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Abstract

Background: Anterior cruciate ligament (ACL) injuries account for 45% of internal knee
injuries and are burdensome to society due to prolonged recovery times, substantial
costs of care, functional movement impairments, and an increased risk of earkpnset
posttraumatic osteoarthritis. Non-contact ACL injury occurrence rates are increasing in
young athletes; however, postpubertal females are more susceptible tonon-contact
ACL injuries than their male counterparts or preubertal individuals. Considerable
growth and development occur during pubertal maturation, including to the
musculoskeletal and neuromuscular systems, which contribute to changes in
movement patterns during dynamic manoeuvresThese changes in movement patterns
may be linked to noncontact ACL injuries, lowever, there remain gaps in our
understanding of the potential changes in biomechanics associated with ACL injury risk
across maturational phases and between sexeslt is possible that the greater non
contact ACL injury risk inpost-pubertal females is linked with their biomechanical
movement patterns during dynamic tasks. Using injury riskeeening tasks that reflect

sport and ACLinjury risk manoeuvrescould assistin informing preventative strategies.

Aim: The main aim of this PhRhesis was to investigate the effect of sex and maturation
on biomechanics associated with risk of ACL injuryn a series of dynamic tasks suitable

for clinical use.

Methods: This thesis comprises two parts: first, asystematic literature reviewand pilot
study; and second, the main experimental study. The systematic review identified
studies examining ACL-related biomechanics during defined maturational phases in
dynamic tasks. The pilot study tested 26 court and field sport athletes using 2D video
analysis completing a maximal and normalised lanecut task and informed the methods
for the main experimental study. For the main experimental studygest-retest reliability
and cross-sectional experimentswere conducted that involvedfour different single-leg
drop-landing tasks: single-leg drop-land, single-leg drop-land and cut, singleleg rotating
drop and hop, and singleleg drop and vertical hop The reliability portion establiskes the
test-retest reliability of the biomechanical measures collected using 3D motion capture

and force plates from 15 young individuals,whereas the cross-sectional portion



compared the biomechanical and performancemetrics of the four investigated single
leg tasks betweenmales and females across three specifianaturation stages from 69

individuals.

Results: The systematic review includedL8 studies examinng400 males, 1377 females,
and 315 participants of undefined sex across variousmaturation stages. The
methodological quality of most studies (n = 16) was considered good, and satisfactory
for two. The most reported variables were kee abduction angle, knee abduction
moment, knee flexion angle, andvertical ground reactionforce (GRF) Knee abduction
angles and moments and knee flexion angles were greater in latand post-pubertal
females than males and prepubertal females during both landing and cutting tasks.
When normalised for body mass, ground reaction forces were generally greater in males
compared to females overall and for less mature participants for both sexes. Overall
guality of evidencewas low or medium across the four biomechanical measuresand
findings were inconsistent between studies. kap distances in the pilot study of the
single-leg drop-land and cut task were significantly larger under a maximal than
normalised to 150% of leg legth condition (p < 0.001, 2K 0.417), with the maximal
mean being 154.5+ 24.7 cm (175.1+ 18.6% leg length) and the normalised mean being
140.7 £ 19.7 cm (159.0+ 5.8% of leg length). Regarding the reliability portion of the
experimental study, all tasks demonstrated adequate [intraclass correlation coefficient
(ICC) values > 0.50] levels atliability for kinematic angles and moments aside fronthe
metrics of peak extension moment, moment ranges, anterior/posterior GRF, and
medial/lateral GRF, however, large coefficient of variation values were commonly
observed, likely due to the small magnitude of measures. In the crossectional
experiment, few significant differences were found between males and females within
the ages of 7 and 2Q/ears when not accounting formaturation stage, including at the
knee. Most of the observed significantdifferences were found between maturation
stages. In general,the pre-pubertal participants demonstrated higher relative vertical
GRFs, more extended knee positions, and greater variability in coronal and transverse
plane knee angles and moments. Postpubertal males also occasionally exhibited some

mechanics typically associated with increased risk of ACL injury



Discussion: The significant difference in singleleg drop-land and cut landing distances
found in the pilot study betweennormalised and maximalised conditions imply that
methods matter, whereby the normalisedtask may be better suited for heterogenous
samples, but maximal for homogenous samples or prepost study designs.Regarding
the experimental study,it is possible that themovement pattern changes observed in the
males were associated with improved performanceor movement competence and not
directly associated with an increased ACL injury riskAdditionally, although the results
suggest that prepubertal participants exhibit biomechanics associated with ACL injury
risk, it is relatively rare that ACL injuries occur in this populationA lack of exposure to
more challenging sport and ACL injury specific manoeuvres, like the tasks used in the
current research, likely contribute to their biomechanics differing from the more mature
groups. Few differences in biomechanics were identified tondicate a decreased ACL
injury risk with maturation, particularly in females. Hence, this lack of change combined
with more frequent exposure to potentially injurious situations and greater sporting
demand could contribute to the increased ACL injury occurrence in the lat to post-

pubertal female population reported in the literature.

Conclusion: Overall, the lack of significant biomechanical differences found between
sexes suggests there is no need to make screening tools amining interventions sex
specific. As biomechanical factors associated with greater ACL injury risk were observed
in the pre-pubertal groups, implementing screening and injury preventionn younger
athletes (starting pre-puberty) could assist in development ofsafer landing strategies
proprioception, and neuromuscular control that significantly reduces the risk of ACL

injuries as they mature.
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Part 1 T Building the base of current knowledge

1.0 Chapter 1 1 Introduction

1.1 Prevalence and burden of ACL injuries

ACL injuries are increasingly common, particularly in young athletegHosseinzadeh &
Kiapour, 2021; Maniar et al., 2022)A study byManiar et al. (2022)assessing knee injury
occurrence across the lifespanin Australiareported a marked trendover a 2Gyear periodof
increased ACLinjury frequency between ages 15 to 24 years. An Italian study demonstrated
an increase of 14.81% from 2001 to 2015 in ACL reconstruction surgeries imdividuals
under 15 yeas, with 97.3% of these surgeries performed in th&0- to 14-year-old age group
(Longo et al., 2021)Maniar et al. (2022also showed a precipitous rise(10.4%)in the annual
number of ACL injuries in younger Australians, particularly females agedtd 14 years old.
Interestingly, there is agreater overall incidence of knee injuries in males than female$ikely
owing to their increased participation in higheACL injuryrisk activities and sports(Maniar
et al., 2022) However, when accounting fothe difference insporting participation between
sexes, the rate of knee injuriesn adult females is 3.4 times greater than malesand the rate
of non-contact ACL injuries is up to 8 times greater in females compared to madgJoseph
et al., 2013)

