table 5.2) in frontal-plane trunk position displayed during the 

execution-step. Trunk momentum during flight-phase may occur too late to successfully 

reposition the trunk before execution-step commencement. Thereby, athletes need to alter 

trunk posture at or even before penultimate-step toe-off to meaningfully reduce TLFES and this 

should be reflected in instruction given during interventions correcting trunk positioning. 

 

Preparatory trunk extension, trunk lateral flexion toward the stance limb, hip abduction and hip 

external rotation at penultimate-step toe-off were positively correlated with HAES (Table 5.2). 

Additionally, preparatory hip abduction angle was also included as a predictor of valgus 

moments. The association of preparatory trunk extension with reduced HAES suggests it may 

have a protective effect on ACL injury risk. This finding supports previous research finding 

increased trunk flexion displacement during the first 50 % of stance was associated with 

increased knee internal rotation moments, and thereby potential ACL injury risk.24  

 

The associations between preparatory trunk and hip postures with established WA risk factors 

suggest that movement coordination leading to an abducted hip posture during WA has already 

commenced by penultimate-step toe-off. From an injury perspective, movement should be 

changed during the penultimate-step to reduce HAES. Agreeing with previous research,25 these 

changes should target both trunk and hip positioning to reduce HAES. Counter to our hypothesis, 

greater preparatory trunk lateral flexion over the execution-stance limb, was correlated with 

lower HAES. Patla, Adkin and Ballard7 suggested a trunk lateral flexion strategy, rather than a 

wide foot placement, is used when visual stimuli are cued late.7 Therefore, a greater preparatory 

trunk lateral flexion and lower HAES may indicate a slower reaction to the SS signal. Whereas, an 
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athlete reacting quickly to the stimulus may provide themselves with 'more planning time' to SS 

with greater hip abduction while maintaining an upright trunk.  The current findings suggest that 

preparatory trunk lateral flexion in either direction is linked with ACL injury risk factors. 

Maintaining an upright trunk posture during the execution-step has previously been 

recommended to reduce ACL injury risk factors.5,8,9 We extend this recommendation to include 

the penultimate-step, in order to minimize both TLFES and HAES. 

 

5.5.2 ANGULAR MOMENTUM 

Mean angular momentum values observed in the current study (Table 5.1) are comparable to 

plotted values from Hinrich et al.,26 of time-varying trunk momentum during the flight-phase of 

straight line running at a similar speed (4.5 ms-1). We found flight-phase trunk momentum was 

positively associated with frontal-plane ACL injury risk factors during unplanned sidestepping. In 

the current analysis trunk momentum, acting to laterally flex the trunk over the 

execution-stance limb and rotate the trunk towards the change of direction, was associated with 

increased valgus moments and HAES. Furthermore, sagittal-plane trunk momentum acting to 

extend the trunk was associated with HAES. High levels of flight-phase momentum may indicate 

that athletes are adjusting their trunk posture as part of a movement strategy enabling the 

execution of the sidestep,8 resulting in injurious execution-step positioning. Houck, Duncan and 

DeHaven10 suggested that the relative frontal-plane angle between the trunk and pelvis remains 

similar during both planed and unplanned SS.10 It is possible that greater magnitudes of 

preparatory frontal-plane trunk momentum may represent momentum of both the trunk and 

the pelvis tilting over the execution-stance limb. Pelvis rotation over the execution-stance limb 

serves to increase the relative femur to pelvis abduction angle (HAES), explaining the association 

found between frontal-plane trunk momentum and HAES. Reducing lateral flight-phase trunk 

momentum over the execution-stance limb is recommended to reduce HAES and valgus 

moments during an unplanned SS.  

 

Preparatory transverse trunk momentum towards the change of direction was linked with 

increased peak valgus moments and HAES in the current analyses. This finding contradicts 

previous research linking higher trunk rotation displacement with lower knee valgus moments.24 

In the aforementioned study trunk displacement was measured during the first 50 % of the 

execution-step stance. Results from this study indicate that rotation of the trunk during the 

penultimate-step may increase ACL injury risk. It is possible that preparatory transverse trunk 

momentum towards the SS direction acts to misalign the trunk with the lower-body, which has 
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not yet begun travelling in this direction. We therefore recommend that athletes delay trunk 

rotation until the execution-step of unplanned SS, which has previously been shown to have a 

protective effect on ACL injury risk.24 

 

Thigh momentum does not contribute to preparatory models explaining ACL injury risk factors 

in SS movements. As expected, thigh momentum was not a predictor in any of the three 

statistical models estimating peak valgus moments, HAES or TLFES. In contrast, preparatory trunk 

momentum was associated with HAES. Trunk positioning affects whole-body centre of mass 

position, which in turn dictates the lateral foot-placement required to produce the medio-lateral 

forces necessary to change direction. An increase in HAES may be a necessary technique when 

the trunk momentum is towards the execution-step limb, to ensure foot-placement is 

sufficiently laterally displaced from the centre of mass. 

 

5.5.3 LIMITATIONS 

ACL injuries are experienced by both male and female athletes of various ages and across various 

sports, and the current findings can only be generalized to adult males participating in field-

based team sports. Female athletes, or athletes from other sports, may have different 

movement patterns which will alter the associations reported in the current study. In addition, 

the sidesteps were performed in a controlled laboratory setting and may differ to how they are 

performed during sport participation. Another limitation is the generalized nature of the injury 

risk variables used to predict peak knee valgus moments. Recent research by Hewett and 

colleagues,27 sheds light on discernible ACL injury risk profiles, and the authors suggest it is 

appropriate to target these distinct groups differently during injury prevention. We recommend 

future research aims to quantify preparatory movement profiles that may influence an 

individual’s ACL injury risk. 

 

5.6 PERSPECTIVES 

The current study finds that preparatory positioning of the trunk and hip, along with trunk 

momentum are important components of the non-contact injury risk mechanism. We suggest 

that changes to preparatory body-positioning affect ensuing ACL injury risk factors, highlighting 

the importance of targeting an athlete’s preparatory movement to reduce their risk of sustaining 

an ACL injury when sidestepping. Maintaining an upright trunk and minimizing transverse trunk 

rotation during the penultimate-step is recommended to reduce potential ACL injury risk during 
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unplanned SS. This research has the potential to influence interventions focused on changing 

movement technique and encourages future research to ask “how” athletes attain injurious 

postures during the performance of sidestepping manoeuvres. 
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CHAPTER SIX 

 

“HIPS DON’T LIE”: PELVIS ORIENTATION INFLUENCES LATERAL 

TRUNK POSITION WHEN SIDESTEPPING 
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LINKING STATEMENT 

 

In Chapter Five (Study Three) associations between flight-phase trunk angular momentum and 

execution-step trunk lateral flexion were not found. Instead, trunk lateral flexion at execution-

step foot contact was explained by frontal-plane trunk posture at penultimate-step toe-off. The 

significance of preparatory trunk positioning at this time point suggests that preparatory 

movement earlier within the sidestep task (i.e., during stance of the penultimate-step) is 

associated with lateral trunk posture during the execution-step. 

 

Trunk lateral flexion during sidestepping, and poor frontal-plane trunk stability are recognised 

anterior cruciate ligament (ACL) injury risk factors, however, there is insufficient evidence 

describing how lateral trunk postures are attained during sidestepping. The wanting evidence is 

reflected in previous interventions training ‘core’ musculature and trunk stability, which were 

unable to reduce trunk lateral flexion during sidestepping manoeuvres. Clear biomechanical and 

neuromuscular strategies for improving dynamic frontal-plane trunk control are needed to 

improve the effectiveness of interventions targeting dynamic trunk stability. 

 

To address the questions raised in Chapter Five (Study Three), the following research aims to 

identify preparatory biomechanical and neuromuscular strategies which influence lateral trunk 

position. Three musculoskeletal methods of influencing trunk lateral flexion posture were 

explored: (1) the frontal-plane orientation of the pelvis relative to the trunk, (2) the directed 

activation of trunk muscles capable of producing force opposing trunk lateral flexion, and (3) the 

combined activation of trunk muscles acting to stiffen the trunk, increasing its resistance to 

lateral forces. 
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6.1 ABSTRACT 

Trunk lateral flexion during sidestepping is a well-recognised risk factor for non-contact anterior 

cruciate ligament injury, however, the neuromuscular and biomechanical mechanisms by which 

this posture can be controlled are not clear. Nine male participants fitted with retroreflective 

markers, along with surface and intramuscular (indwelling) electrodes placed over and within 

trunk musculature completed a sidestepping movement assessment. Statistical parametric 

mapping was used to explore for differences in time varying trunk lateral flexion, pelvis lateral 

tilt, total trunk activation and lateral trunk contraction ratio during the penultimate- and 

execution steps of planned and unplanned sidestepping. Significant time varying differences 

between planned and unplanned sidesteps were observed in trunk lateral flexion and pelvis 

lateral tilt during both the penultimate- and execution-steps.  No differences in the total trunk 

muscle activation or the lateral contraction ratio were observed. Post hoc regression analysis 

found that, when controlling for preparatory trunk lateral flexion, medially directing (toward the 

change of direction) frontal-plane pelvis angle by one standard deviation at penultimate-step 

push-off reduced execution-step trunk lateral flexion by 37 % in unplanned sidestepping. 

Findings from the current study show that trunk lateral flexion is initiated in the penultimate-

step of sidestepping and ACL interventions should address the contribution of this phase to ACL 

injury risk. Medially tilting the pelvis towards the change of direction represents a potential 

strategy to reduce execution-step trunk lateral flexion levels during unplanned sidestepping. 

Future research investigating the mechanics of the pelvis and the role of the hip musculature 

during unplanned sidestepping is warranted. 

 

6.2 INTRODUCTION 

The position and orientation of an athlete’s trunk during dynamic sporting movements is one of 

many key factors associated with an athlete’s risk of sustaining an anterior-cruciate ligament 

(ACL) injury. A laterally tilted trunk away from the intended change of direction (CoD) has been 

observed during ACL injury incidences during match-play.1,2 Additionally, biomechanical 

investigations have linked a laterally flexed trunk with higher knee valgus moments3–5 - a 

moment of force known to increase ACL strain in cadaver models.6 Combining evidence from 

real-world observations, experimental biomechanics and in-vivo literature give a clear indication 

that a laterally flexed trunk places an athlete at a greater risk of sustaining an ACL injury. 

Reducing trunk lateral flexion is therefore recommended to minimise ACL injury risk, however, 
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it is unclear what neuromuscular and biomechanical mechanisms an athlete can use to achieve 

this technique recommendation. 

 

The association between trunk posture and peak knee valgus moments (PKVM) is reported for 

trunk lateral flexion at,3 or shortly after, foot contact4 of the execution-step. Both of these events 

occur within close temporal proximity to when peak knee moments are observed3 and the ACL 

injury is thought to occur.7 Once the execution-step has commenced there is insufficient time 

(≤ 50 ms) to alter lateral trunk posture before risk of ACL injury is at its greatest. It is important 

to understand the preceding movement eliciting this posture to discern why ‘at-risk’ trunk 

lateral flexion occurs during sidestepping. 