Accounting for 45% of all internal knee injurieacross all populations (Majewski et al., 2006)

ACL injuries are relatively common and devastating in nature. Patients often suffer

prolonged recovery periods, a substantial cost of cardJanssen et al., 2012)functional

movement impairments (Paterno et al.,, 2012) and an increased risk of earhonset
posttraumatic osteoarthritis (Lohmander et al., 2004; Nebelung & Wuschech, 20050 2021

alone, ACL injuries cost New Zealand taxpayermsver $100 million, of which over 50% were

claims from patients in the 15to 29 yearage group(ACC analytics and reporting, 2022)As
aconsequenceofq 6 JWRUTez2 1 ! ¢+ W 32131 Ra! AWRUHAI 3¢t RUNDWNI 1J]
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society, there has been a increase in epidemiological and aetiological research regarding

morphological and biomechanical factors associated with ACL injury occurrence.

1.2 Anatomy of the ACL

It is well understood that the anterior cruciate ligament (ACL) is one of the four major
ligaments stabilising the knee. The ACL attaches from the anterior intercondylar area of the
tibia and ascends in the posterolateral direction in a slight twisting and fanning pattern to
attach to the posteromedial area of the lateral femoral condylgMarkatos et al., 2013)
According to Markatos et al. (2013) this arrangement makes the anterior portion of the
ligament almost straight and the posterior portion slightly convex. Based on their tibial
insertion sites, the anteromedial and posterolateral bundles have unique fibre orientation
and tensioning patterns (Buoncristiani et al., 2006; Reider et al., 1981)The ACL has an
average length of 38 mm and width of 11 mm in adults, receiving blood supply from branches
of the middle and inferior genicular arteriegWoo et al., 2006)and contains many sensory
nerve endings that assist in proprioceptive functiondMarkatos et al., 2013) Importantly,
the ACL acts to stabilise the knee joint by preventing anteroposterior translation of the tibia

on the femur, resisting up to 86% of total anteriotranslation force (Markatos et al., 2013)

The two bundles of the ACL act to stabilise the knee joint at different points of knee motion
at 90 degrees of flexion the anteromedial bundle is under tension, and at full extension the
posterolateral bundle is under tension. The ACL also partially contributes to resistance of
internal and external rotation and valgus motiongdMarkatos et al., 2013)with a maximum
tensile strength of 1725 = 270 N in adult ligament grafi@Noyes et al., 1984and 2160 + 157
N in younger (2235 years) cadaver kneeqWoo et al., 1991) Force that occurs during
sporting manoeuvres often exceeds this tensilestrength; hence the surrounding muscles
must act as dynamic stabilisers to support the stability of the knee joint. Mechanoreceptors

and free nerve endings in the ACL and the posterior tibial nerve provide proprioceptive
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feedback regarding the knee joint position to the musclegMarkatos et al., 2013; Woo et al.,

2006), assisting in the appropriate timing of muscle actions.

1.3 Mechanism of ACL injuries

Non-contact ACL injuries are more commonthan direct contact injury, accounting for
roughly 70% of ACL tearéBoden et al., 2000) Non-contact ACL injuries arealso considered
more preventable with improvements in coaching that aim to reduce risky movement
patterns, focussing on neuromuscular control and strengthwhich may result in injury risk
reduction (Boden & Sheehan, 2022)Upto 80% ofnon-contact ACL injuries areassociated
with biomechanics that increase ACL loadng during singleleg landing or cutting
manoeuvres(Koga et al., 2010)When the forces or moments at the knee exceed the loading
capacity of the ACL and the supporting muscles, notontact ACL injury can occur(Yu &
Garrett, 2007) Although the aetiology of norcontact ACL injuries is multifactorial (Shultz et
al., 2012), several risk factors are considered modifiable, including improving movement
patterns that may reduce ACL loadingSpecifically, movements identified asbiomechanical
risk factors of ACL injury include ACL loading through excessive knee abduction angles and
moments, internal (or external) tibial rotation, anterior tibial translation and decreased
knee flexion (Holden et al., 2016; Quatman et al., 2009; Shimokochi & Shultz, 2008h
addition, multi-planar loading involvinghigher knee flexion moments, valgus angles and
moments, and internal or external rotation moments with a more extended knee angle upon
landing can cause combined knee loadghat increase ACL strain (Acevedo et al., 2014;
Quatman et al., 2010) However, there is a current lack of research reporting on muHplanar
knee angles and momens in young athletes as most studies focus on one or two planes
only (Hass et al., 2005; Kim & Lim, 2014; Sigward, Pollard, Havens, et al., 2012; Sigward,
Pollard, & Powers, 2012)
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1.4 Sex and ACL injuries

1.4.1 Sex versus gender

The National Academies of Sciences and Medicine (2022)efined /bt I+ ¢t Waq 6 WWHRY
differences between males and females which included components of anatomy,

physiology, genetics, and hormones.Whereas /glJ UT 13| wll 6 ¢t We WHEhCT 131 WT
encompass socially constructed and enacted roles and behaviours which occur in a

historical and a social context (National Academies of Sciences & Medicine, 2022)

According to these organisations, m health research, sex is considered as a biological

variable, while gender is considered a social variablgNational Academies of Sciences &

Medicine, 2022) Although gender consideration in research is important for developing

greater understanding of the societal influence of changes acrosthe lifespan (Boerner et

al., 2024), the scope of thisthesis was primarily concerned with the influence of biological

sexin relation to ACL injuryrisk. Differences in ACL injury occur between males and females,

with females up to8 times more likely tosustain an ACLinjury compared to males(Mancino

et al., 2023) However, these incidence discrepanciesdo not appear until after childhood

(Andrish, 2001) suggesting that biological changes that occur during puberty may be

influencing factors.