 

Online steering research8 suggests that during walking gait, trunk and hip postural adjustments 

must occur within the penultimate-step for a CoD manoeuvre to be successful. Thereby, postural 

adjustments eliciting a laterally flexed trunk posture during sidestepping are likely to occur 

during the penultimate-step. Mornieux et al.5 observed greater trunk lateral flexion angles in 

unplanned sidesteps (UPSS) compared to planned sidesteps (PSS) at penultimate-step toe-off. 

However, they did not compare trunk postures earlier within the movement, and it is unknown 

when these differences are initiated during the stance phase of the penultimate-step. From an 

injury prevention perspective, it is beneficial to understand when changes to an athlete’s trunk 

posture are initiated within the sidestep movement.  Through this approach, interventions can 

target the posture as it commences, with sufficient time to alter trunk lateral positioning prior 

to peak ACL injury risk. 

 

Although it is reported that athletes maintain a relatively upright trunk during PSS,3,5,9 it is 

unclear through what preparatory musculoskeletal strategies this is achieved. An exploratory 

analysis of neuromuscular and biomechanical movement differences between PSS and UPSS 

may reveal why athletes exhibit greater trunk lateral flexion during UPSS. During PSS athletes 

medially position their penultimate-step stance foot relative to their centre of mass,9,10 

generating medial forces accelerating their whole-body trajectory towards the intended CoD. 

This foot placement strategy reduces the need for lateral motion of the trunk to generate medial 

forces necessary to move towards the new direction. With less ‘planning-time’ the penultimate-

step foot is placed lateral to the pelvis, making this strategy inefficient for reducing trunk lateral 

flexion in unplanned sidesteps.9 Other examples of preparatory movement coordination 

differences that influence lateral trunk positioning may potentially exist between PSS and UPSS. 

Houck et al.11 noted that the relative frontal-plane angle between the trunk and pelvis is similar 
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across planned and unplanned sidesteps. Extrapolating from this observation, trunk lateral 

flexion could be restricted by the preparatory frontal-plane orientation of the pelvis, meaning 

that during PSS a medial pelvis tilt (toward the CoD) would serve to reduce trunk lateral flexion. 

Medial pelvis tilt has been linked with lower knee abduction angle during lateral jumps12 and 

further research is warranted to explore its association with frontal-plane trunk postures. 

 

The coordinated activation of trunk muscles can increase the trunk’s resistance to lateral forces, 

or directly oppose forces promoting lateral trunk flexion. Selectively increasing the activation of 

trunk muscles contralateral to the execution-stance limb would theoretically produce forces 

resisting lateral motion of the trunk away from the CoD. Alternatively, increasing the overall 

activation of all trunk muscles simultaneously may stiffen the trunk, thereby increasing its 

resistance against lateral forces while allowing for mobility of the distal limbs.13 Jamison et al.14 

found neither of these pre-activation strategies were associated with the magnitude of trunk 

lateral flexion attained during sidestepping. However, there were two notable limitations of that 

study: (1) muscles were assessed in pairs (e.g., left vs right external oblique) rather than in 

functional groups (e.g., medial vs lateral trunk flexors), and (2) deep lying muscles were 

measured using surface electrodes, and other muscles which act to laterally flex the trunk such 

as quadratus lumborum were not recorded. Given these limitations further research is needed 

to develop a more thorough understanding of the role trunk muscles have in controlling frontal-

plane trunk posture during CoD movements. 

 

The first aim of this research is to perform an exploratory analysis of trunk and pelvis 

biomechanics, and trunk muscle activation, during the penultimate- and execution-steps of PSS 

and UPSS. We hypothesise that when the sidestep is unplanned, trunk lateral flexion and pelvis 

lateral tilt will be more laterally directed (away from the CoD). We also hypothesise that during 

unplanned manoeuvres participants will have significantly greater total activation across all 

trunk muscles when compared with PSS. We do not expect to observe a difference in the 

contraction ratio of medial and lateral trunk muscle groups (LatCR) between conditions. Our 

second aim is to relate trunk muscle activation and trunk and pelvis biomechanics variables to 

trunk lateral flexion during UPSS movements.  Following the exploratory analysis, preparatory 

variables found to be statistically different between PSS and UPSS will be used as independent 

variables within a linear mixed model predicting trunk lateral flexion at execution-step foot 

contact during UPSS movements.  As this analysis relies on results from the PSS vs UPSS 

comparison, no a-priori hypotheses could be provided. 
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6.3 METHODS 

6.3.1 PARTICIPANTS 

A sample of convenience comprising nine healthy male participants (23 ± 2.6 years old, 

1.81 ± 0.07 m and 75.5 ± 8.3 kg) was used. A power analysis of previous research15 that identified 

significant biomechanical differences between PSS and UPSS indicated that eight participants 

were required for 80 % power with an α of 0.05. All participants were physically active, reporting 

regular participation in moderate physical activity at least twice a week. Signed informed 

consent was obtained prior to the commencement of testing. The research procedures were 

approved by the Human Research Ethics Office at the University of Western Australia 

(RA/4/15713). 

 

Participants were fitted with surface (3M, Minnesota, USA) and fine wire electrodes (Chalgren 

Enterprises Inc, California, USA) to record trunk muscle activation. Surface electrodes recorded 

activation of the rectus abdominus and bilateral erector spinae. Fine wire electrodes were 

inserted under ultrasound guidance (Telemed Echo Blaster 128 EXT-1Z, TELEMED Medical 

Systems, Italy) into bilateral: external obliques, internal obliques and quadratus lumborum.16 All 

electrode insertions were performed by a trained researcher (JS). Live electromyography (EMG) 

time traces during isometric contractions were visually inspected to verify that indwelling 

electrodes were recording from the desired musculature. The trunk and lower limbs of each 

participants were also fitted with a customised retro-reflective marker set.17,18 

 

6.3.2 PROTOCOL 

A 26 Vicon camera system (Vicon, Oxford, United Kingdom) consisting of 14 T40 and 12 Mx 

cameras was used to record marker motion at 250 Hz. An AMTI (Massachusetts, USA) force plate 

and a fixed (16 ms) delay EMG system (Myon AG, Schwarzenberg, Switzerland) synchronously 

recorded ground reaction force data and EMG respectively at 4,000 Hz. Participants completed 

functional movement trials to estimate hip and knee joint centres as per Besier et al.17 After 

static calibration, participants completed a series of functional tasks for inclusion in EMG signal 

normalisation: five squats, five single-leg squats on their dominant limb, five single-leg drop 

jumps on their dominant limb and two countermovement jumps. Participants then completed a 

previously published sidestepping protocol,19 comprised of planned and unplanned straight line 

runs, sidesteps and crossovers manoeuvres with a targeted approach speed of 4.5 m.s-1 (± 0.5). 

An arrow was projected onto a screen to display the required CoD. In unplanned conditions the 



CHAPTER SIX: STUDY FOUR 
PELVIC TILT INFLUENCES LATERAL TRUNK POSITION 

 

107 

arrow presentation was timed, based on the approach velocity, to appear approximately 1.5 m 

before the force plate. 

 

6.3.3 DATA PROCESSING 

A combination of vertical force plate data (> 10 N) and foot marker trajectories were used to 

define phases during PSS and UPSS. Three phases of movement (Figure 6.1) were analysed for 

each manoeuvre: (1) stance of the penultimate-step (from penultimate-step foot contact to 

penultimate-step toe-off, (2) flight-phase of the penultimate-step (from one frame after 

penultimate-step toe-off to one frame prior to execution-step foot contact, and (3) stance of 

the execution-step (from execution-step foot contact through to execution-step toe-off). The 

execution-step refers to the sidestep off the dominant-limb. For each condition, the duration (s) 

of each phase was recorded. 

 

 

A residual analysis of calcaneus marker motion determined that 12 Hz was the preferred cut-off 

frequency,20 which was subsequently used in a zero-lag fourth order low-pass Butterworth filter 

applied to the marker motion and ground reaction force data.21 Trunk and pelvis angles during 

each movement condition were calculated relative to the global coordinates of the laboratory. 

Step-width was defined as the lateral displacement of the stance-foot ankle joint centre to the 

mid-pelvis, and was calculated at penultimate-step toe-off5 and execution-step foot contact,3 

then normalised to the participant’s height (%Ht). Step-width lateral to the mid-pelvis position 

was reported as positive displacement. Externally applied knee valgus moments during weight 

acceptance were calculated via inverse dynamics, the peak of which was extracted for further 

analysis (PKVM).3 PKVM were normalised to participant height (m) and weight (N) and reported 

Penultimate step Execution step 

Figure 6.1 Phases of the sidestepping movement. The penultimate step consists of a stance 
phase (white) and flight-phase (light grey). Stance of the execution-step is indicated by the dark 
grey bar. 
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in scientific notation x 10-1. Data were normalised to account for the influence of participant 

height and mass in the linear mixed model analysis. Approach velocity (m.s-1) and change of 

direction angle were calculated as per Donnelly et al.19 

 

Raw trunk muscle activation signals and power density spectrums from pilot data were analysed 

to determine appropriate cut-off frequencies for EMG signal filtering. Filter cut-off’s of 

30/300 Hz and 40/300 Hz for surface and fine-wire electrodes respectively were adopted. The 

following steps were performed to filter the EMG signals: (1) EMG signals were DC offset, (2) a 

50 Hz notch filter was applied to the fine-wire signals to remove mains noise present in the 

signals, (3) the DC-offset signals were then band-pass filtered. After band-pass filtering, each 

signal and its power density spectrum were inspected for quality. Abnormal signals, or signals 

containing relatively high amounts of noise were excluded from further processing. The 

remaining signals were full-wave rectified and linear enveloped with a zero-lag second order low 

pass filter at 6 Hz. All muscle signals were normalised to the maximum filtered signal that was 

recorded during the sidestepping and functional movement tasks.22 

 

Kinematic and neuromuscular data were time normalised using a cubic-spline interpolation to 

permit time-varying comparisons between movement conditions. Mean phase time (s) across 

conditions from pilot data were used to calculate the partitioning of the phases. For one-

dimensional data the penultimate-stance, flight-phase and execution-stance phases were time 

normalised to 0-33 %, 34-55 % and 56-100 % of the movement, respectively. For each variable 

the mean across three trials was calculated for both sidestep conditions; the mean of three trials 

provides adequate between and within session reliability for biomechanics of sidestepping 

tasks.23 

 

Activation of relevant trunk musculature was averaged to represent: (1) total trunk activation, 

(2) lateral (opposite to the CoD) trunk activation, and (3) medial (on the same side as the CoD) 

trunk activation. Total trunk muscle activation was calculated as the mean of the normalised 

signals across all of the trunk muscles. For one participant a rectus abdominus activation signal 

was not recorded due to EMG equipment failure during testing. This participant’s total trunk 

activation was calculated as the mean of the remaining six muscles. This participant’s total trunk 

activation across the sidestep was not deemed to be different to other participants when visually 

compared. Average lateral and medial trunk activation were also calculated using external 

oblique, internal oblique, erector spinae and quadratus lumborum of the relevant side. A LatCR 

for average lateral and medial normalised trunk signals was calculated. A ratio of one indicated 
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that normalised medial and lateral signals were equal (i.e., co-contraction). A ratio greater than 

one indicated that the co-contraction was directed towards the medial muscles which would 

theoretically resist trunk lateral flexion. Whereas, a ratio of less than one indicated the co-

contraction was directed towards the lateral muscles. 