1.5 Maturation and ACL injuries

1.5.1 Puberty and growth

Pubertal maturation is the systemic physiological transition from childhood to adulthood
which is initiated by the central nervous system via the hypothalamic pituitary gonadal axis
(Styne, 2003) This axisacts as a negative feedback loogand initiates the release of the sex
hormones that drive pubertal development (Shirtcliff et al., 2009) One of the primary
characteristics of pubertal development is peak height velocityPHV)or the adolescent

growth spurt (Tanner & Whitehouse, 1976)Driven by elongation of the long bones at the
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epiphysis (growth plate), PHV is influenced by growth hormoneghat regulate bone
formation and reabsorption (Saggese et al., 2002)As pubertal development comes to an
end, oestrogen acts on bone cells to impede further bone elongation by inducing growth
plate fusion in both sexes (Moshang, 2005) In females, PHV typically begins and
subsequently ends at an earlier chronological age than in males, potentially due to the
effects of higher oestrogen levels in females compared to maleSatoh & Hasegawa, 2022)
Bone growth is an important factor when considering the influence of maturation on
biomechanical metrics and further highlights the importance of comparing individuals
according to their maturation stage rather than chronological age.In addition, physical
changes to genitalia, skeletal muscle, & well asbreast tissue and menarche in females are
commonly used as guides for determination ofnaturation stage. However, the age when
pubertal changes occur varies considerably between sexes and individual&iRoemmich &
Rogol, 1995) Typically, puberty begins between the ages & and 13-yearsin females and
9- and 14-yearsin males (Breehl & Caban, 2018)

1.5.2 Maturation stage classification tools

Several tools exist taclassify maturation stage of individuals, the most common being PHV,
pubertal maturation observation scale (PMOS) and Tanner stagesPHV, defined as when
height laverages 10.5cm a year in boys and @m per year in girlss(Tanner, 1986)reflects
the age at which maximum rate of growth occurg¢Ford, Shapiro, et al., 2010; Mirwald et al.,
2002; Sigward, Pollard, & Powers, 2012)PHV is typically calculated using standard
equations by Mirwald et al. (2002)which categorises individuals as prepubertal, mid-
pubertal, and post pubertal when away from the PHV value by moreg 6 ¢ Ulle NLW! 3¢ | Alln
to 1 year, and when 1 year or more from PHV, respectivéBumpf et al., 2015)Due to limited
information regardingits reliability and validity, use of PHV aloneto determine maturation
stageis not advised In females, onset of menarche is another factor that can be used as an
accompanying characteristic for determining maturation however has limitations when

used as a standalone measure omaturation stage. Due to these limitations, both PHV and

25



onset of menarche are usually used alongside other scalesuch as the PMOSDavies &
Rose, 2000)and Tanner stagegTanner, 1986; Tanner & Whitehouse, 1976)

The PMOS is a validated todb classify maturation stage based on aseries of questions
regarding observable physical characteristics such as(McEachan et al., 2014)The PMOS
classifies individuals into three maturational categories: pre-pubertal (equivalent to Tanner
stage ), early-pubertal (equivalent to Tanner stagesl and Ill), or postpubertal (equivalent
to Tanner stagedVand V) (Paszkewicz et al., 2013; Quatman et al., 2008)he Tanner stages
method typically uses illustrations and descriptions to characterse five different pubertal
stages from pre-pubertal to adult (Tanner & Whitehouse, 1976PIWN G JWh DY O T Wt q¢ U1 ¢
Tanner stages assessment is clinical examination by a physicianHowever, such an
assessment can be uncomfortable for many young people Therefore,self-examination of
the Tanner stageswith assistance from parents, alongside the PMOS, PHV, and menarche
tools, can provide sufficient information for appropriate maturation stage categorisation
(Rasmussen et al., 2015)Strengths and weaknesses of each of these methods of pubertal

maturation stage classification arepresented in Table 1.
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Table 1 Strengths and weaknesses of different pubertal maturatiorstage classification

tools.
Classification tool Strengths Weaknesses
Peak Height 1 Simple calculation 1 Doesnot account for
Velocity 1 Non-invasive pubertal changes aside
1 Quick to perform from height
Y Scale based 1 Limited validity and
reliability information
Pubertal 1 Accounts for many pubertal 9§ Classified into a broader
Maturation changes group, not scale based
Observation Scale Non-invasive f Subjective data
1 Validated pubertal
classification tool
Tanner stages 1 Can be invasive (practitioner 9§ Classified into a broader
examination) group, not scale based
1 Validated pubertal 1 Subjective data

classification tool

1.6 Sex, maturation, and ACL injuries

Prior to puberty, the occurrence of ACL injuries is relatively uncommonThis observation
has been attributed to the lack ofsex-specific disparities (Andrish, 2001)and no detectable
differences in lower extremity biomechanics or neuromuscular functionBeunen & Malina,
1988; Hewett et al., 2004) Whereas, he greater norcontact ACL injury occurrence in
females following pubertal onset has been attributed tasex-specific changes in structural
alignment (Wild et al., 2012) hormones (Shultz & Fegley, 2023; Wild et al., 201,2and
strength (Davidson & McLean, 2016)A recent systematic review assessed sesgpecific

physical characteristics associated with ACL injury risk by age and maturational stage
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(Shultz et al., 2022) Theauthors reported that by the timefemales were 8 to 10 yeargTanner
stage ), reductions in fat-free mass, leg strength, and power and increases in general joint
laxity compared to maleswere observed. By 11 to 13 yeargTanner stage Il)and during the
pre-pubertal to pubertal transition, more evident sex differences were found in body
composition, strength, power, general joint laxity, and balanceln ages 14 to 17years
(Tanner stage lll)and during the pubertal to postpubertal transitions, females had smaller
ACL size and crosssectional area, greater anterior knee laxity and tibiofemoralrsgle, and
higher-risk biomechanics than males (Shultz et al., 2022) Anatomical considerations are
non-modifiable risk factors that likely contribute to ACL injury risk, however, biomechanics
and neuromuscular control are important risk factorsthat are modifiable with the use of

effective intervention strategies or technique adjustmentgHewett, Myer, et al., 2016)