 

6.3.4 STATISTICAL ANALYSIS 

For the exploratory analysis, one-dimensional statistical parametric mapping was used to make 

paired comparisons (two-tailed) between time-varying PSS and UPSS neuromuscular and 

biomechanical data (α < 0.05).  Statistical parametric mapping {t} was calculated at each time-

point to create a statistical parametric map for trunk lateral flexion, pelvis lateral tilt, total trunk 

activation and LatCR. The temporal smoothness of the statistical parametric map was then 

estimated using random field theory.24 For each supra-threshold cluster, p-values were 

calculated. 

 

Following the exploratory one-dimensional analysis, observed differences during the 

penultimate-step were used as independent discrete variables within the post hoc linear mixed 

model analysis (SPSS version 24) to predict trunk lateral flexion. Foreshadowing results, pelvic 

lateral tilt and trunk lateral flexion at penultimate-step push off (at 32 % of the sidestepping 

movement) were used as independent variables to predict trunk lateral flexion at execution-

step foot contact. Each trial (n = 27) was used as an individual datapoint in a linear mixed model, 

with restricted maximum likelihood estimation selected and participants (n = 9) assigned as a 

random intercept to account for within-participant effects (Chapter 4).25 Raw parameter 

estimates were recorded and the influence of a one standard deviation (SD) change of each 

predictor variable was calculated based on the percent change in the independent variable 

(estimated execution-step trunk lateral flexion) when changing each parameter in isolation by 

one SD. 

 

For comparison to previous literature, two-tailed paired t-tests (SPSS version 24, IBM SPSS 

Statistics, IBM Corporation, USA) were used to compare discrete temporal, spatial, kinematic 

and kinetic data between PSS and UPSS. 
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6.4 RESULTS 

Trunk lateral flexion was significantly greater (minimum difference = 2.1° and maximum 

difference = 6.1°) in UPSS compared to PSS, during penultimate-stance push-off, flight-phase 

and the execution-step (Figure 6.2). Time varying pelvic tilt angle was significantly more medially 

directed (minimum difference = 3.1° and maximum difference = 7.7°) in the PSS vs UPS during 

the penultimate-step and the majority of the execution-step (Figure 6.2). Total trunk activation 

and LatCR were similar throughout the penultimate- and execution-steps of PSS and UPSS and 

no supra-threshold clusters were identified (Figure 6.3). 

 

p < 0.001 

p < 0.001 

Critical {t} = 3.75 

Critical {t} = 3.92 

Toward the CoD 

Figure 6.2 Time-normalised mean and SD error clouds of trunk lateral flexion angle (top left) and 
pelvic lateral tilt (bottom left) for penultimate stance (white), flight-phase (light grey) and 
execution-stance (dark grey). Vertical lines represent penultimate-step toe-off (34 %) and 
execution-step foot contact (56 %). CoD stands for change of direction. The paired SPM {t} 
statistic for trunk lateral flexion (top right) exceeded the critical threshold (32 – 98 % of the 
movement) indicating a greater trunk lateral flexion over the execution-step stance limb during 
unplanned sidesteps (UPSS). The paired SPM {t} statistic for pelvis lateral tilt (bottom right) 
exceeded the critical threshold (0 – 96 % of the movement) indicating a more medially directed 
tilt during planned sidesteps (PSS). 

Toward the CoD 
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Both trunk lateral flexion and pelvic lateral tilt were significantly different during the 

penultimate-step across sidestepping conditions. Significant differences in trunk lateral flexion 

commenced at 32 % of the sidestepping movement (during penultimate-step push off). Discrete 

trunk lateral flexion (mean = -0.8, SD = 2.5°) and pelvis lateral tilt (mean = -5.3, SD = 3.3°) angles 

at this timepoint were used to estimate execution-step trunk lateral flexion (mean = 4.1, SD = 

4.1°) during UPSS using a linear mixed model. The model intercept (t(16.704) = 5.624, p < 0.001, 

estimate = 7.152 [4.465 – 9.838]), preparatory trunk lateral flexion (t(19.464) = 3.250, p < 0.01, 

estimate = 0.637 [0.228 – 1.047]) and preparatory lateral pelvis tilt (t(23.691) = 2.257, p < 0.05, 

estimate = 0.465 [0.040 – 0.890]) were significantly associated with trunk lateral flexion at 

Critical {t} = 4.09 

Critical {t} = 4.12 

Toward the CoD 

Figure 6.3 Time-normalised mean and standard deviation error clouds and SPM paired t-tests 
for average trunk activation across all muscles (top) and lateral contraction ratio (bottom) for 
penultimate stance (white), flight-phase (light grey) and execution-stance (dark grey). Vertical 
lines represent penultimate-step toe-off (34 %) and execution-step foot contact (56 %). The 
paired SPM {t} statistic did not exceed the critical threshold for either comparison, indicating 
there was no significant differences in trunk muscle activation between movements. 
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execution-step foot contact. Increasing preparatory trunk lateral flexion and pelvis lateral tilt by 

one SD increased the model predicted execution-step trunk lateral flexion by 38 % and 37 %, 

respectively. 

 

Mean discrete temporal, kinetic and kinematic measures for PSS and UPSS are reported in Table 

6.1. In the UPSS condition PKVM (t(8) = -3.20, p = 0.013), penultimate-stance duration 

(t(8) = -4.38, p = 0.02) and CoD angle (t(8) = -3.45, p = 0.009) were significantly greater than in 

PSS. Preparatory lateral step-width (t(8) = 7.53, p < 0.001) and approach velocity (t(8) = 2.96, 

p = 0.018) were significantly greater in the PSS condition. Differences between conditions in 

penultimate-step flight-phase duration (t(8) = -.458, p = 0.659), execution-step stance duration 

(t(8) = -1.626, p = 0.143) and lateral execution-step width (t(8) = -2.284, p = 0.052) were not 

significant. 

 

Table 6.1 Mean (standard deviation) discrete temporal-spatial, kinematic and kinetic data 

Measure Planned Unplanned Difference (95% CI) 

PKVM   0.22 (0.23)   0.43 (0.31) -0.21 (-0.36 to -0.05)* 

Penultimate-stance duration (s)   0.18 (0.02)   0.21 (0.01) -0.02 (-0.04 to -0.01)* 

Penultimate flight-phase duration (s)   0.13 (0.03)   0.14 (0.05) -0.01 (-0.04 to 0.03) 

Action-stance duration (s)   0.26 (0.04)   0.27 (0.04) -0.02 (-0.04 to 0.01) 

Penultimate-step width (%Ht)  -7.60 (4.58)   1.33 (2.70)  8.92 (6.19 to 11.67)* 

Execution-step width (%Ht) 18.22 (3.61) 22.23 (5.52) -4.01 (-8.06 to 0.04) 

Approach velocity (m.s-1)   4.51 (0.22)   4.28 (0.31)  0.23 (0.05 to 0.4)* 

Change of direction angle (°) 23.70 (3.77) 26.44 (3.47) -2.73 (-4.57 to -0.91)* 

Peak knee valgus moments (PKVM) are normalised to height (m) and weight (N) and reported in scientific 

notation x 10-1. Step-widths are reported as percent of height (%Ht) and negative values indicate a medial 

foot placement relative to the mid-pelvis. * indicates significant differences (p < 0.05) between conditions. 

 

6.5 DISCUSSION 

In this study we performed an exploratory one-dimensional analysis to compare frontal-plane 

pelvis and trunk angles along with trunk muscle activation of PSS and UPSS movements, with 

the aim of identifying potential strategies to reduce trunk lateral flexion. Our first hypothesis 

was supported as trunk lateral flexion and pelvis tilt were more lateral (away from the CoD) 
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during UPSS. As expected, no significant differences were observed in the LatCR of lateral and 

medial trunk muscles. However, contrary to our hypothesis there was no significant difference 

in the total trunk activation between planned and unplanned sidestepping. These findings 

indicate that when a sidestep is planned, frontal-plane pelvis position, not neuromuscular trunk 

activation, had a greater influence on lateral trunk posture. Post hoc analysis found that 

preparatory trunk lateral flexion and pelvis lateral tilt during penultimate-step push off are 

significantly associated with trunk lateral flexion angle at execution-step foot contact of UPSS. 

Training athletes to utilise a laterally tilted pelvis posture towards the CoD in both PSS and UPSS 

is recommended to reduce trunk lateral flexion and associated ACL injury risk3–5 when 

sidestepping. 

 

6.5.1 PENULTIMATE-STEP TRUNK LATERAL FLEXION 

To effectively reduce execution-step trunk lateral flexion, it is necessary to understand where 

within the sidestepping movement this posture is initiated. Previous research identified 

differences in trunk lateral flexion angle between planned and unplanned sidesteps at 

penultimate step toe-off.5 However, it appears that significant differences exist earlier within 

the penultimate-step, during the push off phase. This is an important detail, as athletes and 

coaches attempting to reduce trunk lateral flexion during the flight-phase may find their 

attempts to correct this posture are too late. Therefore, we recommend that interventions 

aiming to improve trunk posture also target preparatory movement during the penultimate 

step, when lateral trunk postures are initiated. 

 

6.5.2 PREPARATORY STRATEGIES 

Frontal-plane pelvis angle during the penultimate-step influenced lateral trunk posture during 

the execution-step phase of the sidestepping movement. During PSS the pelvis was more 

medially tilted compared with the UPSS condition. This medial tilt may reduce trunk lateral 

flexion over the execution-step stance limb as previous research found that the trunk and pelvis 

tend to rotate as a single segment in the frontal-plane during this movement.11 Post hoc analysis 

supported this interpretation, finding that among unplanned sidesteps a one SD change in pelvis 

lateral tilt at penultimate-step push-off altered execution-step trunk lateral flexion by 37 %. It 

appears that the pelvis acts as a gimbal, allowing the trunk to stay upright relative to the 

orientation of the pelvis. Therefore, injurious trunk lateral flexion may be a consequence of 

undesirable frontal-plane pelvis angles during the penultimate-step. 
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Measures of total trunk activation and LatCR were similar across conditions, suggesting that 

anticipation does not influence the trunk activation strategy utilised when sidestepping. In both 

PSS and UPSS the highest total trunk activation occurred approximately midway through the 

execution-step, which is after ‘high-risk’ trunk lateral flexion is generally observed3–5 and the ACL 

injury event is thought to occur.7 Therein, peak total trunk muscle activation is observed too late 

to effectively influence lateral trunk postures during the execution step. For the trunk 

musculature to effectively influence execution-step trunk positioning, muscle activation would 

have to occur at least 125 ms before execution-step foot contact to account for the 

electromechanical delay between muscle activation onset and force production.26 Across the 

entire sidestepping movement there was also no evidence of a difference in the selective lateral 

activation strategy used, with similar LatCR observed in both conditions. It is apparent that 

athletes do not use a selective trunk activation strategy to maintain an upright trunk during PSS, 

which agrees with previous research finding pre-activation of “core” muscles during flight-phase 

had no bearing on subsequent lateral trunk flexion.14 Therefore, it seems that changes to an 

athlete’s trunk activation strategy has limited potential to reduce trunk lateral flexion during 

sidestepping. 

 

Sidestepping pelvis mechanics may contribute to other preparatory techniques utilised during 

the penultimate-step of PSS. Agreeing with previous research, we observed that the foot is 

placed medially from the centre of mass during the penultimate-step.9,10 This medial foot 

placement is thought to produce a lateral ground reaction force which assists in redirecting an 

individual’s centre of mass towards their intended CoD. This technique can be adopted during 

PSS due to the extra time to plan and execute the sidestep afforded to the athlete. A potential 

contributor to this difference between PSS and UPSS is the frontal-plane orientation of the 

pelvis. In both conditions the foot appears to be placed inferior relative to the pelvis alignment, 

and as such a pelvis tilted towards the CoD may allow athletes to medially place their 

penultimate-stance foot to begin reorienting their movement trajectory. This challenges Patla 

et al.8 who suggested that planned changes of direction during walking rely less on a hip strategy 

to change direction. However, Patla et al.8 did not measure pelvis kinematics during their 

experimental research which may explain the differences in interpretation. The current findings 

indicate that when undertaking running sidestepping, a medially titled pelvis during PSS 

facilitates a penultimate-step foot placement strategy, and may be an important component of 

preparatory whole-body reorientation. 
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This is not the first study to report injury benefits of laterally tilting the pelvis towards the 

sidestep direction. Within the execution-step lateral pelvis tilt has been associated with 

increased knee abduction angles.12 When considering these findings along with trunk posture 

associations from the current study, it appears that medial orientation of the pelvis better aligns 

the lower and upper body during sidestepping, and reduces known ACL injury risk factors.3–5,27 

 

6.5.3 LIMITATIONS 

The current findings should be considered in the context of the study’s limitations. While PSS 

and UPSS share the same goal (to change direction) they are achieved by fundamentally 

different methods,28 and therefore comparisons between PSS and UPSS do not infer a direct 

association between preparatory pelvis tilt angle and execution-step trunk lateral flexion. 

However, these comparisons are an important first step necessary to identify potential 

mechanisms (i.e., preparatory pelvis tilt) by which trunk lateral flexion may be reduced during 

sidestepping manoeuvres. We recommend simulation research is undertaken to verify a causal 

link. Post hoc analysis linking penultimate-step pelvis lateral tilt with execution-step trunk lateral 

flexion during UPSS further strengthens this working hypothesis. Both fine-wire and surface 

electrodes are susceptible to noise introduced through movement of the surrounding tissue(s). 

This noise has the potential to distort the muscle activation signal, however, it is expected that 

the high pass filter used in the current study would have removed this contamination. The 

muscle activation signal filter cut-off frequencies were chosen to strike the best balance 

between removing present noise, while maintaining as much muscle activation signal as 

possible.  

 

This preliminary research has highlighted the importance of pelvis kinematics during 

sidestepping which has yet to be thoroughly explored. In this study a simple pelvis model was 

used, which modelled the pelvis as a single segment, when it is actually made up of three fused 

bones, with flexibility introduced through the pubic symphysis.29 While the simple pelvis model 

used was sufficient to identify within-participant differences between PSS and UPSS, we 

recommend that future research develops a more robust model to accurately measure pelvis 

kinematics. This will permit more detailed investigation into the role of pelvis mechanics during 

sidestepping. Given the importance of preparatory pelvis position found in the current study, it 

may be appropriate for future research to measure activation of hip musculature capable of 

changing frontal-plane pelvis orientation. However, recording signal from candidate muscles 
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such as the iliopsoas currently require relatively difficult and invasive intramuscular insertions,30 

which may not be appropriate for dynamic movements such as sidestepping. 

 

6.6 PERSPECTIVES 

When a sidestep is planned by an athlete, they exhibit less trunk lateral flexion, maintaining a 

relatively upright trunk throughout the sidestep. Greater trunk lateral flexion, away from the 

CoD, is seen in UPSS during the penultimate-step push off, and this is where technical training 

should target reducing this posture. Medial pelvis tilt towards the CoD represents a potential 

mechanism to maintain a more upright trunk during UPSS and potentially reduce injury risk 

associated with trunk lateral flexion.3–5 On the other hand, changes to trunk muscle activation 

appears to have minimal potential to influence trunk lateral flexion during sidestepping and 

future research should investigate hip neuromuscular strategies capable of influencing the 

frontal-plane orientation of the pelvis. 
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CHAPTER SEVEN 

SYNTHESIS OF FINDINGS AND CONCLUSION 

7.1 EXECUTIVE SUMMARY 

Anterior cruciate ligament (ACL) reconstructions are a A$142 million burden on the Australian 

health care system each year.1 ACL injured athletes have poor post-injury sport participation2 

and reduced longevity of professional and semi-professional careers.3 Poor sport and exercise 

participation-based outcomes post-surgery indicate the importance of preventing ACL injuries. 

Currently there is mixed success when using neuromuscular training to reduce ACL injury rates 

among community-level athletes.4,5 Research investigating the efficacy of prophylactic training 

interventions tend to focus on the relative merit(s) of specific exercise modalities within the 

training intervention instead of the intended biomechanical focus of the exercises being 

performed. Neuromuscular training should be validated by its effectiveness in reducing injury 

rates and its ability to modify the targeted injury risk associations.6 Ultimately, the success of 

ACL interventions are limited to the extent that their theoretical basis accurately targets the 

aetiology underpinning the biomechanical and neuromuscular factors related to knee loading or 

ACL injury risk. 

 

This thesis aimed to broaden our understanding of factors influencing effective ACL injury 

prevention. An overview of the findings arising from this thesis are discussed below and 

summarised in Figure 7.1. This thesis addresses three limitations to the theoretical basis of ACL 

injury prevention research: (1) the impact statistical analysis of clustered biomechanics data has 

on the ability to generalise findings to external populations, (2) the limited evidence relating the 

mechanics of preparatory movement to applied knee moments and musculoskeletal factors 

thought to increase ACL injury  risk, and (3) the preparatory biomechanical and neuromuscular 

strategies for controlling lateral trunk position during sidestepping tasks. 
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7.1.1 CHAPTER THREE: STUDY ONE 

TARGETING ASSOCIATED MECHANISMS OF ANTERIOR CRUCIATE LIGAMENT INJURY IN FEMALE 

COMMUNITY LEVEL ATHLETES 

 

Chapter Three (Study One) aimed to assess the efficacy of a biomechanically informed training 

intervention on reducing ACL injury risk, as characterised by peak knee moments, among female 

community-level athletes. To answer this question, changes to biomechanical ACL injury risk 

factors of eight athletes participating in a nine-week training intervention, and 10 athletes 

comprising a comparison group were analysed. The training intervention was based around four 

components of a commonly used ACL injury model: (1) knee flexion dynamics,7,8 (2) dynamic 

trunk control,9–13 (3) gastrocnemius force production,14,15 and (4) hip external rotation 

strength.16,17 After the nine-week intervention, the comparison group exhibited increased peak 

knee valgus (∆+28 %, d = -0.36) and internal rotation moments (∆+38 %, d = -0.56), accompanied 

by reduced total knee muscle activation (∆-10 %, d = 0.47). Together, these changes suggest that 

the comparison group’s theoretical risk of ACL injury increased over the nine-week period. In 

contrast, the intervention group maintained their non-sagittal plane knee moments pre- to post-

testing, however, their total knee muscle activation also decreased (∆-15 %, d = 0.45). Reduced 

total knee muscle activation in both the training and comparison groups was primarily 

attributable to a reduction in hamstring (∆-17 %, d = 0.44 and -21 %, d = 0.55, respectively) and 

gastrocnemius muscle activation (∆-35 %, d = 074 and ∆-8 %, d = 0.29, respectively). Positive 

kinematic changes were observed in the training group, but not in the comparison group, 

including: decreased hip abduction (-31 %, d = 0.70) and increased knee flexion at foot-strike 

(33 %, d = -0.59). 

 

The intervention group's decreased total muscle activation around the knee over the nine weeks 

suggests their theoretical risk of sustaining an ACL injury increased. This increased non-sagittal 

plane knee moments of the comparison group are congruent with previous research reporting 

increases in peak knee valgus moments of 25 - 30 % over 12-weeks of general sport 

particiation.18–20 The training intervention mitigated some of these deleterious effects, 

evidenced by no changes in valgus and internal rotation knee moments. While the intervention 

group’s results are favourable in light of the negative changes observed in the comparison 

group, it was not successful in reducing peak valgus and internal rotation moments at the knee, 

used as surrogate indices of ACL loading.21,22 It is difficult to ascertain the exact reason the 

intervention was not successful in this regard. One possible explanation is the challenge of 

implementing interventions among community-level participants.6 Athlete attendance (71 %) 
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and compliance (77 %) to the training sessions were lower than a similar intervention that was 

successful in reducing peak knee valgus moments in ‘high-risk’ elite female athletes in an ‘ideal’   

environment.23,24 Another potential explanation is the intervention only focused on four injury 

prevention strategies, which may be insufficient to positively alter a mechanism as complex as 

non-contact ACL injury. The mixed success of the current and previous neuromuscular 

interventions highlights the importance of improving the empirical evidence contained within 

injury prevention frameworks before injury biomechanics can effectively reduce injury ACL rates 

at the community-level. 

 

7.1.2 CHAPTER FOUR: STUDY TWO 

THE APPLIED IMPACT OF ‘NAÏVE’ STATISTICAL MODELLING ON CLUSTERED OBSERVATIONS OF 

MOTION DATA IN INJURY BIOMECHANICS RESEARCH 

 

The primary aim of Chapter Four (Study Two) was to identify the impact of statistical analysis 

approaches on injury risk findings from clustered biomechanical data containing multiple 

observations per participant. A sample of unplanned sidestepping data (112 trials) from 35 male 

participants was analysed to compare the impact of accounting for within-participant effects on 

statistical results and clinical interpretation of results when predicting peak knee valgus 

moments from three-dimensional trunk, hip and knee angles. The naïve linear regression 

produced within the entire sample overestimated goodness of fit (R2 = 0.50), which was 

apparent when comparing to its reduced performance during cross-validation (R2 = 0.43). The 

overestimated goodness of fit may exaggerate the modelled injury risk associations to 

researchers and applied sports scientists. Interestingly, the naïve regression (R2 = 0.43) 

performed similarly to the linear mixed model (R2 = 0.40) under cross-validation. Cross-

validation of regression estimates indicates the external generalisability of the statistical model25 

and may somewhat protect the translatability of findings from naïve statistical models. A key 

recommendation from this paper is to test regression equations through cross-validation, or 

against withheld data, to better represent their applicability to heterogeneous populations. This 

will better indicate the effectiveness of injury biomechanics findings applied to external 

populations. 