Severalfactors have beenlinked to the increased ACLinjury risk observed in females in late
to post puberty, specifically between the ages of 15 to 19ears (Shea et al., 2004)Etzel et
al. (2024)found strong predictors of an ACL injuryamong female participants including
engaging in sports involving pivoting and early pubertal development. Among male
participants, predictors of an ACL injuryincluded beingoverweight or obese o participating

in football or martial arts(Etzel et al., 2024)A review byHolden et al. (2016)lso highlighted
potential influencing factors, including increases in body mass and lever length; a shifted
centre of mass position; limited adaptation of muscle strength in relation to body growth; a
lack of a neuromuscular spurt concomitant with the adolescent growth spurt; hormonal
adaptations including a sharp rise in oestrogen following menarcheal onset; and ongoing
cyclical hormonal fluctuations. Pubertal development is commonly associated with sudden
increases in height and mass increments, but alered movements and motorcontrol
techniques are also apparent which may contribute to the heightened injury risk(Atkins et
al., 2016; Philippaerts et al., 2006; Van Der Sluis et al., 2014postural and anatomical
adaptations concomitant with puberty, such as greater knee valgus and hip internal rotation
(Nasseri et al.,, 2021; Shultz et al.,, 2008)should be considered for their impact on
biomechanics. Studies have shown increases in knee abduction moment with maturation

in females (Ford, Shapiro, et al., 2010; Kim & Lim, 2014, Sigward, Pollard, & Powers, 2012)
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suggestive of greaterknee valgusand increased ACL sprain (Hewett, Ford, et al., 2010;
Hewett, Myer, & Ford, 2006) Additionally, the inconsistency in development of
Udel YGet Aedc¢cl WneUrqRYUWeHI Yt Wacaqel ¢cqRYUWGC! W
mitigate force to reduce ACL loading This ability to mitigate forcecan vary considerably
depending onmaturation stage, sex, and training history(Hewett, Myer, Ford, et al., 2005;
Quatman-Yates et al., 2012) Furthermore, Grinberg et al. (2024have recently highlighted
the importance of considering maturation stage rather than chronological age in the context
of injury prevention, demonstrating changes inneuropsychological domains such as

selective visualattention and information processing in girls across maturation stages.

Injury occurrence data is typically categorised according to chronological age without
accounting for maturation stage. However, traumatic knee injuries including ACL injuries,
are reportedto be four times more likely in ages aligning with typical earito mid-puberty
compared to typical pre-pubertal ages (Arendt et al., 1999; Powell & BarbeFoss, 2000;
Shea et al., 2004) Previous studies have reported biomechanical differences between
males and females beginning at 12 years oldvhen pubertal changes are occurring in many
individuals, that are exacerbated with aggLucarno et al., 2020; Sasaki et al., 2013; Yu et al.,
2005). Given that the age when pubertal changes occur varies considerably between sexes
and individuals (Roemmich & Rogol, 1995)categorising participants by age rather than
maturational status severely limits interpretation of the effects of maturation on ACL injury
risk. There currently is apaucity of literature describing how therisk of ACL injurychanges
across all stages of maturation Furthermore,the methods usedfor determining maturation
stage across studies are inconsistent(PHV, Tanner etc). This lack of standardisatiois a
further limitation in the understanding of ACL injury riskbetween the sexes and across

maturational phases, warrantingfurther investigation.
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1.7 Prevention of ACL injuries

1.7.1 Injury prevention model

The alarming statistics forACL injuryin youth athletesjustifies a public health priority focus
for injury prevention Whittaker et al. (2015)ound that within 3 to 10 years aftesustaining
an intra-articular knee injury, adolescents had reduced function and quality olife and had
an almost four times increased likelihood of being overweighor obese. Thus, peventing
these injuries is vital for improving chances of continued sporting participation and
minimising the potential impact on negative health outcomes. According to Finch (2006),
development of an evidence base for injury prevention requires careful planning and study
design. Finch (2006)proposed the six stagehlranslating Research into Injury Prevention
Practise (TRIPPYodelk(Figurel). Stage 1injury surveillanceis where data needed to inform
the following stages are collected through epidemiological monitoring and analysis of injury
incidence rates and injury across specific groups. Stage 2Establishing aetiology and
mechanisms of injuryidentifies why injuries occur and potential risk factors. This thesis
aims to inform Stage 2 of the TRIPP model, with the scop® further understand the
biomechanical differences across sex specific maturation phases, which requires
assessing the biomechanics associated with ACL injury in the context of sex and maturation.
The ontribution to research in this area will provide aetter knowledge base for future
research to undertake well informed steps towards Stage Pevelop preventive measures
where potential solutions for identification of injury risk mitigation can be developed
appropriately for the target individuals. Tlkse solutions could lead to improved outcomes

for the reduction of ACL injures in youth athletes.

Establish aetiology Develop .
. . . ; o . Describe Evaluate
Injury surveillance and mechanisms of preventative Scientific evaluation . : .
- injury - intervention context effectiveness

wStage 1 wStage 2 wStage 3 wStage 4 wStage 5 wStage 6

Figure 1 Six stages of thetranslating research into injury prevention practice (TRIPP.

Adapted from Finch (2006)
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1.7.2 Assessing biomechanics associated with ACL injury

Since it was first suggested as an ACL injury screening tool nearly 20 years édewett, Myer,
Ford, et al.,, 2005) the doubleleg drop jump task has been commonly used in
biomechanical assessments of ACL injury risKFord, Shapiro, et al., 2010; Hewett et al.,
2004; Otsuki et al., 2021; Pedley et al., 2020; Sigward, Pollard, & Powers, 20B4sessment
of 3 dimensional (3D) landing biomechanics using the doubleleg drop vertical jump has
demonstrated good to excellent reliability both within-sessions (ICC> 0.87) and betweenr
sessions (ICC > 0.69) for mostetrics (Mok et al., 2016) More recently, studies have
criticised the double-leg drop jump task due to the mechanical simplicity, lack of reflection
of typical injurious sporting manoeuvres, and poor ACL injury prediction abilitfFox et al.,
2017; Hanzlikova & HébertLosier, 2020; Krosshaug et al., 2016)Field and court sports
frequently involve unilateral stabilisation and propulsion during landing, running, kicking, or
cutting manoeuvres, with up to 80% of norcontact ACL injuries occurringduring single-leg
landing, cutting or rotating (Koga et al., 2010Q) Therefore, movement tasks that involve
frequent unilateral stabilisation, propulsion, rotational movements, and changes of
direction may allow for more apparent and sporspecific high injury-risk pattern simulation

compared to double-leg landings.