 

The three parameters unique to the naïve model were likely examples of Type 1 error introduced 

from failing to account for the within-participant effects present in the dataset.26 Interestingly, 

the three additional parameters were all transverse-plane measures  (trunk rotation, hip internal 

rotation and knee internal rotation) which could prompt future interventions to target 
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transverse-plane movement technique, rather than the frontal and sagittal-plane 

recommendations potentially inferred from the linear mixed model. The naïve model also 

produced biased estimates of parameters common to both models, underestimating the effect 

of trunk flexion (-15 %), and overestimating the effects of hip flexion (17 %), hip abduction 

(22 %), and knee abduction (79 %). The large overestimation of the association of knee 

abduction with peak knee valgus moments, demonstrates the difficulty in reproducing findings 

from models ‘naïvely’ applied to clustered data.  Together, the inclusion of false-positive 

parameters and erroneous parameter estimates threatens the validity of research findings from 

studies failing to correctly model within-participant effects in clustered data. The downstream 

effect is that these findings create divergence in injury prevention recommendations and may 

compromise the successes of future training interventions built upon this type of research. 

 

Linear mixed models are a suitable statistical analysis procedure for investigating data 

containing mixed effects. Linear mixed models allow the investigation of multiple ACL injury risk 

associations, while also permitting multiple observations to be included per participant. This has 

two clear benefits: (1) it increases the power of a given sample size, which is of benefit to the 

small sample sizes common to sport science research,27 and (2) removes the necessity to reduce 

multiple observations to a single representative value, which discards information provided by 

individual movements. 

 

7.1.3 CHAPTER FIVE: STUDY THREE 

“BY FAILING TO PREPARE, YOU ARE PREPARING YOUR ACL TO FAIL”: PREPARATORY TRUNK AND 

HIP MECHANICS INFLUENCE ACL INJURY RISK 

 

Chapter Five (Study Three) aimed to associate preparatory postures at penultimate-step toe-off 

and flight-phase angular momentum of the trunk and thigh of the execution-step stance limb, 

with frontal-plane weight acceptance risk factors among a sample of 33 male Australian Football 

players (103 observations). A key finding from this Chapter was that hip abduction, or trunk 

lateral flexion at penultimate-step toe-off was associated with the same posture at execution-

step foot contact. Therefore, preparatory movement eliciting these postures has commenced 

within the penultimate-step of unplanned sidestepping. Multi-planar flight-phase angular 

momentum of the trunk was associated with both peak knee valgus moments and hip abduction 

angle during weight acceptance. Therefore, adjustments to trunk position during flight-phase 

influences lower-limb injury risk factors during the execution-step. The use of angular 
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momentum, which incorporates segment mass, reveals the importance of trunk motion on an 

individual’s centre of mass position, an outcome known to influence peak knee valgus moments 

and ACL injury risk during sidestepping.12 

 

Flight-phase momentum of the trunk, acting to laterally flex the trunk over the execution-stance 

limb and rotate the trunk towards the change of direction (CoD), was associated with increased 

peak knee valgus moments and hip abduction angle. Movements of the heavy trunk segment 

may alter the positioning of the lower-limb required to create the medial forces necessary to 

alter whole-body movement trajectory. Therefore, reducing flight-phase trunk momentum is an 

applied recommendation to minimise ACL injury risk. In contrast, thigh angular momentum was 

not associated with any of the frontal-plane injury risk factors investigated. The thigh is a lighter 

segment compared with the trunk, and therefore has less influence on centre of mass position, 

which may explain why significant injury risk associations were not identified for this segment’s 

angular momentum. 

 

Flight-phase trunk angular momentum was not associated with execution-step trunk lateral 

flexion posture. Trunk flexion and lateral flexion at penultimate-step toe-off were the only 

preparatory variables significantly associated with execution-step trunk lateral flexion. These 

findings suggest that during flight-phase there is minimal potential to meaningfully reduce trunk 

lateral flexion during a sidestep. Therefore, we must look earlier within the penultimate-stance 

if we are to determine how preparatory mechanics influence frontal-plane trunk postures. 

 

7.1.4 CHAPTER SIX: STUDY FOUR 

“HIPS DON’T LIE”: PELVIC TILT, NOT TRUNK ACTIVATION, INFLUENCES LATERAL TRUNK POSITION 

WHEN SIDESTEPPING 

 

Expanding on the findings of Study Three, Chapter Six (Study Four) investigated preparatory 

strategies to reduce trunk lateral flexion during the sidestepping execution-step. For this 

Chapter the preparatory phase was extended to include the entire stance phase of the 

penultimate-step. One-dimensional analysis, in the form of statistical parametric mapping,28 was 

used to compare planned and unplanned sidesteps during the penultimate- and 

execution-steps. In agreement with previous research, trunk lateral flexion was greater in the 

unplanned condition during the execution-step10,29 and at penultimate-step toe-off.10 Use of 

one-dimensional statistical parametric mapping techniques identified the time point at which 
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trunk lateral flexion first deviated between planned and unplanned conditions. Differences in 

trunk lateral flexion, likely associated with the anticipation of the sidestep, first begun during 

the push-off phase of the penultimate-step. It is recommended that interventions targeting 

execution-step trunk posture also aim to modify technique during the penultimate-step given it 

is here that trunk lateral flexion appears to be initiated. 

 

In Chapter Six (Study Four), the effectiveness of two general strategies to reduce trunk lateral 

flexion were explored: (1) trunk muscle activation capable of directly or indirectly resisting 

lateral trunk motion, and (2) the frontal-plane orientation of the pelvis, which may reduce the 

range of trunk lateral flexion. Total trunk activation and lateral contraction ratio (between 

medial and lateral muscle groups) did not differ between planned and unplanned sidesteps. 

Thereby, even when individuals had more time to ‘plan and coordinate’ the movement, they did 

not adopt a different trunk activation strategy. Again, in agreement with previous literature, this 

finding suggests that changes to the activation of the recorded trunk muscles (rectus abdominus 

and bilateral, erector spinae, quadratus lumborum, external obliques and internal obliques) had 

minimal potential to reduce the magnitude of trunk lateral flexion.30 

 

Significant differences in pelvis tilt were observed throughout the entirety of the penultimate-

step and the majority of the execution-step, with the pelvis medially tilted (towards the CoD) in 

planned compared with unplanned sidesteps. This medial pelvis tilt may allow the trunk to stay 

upright during planned sidesteps. Post hoc analysis within unplanned sidesteps only, found that 

pelvis lateral tilt (away from the CoD) at penultimate-step push off was associated with 

execution-step trunk lateral flexion. Within a linear mixed model, which also contained 

preparatory trunk lateral flexion angle, tilting the pelvis medially by 3° during penultimate-step 

push off reduced subsequent execution-step trunk lateral flexion by 37 %. These findings suggest 

that a frontal-plane pelvis strategy should be used to maintain a more upright trunk during 

sidestepping. Interestingly, pelvis lateral tilt has also been linked with increased knee abduction 

angle during lateral jump movements.31 Combining evidence from Chapter Six (Study Four) with 

previous research suggests that improvements to frontal-plane pelvis control has the potential 

to decrease ACL injury risk during CoD movements. 
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IMPROVING OUR UNDERSTANDING OF ACL INJURY MECHANICS AND PREVENTION 

Chapter Three (Study 1) 
AIM: Assess the efficacy of a 

biomechanically informed 
intervention to reduce ACL injury 

risk factors. 
 

Chapter Four (Study 2) 
AIM: Investigate the impact of using 

‘naïve’ statistical modelling for 
clustered observations of 

sidestepping data. 

Chapter Five (Study 3) 
AIM: Explore the influence of 

preparatory postural and 
momentum kinematics of the trunk 
and hip on ACL injury risk factors in 

UPSS. 

Chapter Six (Study 4) 
AIM: Identify preparatory strategies 

to reduce execution-step trunk 
lateral flexion during sidestepping. 

Key Results: 

• Peak knee valgus (28 %) and 
internal rotation moments (38 %) 
increased, and knee total muscle 
activation (10 %) decreased 
among the comparison group. 

• The intervention group’s non-
sagittal knee moments did not 
change and knee total muscle 
activation decreased (15 %). 

 
Key Contributions: 

• Biomechanically informed 
training mitigates increases in 
ACL injury risk over a season. 

• The intervention was not 
successful in reducing ACL injury 
risk factors. 

Key Results: 

• The naïve model returned three 
incorrect parameters and 
overestimated parameter 
estimates by as much as 79 %. 

• The naïve model overestimated 
model goodness of fit (R2: 0.50 vs 
0.43). 

 
Key Contributions: 

• Naïve analysis failing to account 
for within-participant effects 
produces erroneous results. 

• These results reduce the 
relevance of findings to external 
real-world populations and may 
cause divergence in ACL injury 
prevention research. 

 

Key Results: 

• Combinations of preparatory 
trunk and thigh positioning, along 
with trunk angular momentum 
predicted variance in: peak valgus 
moments (21 %), trunk lateral 
flexion (44 %) and hip abduction 
(53 %). 

 
Key Contributions: 

• Preparatory phase movement 
influences ACL injury risk factors. 

• Flight-phase momentum of the 
trunk influences lower-limb 
kinematics and kinetics. 

• Injurious execution-step postures 
have commenced by 
penultimate-step toe-off. 

Key Results: 

• Frontal-plane trunk and pelvis 
angles are more laterally directed 
in unplanned compared to 
planned sidesteps during the 
penultimate-step. 

• During unplanned sidestepping a 
one standard deviation change in 
pelvic lateral tilt alters trunk 
lateral flexion by 37 %. 
 

Key Contributions: 

• Anticipation of the sidestep 
direction does not influence 
trunk muscle activation. 

• Trunk lateral flexion is initiated 
during the penultimate-step. 

• Medially tilting the pelvis reduces 
trunk lateral flexion. 

Figure 7.1 Overview of research chapters and select findings. 
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7.2 SYNTHESIS OF FINDINGS 

This thesis aimed to improve the understanding of preparatory musculoskeletal mechanics and 

the transfer of research findings to effective injury prevention practice. This was first 

approached by assessing the effectiveness of an intervention targeting four non-contact ACL 

injury risk factors in reducing ACL injury risk among community-level athletes. The intervention 

was unsuccessful in modifying biomechanical injury risk indices, highlighting the need for 

continued research to improve the empirical foundation these interventions are built upon.6 

This thesis identifies two areas for improving the impact of biomechanics research on injury 

prevention practice: (1) the influence of statistical analysis of clustered data on the validity and 

generalisability of findings to external populations, and (2) continued research into the 

association of preparatory musculoskeletal mechanics with ACL injury risk, to improve the 

design of effective injury countermeasures which presently focus on execution-step movement. 

 

The inconclusive results of the biomechanically informed intervention among community-level 

athletes is in contrast to its influence among an elite-cohort. As previously discussed, attendance 

and compliance were lower than in the previous application of this intervention.23,24 Another 

point of difference with the current and previous intervention is that the elite-cohort completed 

four sessions (20 minutes each) per week, compared with two sessions in the current 

application. Research examining ideal training volume and duration, and strategies to improve 

athlete compliance and buy-in with such programmes, are necessary to advance the outcomes 

of community-level training interventions.32 Another potential method of improving the 

effectiveness of interventions is through delivering individually personalised training, rather 

than a generic ‘one size fits all’ approach. There is a growing body of evidence suggesting that 

individuals can be categorised into different injury-risk profiles,33,34 which allows ‘high-risk’ 

movements or at ‘at-risk’ athletes to be identified. Screening has the potential to allow 

individually prescribed training targeting specific risk factors.34 However, athlete screening and 

preparation of individually tailored counter-measures may place unrealistic resource 

requirements on community-level sporting organisations. 