Less knee flexion at initial contact, less knee displacement in the sagittal plane, more knee
displacement in the frontal plane, and greater knee abduction moments have been
observed in singleleg compared to doubleleg landing tasks(Yeow et al., 2011)ikely owing
to larger loads, a reduced base of support, and greater motor control requireme(ingenen
et al., 2015; Russell et al., 2006; Taylor et al., 2017Additionally, the level of agreement
between different jump-landing tests appeass to be influenced by maturity statuswith high
levels of variability observed between maturational groups(Lloyd et al., 2019) The use of
single-leg landing tasks in maturing athletes may assist in identifying changes in
biomechanics linked with ACL injury incidencewhich could better inform development of

preventative training programmes.
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1.8 Summary

Given the increased incidence of ACL injuries in pogtubertal females, better
understanding of the differences in biomechanics between males and females as they
progress through puberty will provide novel information to guide future research and
intervention. Categorisation of participants by age rather than maturationalgroup provides
limitations for the interpretation of the effects of maturation on ACL injury risk as pubertal
changes vay considerably between sexes and individuals(Roemmich & Rogol, 1995)
Therefore, this thesis aims to investigate the changes in biomechanicahetrics associated
with ACL injury risk during different movement taskésingle- and double-leg landing tasks),

for court and field sport athletesacross different maturational stagesand sex.

The identification of highrisk biomechanical patterns associated with different landing
tasks has the potential to reducethe societal and individual burden of this devastating injury.
In addition, theidentification of at-risk populations from a biomechanical perspectivewith
respect to sex and/or maturational phase is crucial for implementation of effective
prevention strategiesspecific to these metrics. Theexperimental studies withinthis thesis
contribute to improved understanding ofthe changes in biomechanical movement patterns
across sexspecific maturation. Furthermore, the relationships between observed
biomechanical changes and increasedncidence of ACL injuryoccurrence with maturation
in females provides scope for implementation of targeted injury prevention programmes in
these vulnerable populations. Based onthe existing literature, it was hypothesised that 1)
Biomechanical measures linked to higher ACL injury risfsuch asincreased knee extension
angle, knee valgus angle and wment, and knee internal rotation moment)would be
observed in female athletescompared to male athletes and; ii)Biomechanical metrics
linked to higher ACL injury risk (such as increased knee extension angle, knee valgus angle
and moment, and knee internal rotation moment) would be observed itate- to post-

pubertal females compared with earlier maturational phases
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1.9 Thesis aims and outline

The primary aim of this thesis was to investigate the effect of sex and maturation on
biomechanics associated with risk of ACL injury. Ténprimary aim was addressed bythe
objectives outlined in Figure2. Ths thesis is comprised of an introduction, a systematic
literature review, a pilot study(which make upPart 1), and then followed by a methods,
results, and discussion section incorporaing reliability of the collected metrics and a cross
sectional exploration of theeffect of sexand maturation on biomechanics of singleleg tasks,

and finally a conclusion chapter (which make upPart 2).

Chapter 1 aimed to provide scope and background of the topic aredt alsointroduced the

direction of the thesis.

NSWWt 't qldd ¢ qRALW TR apdds angtaratibhlffect 2hR BiomBohaRicgali fisk L b
factors associated with ACL injury® IRt WGI 13t WUq T WRUW9 6 ¢ GqlJl W= OWN
to systematically review all studies examiing ACL-related biomechanics during defined
maturational phases in dynamic tasks This review soughtio identify what exists in the

literature, where gaps in knowledge may be, and to guide the methods of the experimental

components of the thesis.

Following the systematic review, movement tasksleemed appropriate for assessing risk of
ACL injury in young athletesvere selected for experimentation The land and cuttask (CUT)
has not been routinely used in research and the requirements of the task varied between
studies. Chapter 3 is a pilot study which aimed taletermine if differences in leap distance
exist for the CUT task metrics based on using either a maximal or normalised (150% leg
length) method in young court and field sport athletes Secondaily, this study explored
whether the order of conditions or leg dominance would influence the distance achieved
This study was conductedto inform the most appropriate method for theCUTtask in terms
of participant requirements, which was then used for the experimental portion of the thesis.

It was hypothesisedthat participants would leap to further distances using the maximal
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method due to greater efforf on the maximal task when presented second, and when using

the dominant leg.

Chapter 4 describes the methods used for the experimental portion of the thesis which
included test-retest reliability and cross-sectional studies that involvedfour different single-
leg drop-landing tasks. The reliability study aimed to establish the testretest reliability of
the metrics explored, anticipating that biomechanical metrics in the coronal and sagittal
plane, and GRFs recorded from all the tasks would demonstrate high betweesession
reliability. Thecross-sectional study aimed to address the gaps in the literature identified in
the systematic review regardingmaturation stage, sex, task, and relevant biomechanical
variables by comparing the biomechanical and performancenetrics of males and females
across three specfic maturation stages in four different sport specific landing taskslt was
hypothesised that increased knee extension angle, knee valgus angle and moment, and
knee internal rotation moment would be observed in female athletes who are latéo post-
pubertal in maturational stage compared to males andcompared to females in earlier
maturational phases. Chapter 5 presents e results for all four landing tasks including the

reliability of the metrics.

Chapter 6 discusses the results of the reliabilityand cross-sectional studies. The cross
sectional results are discussed systematically firstly, in relation to the main metrics
identified in the previously reported systematic review, followed by a deeper dive into the
findings of each landing task separately, followed by the practical applications, limitations,
recommendations for future research and conclusions specific to the experimental portion

of the thesis.

Chapter 7 summarises the findings of the thesis overall, provide relevant practical
applications and future research direction. It also addresss the strengths and limitations

of the thesis and draws conclusions regarding the main findings.
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Part 2

Part 1

Chapter 1
Introduction

Chapter 2
Systematic revievs

Chapter 3
Pilot study

Chapter 4

Experimental
methods

Chapter 5

Experimental
results

Chapter 6

Experimental
discussion

Chapter 7

Thesis concludint
chapter

Scope of the thesis, aims, hypotheses

Does maturation affect biomechanical risk factors associated with ACL
injury?

Maximise or normalise: What is the best method for a sifgtéedrop
land-cut task in young court and field sport athletes?

Data collection and statistical methods for comparing biomechanics
associated with ACL injury risk across 3 maturational phases in males
and females during 4 landing tasks

Results of the reliability of the collected measures for the four landing
tasks and crossectional comparison results of the three maturational
phases and males and females

Discussion of the reliability of metrics across tasks and @essonal
findings regarding differences between maturational phases and sexes

Concluding summary of the thesis including strengths, limitations, key

findings, practical applications, and future research directions

Figure 2 Thesis structure flow diagramNote: ACL, anterior cruciate ligament
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2.0 Chapter 2 1 Systematic review

2.1 Prelude

This thesis focuses on the use of dynamic movement tasks that reflect manoeuvres
observed in sporting environment with a premise to compare biomechanics associated with
ACL injury riskduring these tasksacross different stages of pubertal maturationand sex
Chapter 1 highlighs the severity of ACL injuries and the potential influencef pubertal
maturation on ACL injury risk. The increased occurrence of ACL injuries in lat® post-
pubertal femalesin recent years(Maniar et al., 2022has prompted a heightened interest in
epidemiological, observational, and intervention research in this areaDifferent methods
have beenused in laboratory and field settings to explore the effects of maturation on
biomechanics associated with ACL injury riskwhich can challenge interpretationand ability
to make meaningful inferences of findings In addition to biomechanical metrics,
understanding the factors that may influence outcomes of testing procedures, such as
maturation stage identification or task demands, is necessary for the correct interpretation
and subsequent implementation of results. Considered high on the hierarchy of evidence
(Evans, 2003) systematic literature reviews use precise and thorough methods to
summarise the current literature on a specific topic. To date, there has been no systematic
review of the effects of maturation on biomechanics associated with risk of ACL injutihat
includes males and females. Considering the higher incidence of ACL injuries following
puberty, summarising the observed differences in ACL injury related biomechanics between
maturation stages in consideration of sexis vital to the implementation of injury mitigation
strategies and the development of preventative training interventionghat are population

specific.
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Maturation and biomechanical risk factors associated with Anterior

Cruciate Ligament injury: Is there a link? A systematic review

Butcher, A. J., Ward, S., Clissold, T., Richards, J., & Hébkdsier, K. (2024)Phys Ther Sport
2024:68:31-50. doi: 10.1016/j.ptsp.2024.06.002PMID: 38908221

2.2 Abstract
Objective To establish the potential link between sexspecific maturation and

biomechanical factors associated with ACL injury during dynamic tasks.
Design Systematic review

Literature search Five databases CINHAL®, Cochrane LibraryPubMed®, Scopus®, and
SPORTDiscus)vere searched and monitored until27 May 2024

Study selection criteria Cross-sectional, cohort, case-control, or interventional studies
reporting one or more biomechanicalmetric linked with ACL injury and which assessed

participants across two or morematuration stages were considered eligible

Data synthesis Studies were assessed for risk of bias using a modified version of the
Newcastle Ottawa Scaleand overall quality of evidence was rated using GRADMetrics

and effect sizes were presented where available.

Results Eighteen included studies examined 400 males, 1377 females, and 315 participants
of undefined sex across variousmaturation stages. The methodological quality of most
studies (n = 16) was considered good, and satisfactory for two. Knee abduction angle, knee
abduction moment, knee flexion angle, and ground reaction forces were most commonly
reported. Knee abduction angles and moment&nd knee flexion angles were greater in late
and post-pubertal females than males and prepubertal females during both landing and
cutting tasks. When normalised for body mass, ground reaction forces were generally
greater in males compared to females ovell and for less mature participants for both sexes.

Overall quality of evidence was low or medium across the four biomechanicahetrics.
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Conclusion Sexspecific maturation considerations are important in the targeted

development and implementation of ACL injury risk identification and prevention strategies.
Key words

Biomechanics, ACL, injury risk, pubertal development
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2.3 Background

Anterior cruciate ligament (ACL) injury is one of the most common and debilitating injuries
among youngathletes (Renstrom et al., 2008) Following the onset of puberty, ACL injury
incidence rate in females appears to peak between the ages of 15 to §8ars(Maniar et al.,
2022; Renstrom et al., 2008; Shea et al., 2004; Zbrojkiewicz et al., 2018)he annual
incidence of ACL rupture in those under 25 years in Australia has increased by 74% over a
15-year period(Zbrojkiewicz et al., 2018) Annual rates of ACL injuries at an even younger
age (5 to 14 years) has also increased over the last 20 years in Australia, rising 10.4% in
females and 7.3% in malegManiar et al., 2022) Although increases are apparent for both
sexes, female athletes demonstrate a tweto-four times greater incidence of noncontact
ACL injury and a younger average age of ACL injury than males across multiple sports and

competition levels (Prodromos et al., 2007; Waldén et al., 2011)

Experts have suggested that prior to puberty, ACL injury rates are similar between sexes
(Shea et al., 2004and lower than postpuberty (Shea et al., 2004; Slauterbeck et al., 2006;
Wild et al.,, 2012) Furthermore, prepuberty, lower-extremity biomechanics (Wild et al.,
2012), neuromuscular function (DiStefano et al., 2015) and ACL morphology [e.g., size,
length, and cross-sectional area(Hosseinzadeh & Kiapour, 2023)are similar between sexes.
Rapid skeletal growth; changes in body mass, anatomy, and posture; and a lack of sufficient
concomitant neuromuscular adaptations all likely contribute to the development of
movement patterns associated with increased ACL injury risk with maturatiofHewett et al.,
2004; Holden et al., 2016; Renstrom et al., 2008; Shultz et al., 2008)he development of
neuromuscular function in maturing individuals often does not progress linearlyDiStefano
et al., 2015) likely contributing to variance in ability to effectively mitigate forces to reduce

ACL loading.

ACL injuries are more common from norcontact than contact mechanisms and often non
contact injury risk can be reduced with targeted interventiongHewett, Lynch, et al., 2010;
Webster & Hewett, 2018) Investigating potentially modifiable factors for reducing non
contact ACL injury risk, specifically in maturing individuals, is crucial for risk mitigation.

Non-contact ACL injuries typically result from multiplanar loading during landing or cutting
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manoeuvres, which can involve large knee abduction angles and moments, internal tibial
rotation, anterior tibial translation, and reduced knee flexion(Hewett, Ford, et al., 2016;
Kiapour et al., 2016; Koga et al., 2010; Levine et al., 2013; Olsen et al., 2004; Quatman et al.,
2006). Dependent onmaturation stage, sex, and training historyHewett, Myer, & Ford, 2005;
Quatman-Yates et al.,, 2012) these neuromuscular variations can result in altered
proprioceptive acuity (Lee et al., 2015pnd muscle activation patterns(Del Bel et al., 2018;
Flaxman et al., 2014) which may be detrimental to sporting performance and safe landing

and cutting biomechanics.