 

Regression analyses are useful for testing the effects of multiple factors simultaneously, which 

is beneficial to understanding the complexities associated with ACL injury. Chapter Five (Study 

Three) identifies the pitfalls of using linear regression models among clustered data. Instead, 

mixed models which can model random and fixed effects are recommended for more accurately 

representing associations26,35 between kinematic predictors and measures of ACL injury risk 
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(e.g., valgus moments). These models may be useful for accounting for other random effects, 

which may be present in injury related data, such as age, experience level, and years of sport 

participation. Where suitable, accounting for random effects within injury biomechanics data is 

likely to improve the validity and generalisability of reported biomechanical injury-risk 

associations. 

 

Chapters Five and Six (Studies Three and Four) contribute to the growing body of research 

describing preparatory movement technique of a sidestepping manouevre.10,36–39 A shortcoming 

of interventions targeting weight acceptance movement technique is the limited time available 

for muscle activation to produce the internal forces necessary to modify technique before peak 

knee loading occurs. Penultimate-step toe-off occurs ~140 ms prior to the execution-step foot 

contact in unplanned sidestepping (Table 6.1, Study Four), which is enough time for muscle 

activation to produce force through the musculotendon unit,40 and alter upper body position via 

internally generated forces. Unexpectedly, neither total trunk activation or lateral contraction 

ratio were different between planned and unplanned sidesteps, suggesting that planning time 

does not influence the trunk muscle activation strategy employed. Therefore, agreeing with 

Jamison et al.,30 changes to trunk muscle activation appears to have minimal potential to reduce 

trunk lateral flexion during unplanned sidestepping. However, while this research was novel in 

using intramuscular electrodes to record trunk muscle activity during a dynamic task, not all 

muscles of the trunk capable of producing lateral forces acting on the spine were analysed (e.g., 

multifidus). It is recommended that future research record from more trunk muscles for a more 

complete representation of the trunk muscular system. 

 

The preparatory frontal-plane pelvis orientation emerged as a potential strategy to reduce trunk 

lateral flexion (away from the CoD) in sidestepping. Compared with unplanned sidesteps, 

individuals medially tilted their pelvis towards the CoD, which may explain how an upright trunk 

is maintained throughout the planned sidesteps. This strategy is not exclusive to planned 

sidesteps, as post hoc analysis (Study Four) identified that medially tilting the pelvis during 

penultimate-step push-off was also a strategy to reduce trunk lateral flexion in unplanned 

sidesteps. Medially tilting the pelvis during the penultimate-stance is a clear strategy to improve 

frontal plane trunk control, and provides enough time to modify trunk orientation prior to peak 

loading during weight acceptance of the execution-step. This finding further supports previous 

research that recommends changes to trunk posture as likely more effective if targeted during 

the penultimate-step,10 and clearly establishes non-contact ACL injury as a ‘two-step problem’. 
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7.3 LIMITATIONS AND DELIMITATIONS 

This thesis has a number of limitations which may affect the generality of the findings. Where 

possible, certain aspects were intentionally delimited to create an operational space to test the 

research hypotheses. 

 

7.3.1 SIDESTEP CHARACTERISTICS 

The sidestepping protocol was performed at set running speeds between 4 - 5.5 ms-1 and a target 

CoD angle of 45°. Preparatory injury risk factors arising from this thesis are still likely relevant at 

different running speeds. However, they may be less practical at higher speeds where planning 

time and ability to change direction is reduced. Restricting the sidestep characteristics was 

necessary to minimise the effects of approach velocity and CoD angles on joint kinematics and 

kinetics.41 

 

The sidestepping protocol used throughout this thesis utilised arrows projected onto a screen 

to display the desired movement direction. The three movement types (straight-line run, 

sidestep and crossover) across two planning conditions (planned and unplanned) were 

randomised to inhibit anticipation of the current movement condition. Arrow stimuli are 

fundamentally different to the visual information perceived by athletes during sport. It is likely 

that movement collected in controlled laboratory settings differs to ‘real-life’ CoD movements, 

at least in part because of the differences in perceptual and environmental demands. 

Improvements to the current three-dimensional motion capture technologies and equipment 

are needed to capture ecologically valid data in the real-world settings. Recent research has 

shown promising results when predicting ground reaction forces and knee moments from 

marker-motion data,42 and the ability to reliably and accurately record kinematics and kinetics 

in the field is a potential reality in the near future. 

 

7.3.2 PARTICIPANT CHARACTERISTICS 

A limitation of the current research is the use of single sex datasets in each of the studies. The 

intervention in Chapter Three (Study One) was conducted among a female sporting population, 

and it is unknown how effective the intervention would be in reducing theoretical injury risk 

among their male counterparts. Chapters Five and Six (Studies Three and Four) identified the 

importance of preparatory trunk, pelvis and hip mechanics in male participants, and these 

strategies may not be consistent in female athletes. However, females have been reported as 
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having similar, or less desirable trunk and hip mechanics to males,43,44 therefore, preparatory 

upper body mechanics may still be relevant to female populations. Further research is needed 

to verify the suitability of the specific preparatory recommendations among female athletes. 

Chapter Six (Study Four) used a sample of convenience, and unlike the other studies, did not 

restrict participants to field/team sport players. The participants may have less proficiency in 

CoD movements, potentially resulting in different movement patterns to team sport athletes. 

The participants were given time to familiarise with the movement and reported participating 

in regular physically activity, suggesting they have some level of movement proficiency. 

 

7.3.3 FINE-WIRE EMG DISCOMFORT 

It is possible that participant discomfort from the indwelling electrodes used in Chapter Six 

(Study Four) may have affected the participant’s movement. However, while participants 

generally experienced discomfort during the insertion of the needle, they reported not being 

able to ‘feel’ the wire once the needle had been removed. The testing protocol was also 

designed so that the participants were fitted with the indwelling electrodes early in the testing 

session, maximising the time available for them to become comfortable with the electrodes 

before commencing the sidestepping protocol. 

 

7.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

Directions for future research can be broadly categorised into three groups: 

1) Improve current modelling techniques, with an aim to simulate ACL forces and muscle 

forces capable of mitigating these. 

2) Further describe preparatory sidestepping technique and its influence on ACL injury risk 

factors. 

3) Develop and test prophylactic ACL training interventions that incorporate preparatory 

mechanics within the design and implementation of the intervention. 

 

7.4.1 IMPROVED MUSCULOSKELETAL MODELLING 

Research from this thesis has identified the importance of the trunk and pelvis in regards to ACL 

injury risk. The methods used to model these segments follow International Society of 

Biomechanics recommendations,45 however, there are opportunities to deviate outside these 

recommendations, with a concerted effort to improve the modelling standards of the trunk and 
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pelvis. The trunk is typically modelled as a single rigid segment, or multiple rigid segments, when 

in fact it is largely deformable with potential fluctuations in inertial properties. There are also 

large ranges of motion in segments such as the thorax (32° in flexion/extension),46 which are 

considered rigid.  The pelvis model used in this research was relatively simple, modelling the 

pelvis as a single segment. In reality, the pelvis consists of three fused bones and flexibility within 

the segment is introduced through the pubic symphysis.47 Though interesting and important 

findings came from these simplistic models of the trunk and pelvis, future research is 

recommended for the development of more sophisticated trunk and pelvis models, so more 

sensitive and specific investigations can be performed to investigate the role these segments 

play in the field of musculoskeletal injury biomechanics.  

 

The majority of biomechanical research investigating ACL injury risk has used segment postures 

and inertial properties to calculate knee joint loads via inverse dynamics. Forward dynamic 

muscle modelling affords researchers the ability to answer ‘what-if’ type questions as well as 

the ability to estimate how simulated muscle forces are able act against or resist applied loads 

and forces.48 This permits researchers to recommend counter-measures targeting specific 

musculature to decrease knee joint loading (i.e., forces and moments) and ACL injury risk.  

Forward dynamics and muscle driven models represent a plausible avenue to measure muscle 

and ligament forces, however, much experimental research is required to inform these models. 

An understanding of the calibration (e.g., scaling), correct dynamic modelling (e.g., non-rigid 

segments, multi-segment pelvis etc.) and muscle excitation data is required before they can be 

used with sufficient reliability for research and clinical purposes.  Electromyography data of 

muscle activation from the trunk, hip and lower-limb during sidestepping will allow these 

forward dynamic models to simulate muscle forces from multiple segments during sidestepping. 

This will provide opportunity to investigate how individual, or synergistic muscle groups function 

to control sidestepping techniques in a manner that reduces ACL loading and injury risk. It is 

from forward dynamic modelling and computer simulations that more specific evidence may 

contribute towards the design prophylactic counter-measures. 

 

7.4.2 INFLUENCE OF PREPARATORY MECHANICS 

Chapters Five and Six (Studies Three and Four) described preparatory trunk, pelvis and hip 

mechanics and explored associations with previously evidenced ACL injury risk factors during 

the execution-step of sidestepping. Further investigation is needed to understand preparatory 

mechanics of the trunk in three-dimensions and of more distal body segments, such as the foot, 
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shank and thigh. Detailed investigation of whole-body movement during the penultimate-step 

will improve our current understanding of how the position and movement of body segments 

are used to create the medial forces necessary to perform a sidestep manoeuvre. Ideally, future 

research will expand upon the contributions made by this work, and improve the mapping of 

preparatory movement to ACL injury risk (e.g., peak knee moments). Preparatory strategies 

identified in this thesis are only established among male athletes, and it is important to explore 

preparatory mechanics of females as they may present with variant preparatory movement 

profiles to males. 

 

A key finding from Chapter Six (Study Four) is the association of preparatory pelvis lateral tilt 

with trunk lateral flexion posture. As well as devoting more resources to pelvic skeletal 

modelling, it is recommended to record the activation of deep pelvis musculature which has 

moment arms capable of laterally rotating the pelvis. However, this currently requires difficult 

and invasive intramuscular methods, which are inappropriate and unfeasible to record during 

dynamic sporting movements. Future improvements to intramuscular electrode technology, or 

new methods of recording activation from deep musculature are required to facilitate a 

thorough description of pelvis muscle function during sidestepping.   

 

7.4.3 FUTURE TRAINING INTERVENTIONS 

By understanding preparatory movement strategies that influence injury risk factors, 

interventions can provide more detail as to ‘how’ athletes can change their movement 

technique to influence risk of sustaining an ACL injury. Future research is required to test the 

efficacy of correcting preparatory movement technique within training interventions: 

• Test the effectiveness of a technical intervention which uses dynamic exercises to 

improve the function and coordination of pelvis and trunk muscles, along with technical 

instruction to medially tilt the pelvis towards the new direction, in CoD and lateral 

movements. The efficacy of such an intervention should be tested against its ability to 

modify: (1) frontal-plane pelvis orientation, (2) trunk lateral flexion, (3) applied peak 

knee moments. 

• If the intervention above was effective in altering the targeted postural and knee 

moment biomechanical risk factors, it should then be tested in a prospective 

randomised control trial, and assessed by the impact on ACL injury incidence. 
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7.5 PRACTICAL APPLICATION 

Many of the findings arising from this thesis may be of interest to sports coaches, clinicians and 

athletes. This thesis covers topics relating to injury prevention, transferring scientific findings to 

external applications and the associations of preparatory upper body mechanics in relation to 

ACL injury risk. The applied knowledge that can be disseminated from the findings of this thesis 

are: 

• Biomechanical injury training may mitigate some of the deleterious time-effects to ACL 

injury risk factors from participating in a season of sport. 

• Biomechanical training targeting established ACL injury risk factors during the 

execution-step were not successful in reducing surrogate measures of ACL injury risk 

among female community-level athletes. 

• Statistical models which don’t account for random effects between clustered 

observations produce erroneous results, which may translate poorly to applied ACL 

interventions. 

• The non-contact ACL injury mechanism is a two-phase (i.e., preparatory- and execution-

step), not a one-phase (i.e., weight acceptance of the execution-step) problem, and 

more attention to an athlete’s preparatory mechanics is warranted when designing 

training interventions. 

• Trunk angular momentum during flight-phase is related to lower-limb injury risk during 

sidestepping; it is recommended to maintain an upright trunk during this preparatory 

movement. 

• An upright trunk can be maintained by medially tilting the pelvis towards the CoD during 

push-off of the penultimate-step in sidestepping. 
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APPENDIX B: SUPPLEMENTARY METHODS 

B.1 INTRODUCTION 

The following pages provide additional detail of the methods used within the biomechanical 

sidestepping procedures utilised within Chapters Three to Six (Studies One to Four). The linear 

mixed model and statistical parametric mapping (SPM) analyses are detailed in section B.6. The 

training intervention administered in Chapter Three (Study One) is presented in section B.7. 

 

B.2 PARTICIPANT SETUP 

Sixty-six retro-reflective markers (14 mm in diameter), including combinations of single markers 

and marker clusters (Table B.1), were affixed onto participants’ skin according to a customised 

full-body model (Figure B.1).1,2 Sets of marker cluster were used to establish technical coordinate 

systems3 for specific segments. A six-marker digitizing wand was used to identify anatomical 

landmarks on the femur and upper arm (Table B.2) and referenced these points to the technical 

coordinate systems. The tip of the digitizing wand was held against the anatomical landmark of 

interest, and stored relative to the segment’s respective technical coordinate system.3 

 

In Chapter Three (Study One) participants were fitted with pairs of surface electrodes (3M, 

Minnesota, USA) over nine-muscles of their execution-step lower limb; gluteus maximus, 

gluteus medius, vastus lateralis, rectus femoris, vastus medialis, semimembranosus, bicep 

femoris, lateral gastrocnemius and medial gastrocnemius. the skin over the participant’s muscle 

was shaved, and then and wiped with an alcohol swab to remove surface oils. Each pair of 

electrodes were then placed over the belly of the select muscle, approximately in line with the 

direction of the muscle’s fibres and with an interelectrode distance of 2.5 cm.  

 

In Chapter Six (Study Four) surface electrodes (3M, Minnesota, USA) were placed over the rectus 

abdominus at the umbilicus level and over the erector spinae at the L3-L4 level using the 

aforementioned procedures for Study Three. Medical infection control standards were followed 

for the insertion of the indwelling electrodes (accreditation, Appendix B.2). For indwelling 

electrodes, insertion site recommendations from Perotto4 were followed. For external and 

internal obliques, the insertion site was midway between the highest point of the iliac crest and 

the anterior superior iliac spine, just superior to the iliac crest. The insertion site for quadratus 

lumborum was approximately one finger breadth lateral to the erector spinae mass, just 

proximal to the iliac crest. Before the indwelling electrodes (Chalgren, Enterpises Inc., California, 

USA) were inserted all equipment and the insertion sites were sterilised using alcohol swabs. 

Throughout the insertion procedures single-use sterilised ultrasound gel and gloves were used. 
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For each muscle, the insertion site was surveyed (Figure B.2) using ultrasound (Telemed Echo 

Blaster 128 EXT-1Z, TELEMED Medical Systems, Italy) to ensure the location was suitable to 

reach the muscle. Once the exact location of the insertion site had been determined, a sterilised 

indwelling electrode was inserted using ultrasound for visual guidance. When the needle had 

reached the desired muscle, it was then extracted, leaving the fine-wire inside the muscle. The 

exposed portion of the fine-wire (outside of the body) was then taped into a tension-loop. Myon 

(Myon AG, Schwarzenberg, Switzerland) transmitters, retrofitted with alligator clips, were 

attached to the non-insulated exposed end of the wire. The transmitters, cables and fine-wire 

were then taped to the participant’s skin to reduce movement artefact. 

 

B.2.1 MODEL CALIBRATION 

The alignment and anatomical coordinate systems of the feet were determined using a custom 

calibration rig and an inclinometer. Abduction/adduction of each foot was determined by 

aligning the rig goniometers in-between the third and fourth metatarsals. The inclinometer was  

aligned with the Achilles tendon above the calcanei to determine ankle inversion/eversion. 

 

Knee and hip joint centres and associated axes/centres of rotation were determined through 

functional dynamic trials. To estimate the hip joint centre participants performed a series of 

single-leg hip movements: (1) hip flexion to 60°, (2) hip abduction to 30°, (3) hip extension to 60° 

and (4) and circumduction. All hip movements for one limb were performed without bearing 

weight on the leg performing the dynamic trial. Five consecutive body weight squats, to 

approximately 60° knee flexion, were performed to determine the functional flexion/extension 

axis of the knee joints. 

Figure B.1 UWA full-body marker set 
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Table B.1 UWA marker set 

Segment Markers 
Head Left back head 

Left front head 
Right back head 
Right front head 
 

Trunk Spinous process of the 7th cervical vertebrae 
Spinous process of the 10th thoracic vertebrae 
Clavicle 
Sternum 
 

Shoulders Left acromion cluster 
Right acromion cluster 
 
 

Upper Arms Left upper arm cluster 
Right upper arm cluster 
Left lower arm cluster 
Right lower arm cluster 
 

Forearms Left forearm cluster 
Right forearm cluster 
Left wrist radius side 
Left wrist ulna side 
Right wrist radius side 
Right wrist ulna side 
 

Hands Left hand radius side 
Left hand ulna side 
Right hand radius side 
Right hand ulna side 
 

Pelvis Left anterior superior iliac spine 
Left posterior superior iliac spine 
Right anterior superior iliac spine 
Right posterior superior iliac spine 
 

Thighs Left thigh cluster 
Right thigh cluster 
 

Shanks Left tibia cluster 
Right tibia cluster 
Left lateral malleolus 
Left medial malleolus 
Right lateral malleolus 
Right medial malleolus 
 

Feet Left calcaneus 
Left head of 1st metatarsal 
Left head of 5th metatarsal 
Right calcaneus 
Right head of 1st metatarsal 
Right head of 5th metatarsal 
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B.3 LABORATORY SETUP 

The sidestepping protocol was setup with a force plate, projector screen, two pairs of timing 

gates and two pairs of cones. The timing gates were used to measure the participant’s approach 

velocity and initiate the arrow for the unplanned sidestepping tasks.5 Participant’s ran through 

the two-timing gates before responding to the arrow stimulus by performing a straight-line run, 

sidestep or crossover on the force plate. Pairs of cones indicated the path for participants to 

follow when changing direction during the sidesteps or crossovers. 

 

Table B.2 UWA virtual markers 

Segment Markers 

Thighs 
Left lateral femoral condyle 

Left medial femoral condyle 

Right lateral femoral condyle 

Right medial femoral condyle 

 

Upper arms 
Left medial elbow epicondyle 

Left lateral elbow epicondyle 

Right medial elbow epicondyle 

Right lateral elbow epicondyle 

 

 

B.3.1 CAMERA CALIBRATION 

Vicon T40 and MX series camera models were calibrated with a Vicon Active Wand according to 

the calibration procedures of Vicon Motion Systems. Calibration was performed to calculate the 

Figure B.2 An example ultrasound image of the internal and external obliques. White lines have 
been used to highlight the muscle borders. 
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relative positions and orientations of the cameras and was accepted when the image error 

residuals from each camera were below 0.30 mm. 

 

The calibration wand was placed at the bottom right hand corner of a 1.2 x 1.2 m AMTI force 

plate (Advanced Mechanical Technology Inc., Watertown, USA) to capture a still frame for global 

reference. This frame was used to set the global reference of the motion capture system. 

 

B.4 SIDESTEPPING PROTOCOL 

Following within-session familiarisation, participants were asked to perform a series of 

randomised planned and unplanned straight line runs, sidesteps and crossovers.5 Participants 

were required to run through two sets of timing gates towards a screen on which the arrow 

stimulus was projected. Infrared timing gates were used to monitor the approach speed and 

time the delay of the stimulus for the unplanned movements. In planned movement tasks the 

direction of travel (straight, left or right) was projected onto a screen before the participant 

commenced their approach. In unplanned movements the arrow was displayed when the 

participant was approximately 1.5 m from the force plate. 

 

B.5 DATA PROCESSING 

Vicon data from Chapters Three to Five (Studies One to Three) were processed within Vicon 

Nexus® (version 1.85), and Chapter Six’s (Study Four) data was processed in Vicon Nexus® 

(version 2.3). The data processing for all sidestepping trials consisted: (1) marker labelling and 

trajectory filling, (2) event identification, (3) residual analysis and filtering, (4) modelling, (5) data 

export. 

 

B.5.1 MARKER LABELLING AND TRAJECTORY FILLING 

Markers were labelled according to a customised kinematic model (Table B.1), ensuring that all 

markers were present throughout the required movement phases within each trial. Gaps 

present in the marker trajectories were corrected using in built fill functions within Vicon Nexus. 

 

B.5.2 IDENTIFICATION OF EVENTS 

Events were identified to define phases of movement within both functional and dynamic trials. 

For the functional trials the following events were identified: (1) the first frame, (2) start of the 

functional movement, and (3) end of the functional movement. 

 

In dynamic trials, events were identified based on the phases of movement analysed. The events 

identified in Chapter Six (Study Four), which contain all the events identified in Chapters Three 
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to Five (Studies One to Three), were: (1) foot-contact of the penultimate-step, (2) penultimate-

step toe-off, (3) foot-contact of the execution-step, (4) weight acceptance of the execution-step 

(first trough in the vertical ground reaction force), (5) execution-step toe-off, (6) foot-contact of 

the post execution-step. Where possible, foot contact events were defined when the vertical 

ground reaction force > 10 N, and toe-off events were defined at less than < 10 N. When force 

plate data for the foot-strike was not available (e.g., the penultimate-step), visual analysis of the 

calcaneus marker trajectory (vertical) was used to define events. 

 

B.5.3 RESIDUAL ANALYSIS AND FILTERING 

The z-coordinate trajectory of the execution-step stance foot’s calcaneous marker was used in 

a residual analysis to determine an appropriate cut-off frequency for low-pass filtering.6 Using 

Microsoft Excel, Butterworth low-pass filters with cut-off frequencies from 1-30 Hz, at a 

sampling rate of 250 Hz were applied to the data. The root mean square values were graphed 

for each cut-off frequency and visual inspection was used to determine the optimal cut-off 

frequency for data filtering. This cut-off frequency was then used to filter marker trajectory and 

ground reaction force data within Nexus’ inbuilt 4th order zero-lag low pass Butterworth filter 

pipeline. 