Research exploring the association between sespecific maturation and lower-extremity
biomechanics has highlighted deviations in movement mechanics and postural control
across maturation (or between different maturational groups), typically during landingr
cutting tasks (Chia et al., 2021; Ford, Myer, et al., 2010; Sigward, Pollard, Havens, et al., 2012;
Sigward, Pollard, & Powers, 2012; Westbrook et al., 2020Biomechanical metrics
potentially associated with ACL injury include; increased knee abduction angle and moment,
decreased knee flexion, and increased ground reaction forces (GRH$jewett, Myer, & Ford,
2005; Paterno et al., 2010) A recent review highlighted changes in biomechanical risk
factors associated with ACL injuries during jumpanding tasks in female athletes at various
stages of maturity(Ramachandran et al., 2024) They reported strong evidence for higher
peak knee abduction angle, external knee abduction moment and internal rotation moment,
and lower relative peakvertical GRF(VGRE in post-pubertal female individuals compared
with pre-pubertal girls (Ramachandran et al., 2024)While this review indicates maturation
in females can influence biomechanical risk factors related to ACL, it did not consider

maturation in males and tasks other jump landing.

Confidence in the understanding of biomechanical differences associated with ACL injury
across maturational phases requires a critical evaluation and synthesis of the research,
which must also consider sex and task differences. Such an examination woulddin the
development of athlete monitoring and injury risk reduction tools specific tanaturation

stage and sex. This systematic review aimed to establish the potential link between
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maturation and biomechanical factors associated with ACL injury during dynamic tasks,

while accounting for potential sexspecific differences.

2.4 Methods

This systematic review was designed to meet the 2020 Preferred Reporting Items for
Systematic Reviews and MetaAnalysis (PRISMA) statemen(Page et al., 2021) Pre
registration was completed with the International Prospective Register of Systematic

Reviews (PROSPERO; registration IDRD42022345627.

= IOTEHONE LWL F 6 131

The electronic databases CINHAL®, Cochrane LibraryPubMed®, Scopus®, and
SPORTDiscus were searched on 13 July 2022. These databases were also monitored for
eligible studies up to 27 May 2024. The seardncluded the following search terms:(ACL or
anterior cruciate ligament) AND (matur* OR pubert*) AND (biomechanic* or kinematic* or
kinetic*) and were filtered for English language. The supplementary material contains a
detailed description of the search syntax for each database (Supplement)1References

from identified papers were manuallychecked to ensure inclusion of all relevantarticles.

ZME=zU ! WRUAGzt RYOWe UT WI+HG2t RYUWHI Rl R¢
Eligible studies included those published between journal inception and 27 May 2024.
Inclusion criteria of individual studies was based on the PICOS framework: Participants,

Interventions, Comparisons, Outcomes, and Study TypéEriksen & Frandsen, 2018)
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2.4.2.1 Participants: Studies that included uninjured adolescent/pre
pubertal/pubertal/post -pubertal males or females were included. No restriction was placed

YUWGe ! qRARGe Uqt Kk WG N200WYNWGE! +t RAcOWEHQR2Rq! WY

2.4.2.2 Interventions: Studies using a dynamic task relevant to the assessment of ACL

injury risk, such as landing or cutting, were eligible for inclusion.

2.4.2.3 Comparisons: The associations between sesspecific maturation and
biomechanical risk factors for ACL injury were of interest. Therefore, studies needed to
operationally define maturational groups and assessment methods; otherwise, studies
were excluded. For an inclusre review, we did not set the operational definition for
maturational status although, studies needed to assess at least two maturational phases
either at two different points in time where thematuration stage of the participant changed
(longitudinal) or at the same point in time but comparing different maturational groups

(cross-sectional).

2.4.2.4 Outcomes: Studies needed to report one or more kinematic or kinetimetric linked

with ACL injuries.

2.4.2.5 Study type: Peerreviewed original research that were crosssectional, cohort,
case-control, or interventional studies published in English were eligible. These study
designs reflect observational, analytical study designs according to the Centre for Evidence

Based Malicine (https://www.cebm.ox.ac.uk/resources/ebm -tools/study-designs). Only

the baseline values from the interventional studies were included in the formal review
process as these studies examined different maturational groups before and after an

intervention aimed at altering their biomechanics. Qualitative studies, revier articles,
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commentaries, case reports, protocols, conference proceedings, and fultext articles in

languages other than English were excluded.

All search results were imported into EndNote (EndNote 20.4.1, Clarivaté Philadelphia,
PA, USA and duplicates were removed. The remaining studies were imported into Rayyan,
an online eligibility screening and reviewer blinding tool(Ouzzani et al., 2016)

(http://rayyan.gcri.org). Two reviewers (AB and SW) independently screened titles and

abstracts in Rayyan. The same two reviewers independently screened the fidixt articles.
Studies that did not meet eligibility criteria at either step were excluded. At each step, the
two independent reviewers met to resolve disagreements in the screening process. A third

reviewer (KHL) was available when consensus was not reached, but not required.

ZOMEMeW ! Whe ¢t Ra! Wet t 3t G0 qW

Two independent reviewers (AB and KHL) assessed the methodological quality and risk of
bias of studies meeting inclusion using a modified version of the Newcastle Ottawa Scale
(NOS)(Modesti et al., 2016) shown in the supplementary material (Supplement 2)A third
reviewer (SW) was available if consensus was not established, but not requiredhe
modified NOS tool was selected as most studies were observationgModesti et al., 2016)
and the NOS is deemed a suitable alternative to the ROBINSRisk of Bias in Non
randomised StudiesT of Interventions) (Sterne et al., 2019) The NOS uses a star system,
with a maximum offive stars for selection. A star was awarded if the item was deemed low
risk of bias and not awarded if deemed high risk of bias. Tleerall score is 10 stars, where
a greater number indicates lower risk of bias and superior methodological quality. The
overall quality of studies was qualitatively evaluated as very good, good, satisfactory, and
unsatisfactory when correspondingly allocaed 9-10, 7-8, 5-6, and 4 or less stars based on

prior reviews(Naafs et al., 2020; Ortolan et al., 2021)
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The semiquantitative synthesis(Huguet et al., 2013)undertaken involved evaluating and
rating the certainty of evidence for differences in risk factors betweematuration stages
using a modified Grading of Recommendations Assessment, Development and Evaluation
(GRADE) approacliGRADE Working Group, 2004All domain ratings were considered when
assigning the overall GRADE rating. Where an equal number of studies were ranked as
having no limitations and serious limitations for a specific domain, the overall GRADE rating
was lowered. Risk of bias assessmentlevel of evidence, or study design ratings did not

constitute study exclusion.

Zorer W+ gl ¢cARqRYOW ql ¢ qldn!