 

B.5.4 MODELLING 

Functional hip and knee joint centres were defined using Nexus’ in-built PECs plug-in pipeline 

and custom MATLAB (R2014a) code. UWA lower and upper-body static modelling codes1,2 were 

used to store the pointer-defined virtual femoral epicondyles and elbow epicondyles.3 The UWA 

lower and upper-body models were used to assign physical measurements to the model and 

output participant-specific anatomical coordinate systems. Following static modelling, all 

dynamic trials were modelled using the UWA lower and upper-body dynamic modelling codes1,2 

with the in-built Nexus pipeline. 

 

B.5.5 DATA EXPORT 

The Biomechanical ToolKit (http://biomechanical-toolkit.github.io/) was used to export the data 

from .c3d files in MATLAB (2014a). 

 

http://biomechanical-toolkit.github.io/
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B.6 STATISTICAL ANALYSIS 

This section outlines details for the effect size calculations, linear mixed models and statistical 

parametric mapping analyses used in this thesis. 

 

B.6.1 COHEN’S D CALCULATION 

For Chapter Three (Study One), effect sizes were calculated using formulae shown in Equation 

B.1 and B.2. 

 

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑 =  √
(𝑆𝐷1

2 + 𝑆𝐷2
2)

2
 

Equation B.1 Pooled standard deviation (SDpooled) formula. Where SD1 refers to the standard 
deviation of the pre-intervention measurement and SD2 from the post-intervention. 

 

𝑑 =  
𝑀1 − 𝑀2

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
 

Equation B.2 Cohen's d formula. Where M1 refers to the mean of the pre-intervention 
measurement and M2 from the post-intervention measurement. 

 

B.6.2 LINEAR MIXED MODELS 

Linear mixed models were performed using SPSS (version 24). Individual observations were 

entered as datapoints with columns for ‘Participant ID’, and all dependent and independent 

variables (Figure B.3). For each model, participants were entered as random effects and a 

random intercept was included (Figure B.4). Dependent variables were entered as fixed effects. 

For Chapters Four and Five (Studies Two and Three), maximum likelihood estimation was chosen 

to allow comparison of nested models. For Chapter Six (Study Four) restricted maximum 

likelihood estimation was selected. 
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For Chapters Four and Five (Studies Two and Three) a backwards stepwise elimination of the 

parameters was performed by sequentially removing the parameter with the highest p-value. 

This was performed until all remaining parameters were significantly associated with the 

independent variable, or until the previous model (before the last parameter elimination) 

explained a significantly (p < 0.05) greater amount of variance in the independent variable. 

Wilk’s likelihood ratio (D) was calculated from the two models log-likelihoods (Equation B.1). 

The probability of the difference was calculated using the difference in degrees of freedom 

between the models and Wilk’s likelihood ratio: 

 

D = 2 x [ln(likelihood for alternative model) – ln(likelihood for null model)] 

Equation B.3 Wilk's likelihood ratio (D) equation. 

 

Each row is a 
single 
observation 

Column 
containing 
participant ID 

Participant ID added 
to “subjects” field 

Figure B.3 Linear mixed model, analysis selection and data format. 
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Independent variables 
entered as fixed effects 

2 

Random intercept included 
to account for participant ID 

3 4 

Select either restricted maximum 
likelihood or maximum likelihood 
estimation 

1 

2 
3 

Dependent variable entered 

Independent variables entered 4 

Figure B.4 Linear mixed model: entering fixed and random effects, and selecting the estimation method. 
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Cross-validation of the linear mixed models was performed in Chapters Four and Five (Studies 2 

and 3) to calculate a predicted R2, which quantifies model goodness of fit. The datapoints were 

randomly split into ten approximately equal folds. During cross-validation nine folds were used 

to calculate the parameter estimates from the previously selected parameters, which were then 

applied to the remaining fold. This was repeated nine times, until each fold had been used nine 

times in the training-set and once as a test-set. Correlation coefficients (R) were calculated 

between the measured and predicted values of the independent variable using SPSS (version 

24). The predicted R2 (coefficient of determination) was then calculated by squaring the 

correlation. 

 

B.6.3 STATISTICAL PARAMETRIC MAPPING 

SPM was used in Chapter Six (Study Four) to compare time normalised one-dimensional data 

across the penultimate- and execution-steps of sidestepping. The Matlab (R2014a) code was 

attained from http://www.spm1d.org/. SPM uses random field theory to assess the temporal 

smoothness of each data waveform. Temporal smoothness values and a pre-defined alpha level 

(α = 0.05) were used to create a critical threshold value. For each data point a t-statistic {t} is 

calculated using the values of the two-signals at that timepoint. The {t} values are then plotted 

producing a waveform across the same timeline as the original data. When the {t} value exceeds 

the critical threshold value a statistical difference has been observed between the two data 

waveforms. A suprathreshold cluster is a series of {t} points which exceed the critical threshold 

value. For each suprathreshold cluster a p-value is calculated along the {t} waveform. 

 

B.7 TRAINING INTERVENTION 

The nine-week training intervention conducted in Chapter Three (Study One) utilised a 

combination of balance, plyometric and resistance-based exercises. The intensity and difficulty 

of the exercises progressively increased across the nine-weeks. Appropriate ‘landing’ and 

‘change of direction’ technique was coached throughout the exercises. Information on the 

exercises and techniques coached are available in Tables B.3-B.6. The athlete engagement scale7 

used in Chapter Three (Study One) to measure attendance and compliance to the training 

intervention is presented in Table B.7. 
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Table B.3 ACL intervention programme progression: balance exercises 

 

  

ACL Focused Training: Training Intervention Week 

1 2 3 4 5 6 7 8 9 

Balance Exercises 

(5-10 mins) 

Wall sits3,4 

a. Double  

b. Single 

         

Single leg1,2,3,4 

1. Static 

i. Knee and hip flexion 

ii. Knee flexion hip 

abduction 

iii. Hip abduction (no knee 

flexion) 

2. Dynamic 

i. Knee and hip flexion 

ii. Knee flexion hip 

abduction 

iii. Hip abduction (no knee 

flexion) 

iv. Trunk bend 

3. Stork pose 

4. SL skier (reverse 

crossover lunge) 

         

Single leg perturbations2,3 

a.    Ball based exercises 

a. Partner based 

perturbations 

b. SL DL with arm raise and 

hop 

c. Lateral arm and leg raise 

         

Single leg 360 turns1,2,3,4 

a. 20 degree intervals 

b. 45 degree intervals 

c. 180 degree intervals 

         

Single leg dead lift2,4          

Single leg squat2,3,4          

Bird dogs2,4          

Single leg bounding1,2,3,4          

1Knee flexion dynamics | 2Dynamic trunk control | 3 Gastrocnemius strength | 4 Hip external rotator strength 
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Table B.4 ACL intervention programme progression: plyometric exercises 

  

ACL Focused Training: Training Intervention Week 

1 2 3 4 5 6 7 8 9 

Plyometric 

Exercises 

(5-10 mins) 

Calisthenics1,2,3 

a. A, B, C progression 

b. Karaoke steps 

c. Exaggerated A, B, C 

progression 

         

Track progression1,3          

Lateral Shuffles1,2,3          

Skiers (Twists)1,2,3          

Skaters (Lat bounding)1,2,3,4          

Star Jumps3          

Hysman holds (Lateral)1,2,3,4          

4-way hops1,2,3          

Mountain Climbers1,3          

Box jumps1,2,3,4          

Jump squats1,3,4          

Berpies3          

Single leg diagonal hops1,2,3,4          

Single leg box jumps1,2,3,4          

Broad Jumps1,2,3,4          

Split Jumps1,2,3,4          

90°, 180° jump turns1,2,3,4          

Towel hops1,2,3,4          

Tuck jumps1,3,4          

Single leg step up hops3,4          

Single leg Broad jumps1,2,3,4          

Split Jumps with 180 turn1,2,3,4          

Pike jumps1,2,3          

Tuck jumps with single leg 

landing1,2,3,4 

         

Lateral Tuck Jumps1,2,3,4,          

1Knee flexion dynamics | 2Dynamic trunk control | 3 Gastrocnemius strength | 4 Hip external rotator strength 
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Table B.5 ACL intervention programme progression: resistance exercises 

  

ACL Focused Training: Training Intervention Week 

1 2 3 4 5 6 7 8 9 

Resistive 

Hip/Trunk 

Exercises 

(5-10 mins) 

Planks2,4 

a. Isometric 

b. dynamic 

         

Kettle bell swings2,3,4          

Double Leg raises2          

Core rotators2          

Walk outs2          

Hip Lifts2,4          

X – ups2          

Clams4          

Oblique ups2          

Superman/Banana2          

Bicycles2 

a. Horizontal  

b. Vertical 

         

V – ups2 

a. Half 

b. Full 

c. Half holds 

         

Sitting tucks2          

Partner leg push downs2          

Yoga2,3,4 

a. Upward dog 

b. Downward dog 

c. Runners pose 

d. Warrior 1 

e. Warrior 2 

f. Warrior 3 

g. Star pose  

         

1Knee flexion dynamics | 2Dynamic trunk control | 3 Gastrocnemius strength | 4 Hip external rotator strength 
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Table B.6 ACL intervention programme progression: technique 

 

 

ACL Focused Training Training Intervention Week 

1 2 3 4 5 6 7 8 9 

Technique  Landing  

a. Knee flexion > 20° at 

impact 

b. ↑ knee flexion during 

weight acceptance 

c. Maintain a vertical 

trunk posture 

d. ↓ HAT CoM v Foot 

displacement 

e. Limit ‘dynamic 

valgus’ posture. 

         

 Changing Direction  

a. Redirect HAT CoM 

towards direction of 

travel  

b. Knee flexion > 20° at 

impact 

c. ↑ knee flexion during 

weight acceptance 

d. Maintain a vertical 

trunk posture 

e. ↓ HAT CoM v Foot 

displacement 
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Table B.7 Athlete engagement scale: attendance and training compliance 
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Appendix C.2: Chapter Four (Study Two) Accepted for Publication 
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Appendix C.3: Chapter Three (Study One) Accepted Conference Abstract 
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Appendix C.4: Chapter Five (Study Three) Accepted Conference Abstract 
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Appendix C.5: Chapter Five (Study Three) Accepted Conference Abstract 

 

 

  

26th Congress of the International Society of Biomechanics, Brisbane, Australia, 2017 
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Appendix C.6: Chapter Six (Study Four) Accepted Conference Abstract 

 

 

 

 

36th International Conference on Biomechanics in Sports, Auckland, New Zealand, 2018 
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Appendix C.7: Chapter Six (Study Four) Accepted Conference Abstract 

 

 

  

26th Congress of the International Society of Biomechanics, Brisbane, Australia, 2017 
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Appendix C.8: Accepted Conference Abstract 

 

 

 

 

36th International Conference on Biomechanics in Sports, Auckland, New Zealand, 2018 
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