One reviewer (AB) extractedmetrics of interest from the included studies using a
standardised data extraction template. A second reviewer (SW) verified the accuracy and
completeness of data extraction. The following data were extracted from studies: study
characteristics, participant characteristics, participant maturation stages, maturational
assessment method, dynamic task, relevant kinematic and kinetianetrics assessed, and
key results. When not explicitly stated in text, the country of investigation was based on the
institution granting ethical approval, followed by the affiliation of the first author. We
attempted to contact the first authors of papers that appeared to involve the same

participants for confirmation, as it could introduce bias in the findings of our review.

ZOMrPRE W ! Uqé 3t RY We UT WG 3t JUqée qRYU

Data extracted were compiled and analysed using Microsoft Excel 2019 (Microsoft Corp.,
Redmond, WA, USA). Due to the variation in tasks usechaturation stages assessed, and
biomechanical metrics reported, there was an insufficient amount of comparable data to
perform a metaanalysis. Therefore, a systematic narrative synthesis of the included studies
was conducted, organising the results based on tasks and narratively synthesising how

maturation was associated with biomechanical variables when reported imt least two
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studies. Double and single leg performances of the same type of task were not grouped
together given the significant differences in biomechanics between double leg and single leg
dynamic tasks (Taylor et al., 2016) Hedges g effect size differences were calculated to
guantify between group differences when data were provided in sufficient detail using
https://effect -size-calculator.herokuapp.com/. Paired effect size differences were used
when data were longitudinal in nature. Effect size inferences were determined using the
thresholds <0.2, 0.2, 0.5, and 0.8 fotrivial, small, medium, andlarge, respectively (Cohen,

2013; Ellis, 2010)

ZIOMERIRq! AW R21J1 + Rg! dWe UT WRUAG2t RYOW qe qla lUqll
The author group consists of four females and one male of whom are junior, eaidgpreer,

and senior researchers from different disciplines, based in two countries. Our systematic

review population included both males and females with no inclusion restrictins regarding
marginalised groups. The influence of data availability regarding sexes and cultural diversity

on maturation and biomechanics associated with ACL injury is considered in the discussion.

2.5 Results

S IORIORIR s Wt g ¢ qRt qRHL

The initial database search yielded 673 results, with 17 studies ultimately meeting inclusion.
The search was monitored whilst the review was undertaken, and an additional study was
included. The PRISMA flow diagram is presented in FiguseMany biomechanical metrics
were examined across studies; however, a minimum of three studies reporting the same
metric were required for inclusion in the narrative synthesis. Knee abduction angle, knee
abduction moment, knee flexion, and GRFs were the {o most common metrics and were
reported across at least three studies; therefore, these metrics were included in the

narrative synthesis.
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Figure 3 Preferred reportingitems for systematic reviews and metaanalysis PRISMA flow
diagram of the search strategy and study selection process.
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Table 2 Qualitive synthesis of studies (n = &) reporting on changes in biomechanics associated witlanterior cruciate ligament ACL

injury during different maturational phases.
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The quality score and design for each study are reported in Tal#e The methodological
guality of most studies was considered good (n = 16, 89 %), and satisfactory for the
remaining (n = 2, 11 %ased on the NOS adapted for cross sectional studies (1point
scale: mean 7.2 = 0.8 stars; range-8 stars). Reductions in study quality were commonly
caused by lack of selecting a representative sample, no presentation of sample size
calculations, poor description of non-respondents, and incomplete statistical reporting.

The individual NOS item scores are detailed for individual studies in Talie

Table 3 Newcastle-Ottawa scale (NOS)quality stars awarded for each study.

Study Selection Comparability = Outcome (max Total (max
(max 5 stars) (max 2 stars) 3 stars) 10 stars)

3

Chia et al. (2021)

Chia et al. (2023)

Colyer et al. (2021)

Ford, Myer, et al. (2010a)
Ford, Shapiro, et al. (2010b)
Hass et al. (2005)

Hewett et al. (2004b)
Hewett et al. (2006)

Kim et al. (2014)

Nasseri et al. (2021)

Otsuki et al. (2021)
Quatman et al. (2006)
Sayer et al. (2019)

Sigward et al. (2012a)
Sigward et al. (2012b)
Swartz et al. (2005)
Westbrook et al. (2020)
wild et al. (2016) 3
Note: The number of stars reflect study quality: N MLt g ¢ | + WI TEYHAHId d LD Y

SIS, ehdOq BRIY o ¢ Hip il Wre U cMpR maxionthg V1 ! ks LLh

w A A W W WP PP ODNWE WO WO®OWDN Pd®
N N P N N N N N N N DN DN DN DN DD DNDDNdDDD
N N N N N W N N N DN DN NN WO W Ww w
~N N N 00 N 00 N 00 0 N O N 0T o o N 0o o
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Table 4 Summary of findings regarding risk factors associated witanterior cruciate ligament (ACL) injury (knee abduction angle, knee
abduction moment, knee flexion angle, ground reaction force) from studies examining trdrop vertical jump task.

ARt t Wn 911 q¢ RUq! Wet + 3ttt alU0q

EadGc¢!l ! WYnw3Ul R

alct el
Eqal R AGc¢t DWY ~WgqséVYT Ya fUHYUt Rt fUTRI UFf OGI UHF A2 A RHE Acl qRHF AL 2t qt 8§21 ¢l
Hib RU21t qFs ¢t Ut ARC Hib il RI DR HII ¢RI
it qal ! UYn WHRICY I JadeaqRYND2RT WU
T3t RDNUb §E 5Rq6 W bi] A ?2El
Gcaqel ¢ca
u U131 w Ml Y1 TAS¢tH WWNV OURGWE! VbiZb WAL AbMb Vb Mb OO0t GuARFUUODW XXAA
CAT eHQRY~! Wl A ASct W= NY=WGeFc¢cHT eHaF Vs
cUnauw ¢ doauw NOOWGYt ¢UNnG LW
clUs Uq [BGeald RUHAI et
¢aauw ONWGI U s5Rq6 LW
g§qt et NMPWIEI GhGcael ¢ca
¢ droauw Oz WGz H
it qHA NOZWica
t WIJq LW ~can
=M= Mb STWGI 1
SNWIe !
OMLG ¢ q K
u U1 Ww Pl YI TAG6¢t DWZV Al 3t DUq VeiNbe WAL AbIPb Vbl P b OO0t GUuRFUUBVW XXAA
¢ AT e AqRYEGCGR NYZWGeF ¢cHI eHaF Vs
GV au0a Ja W d NoowGYt avyawuUqlu
ZMNM6 [WGecald RUHAI Ut
cettw POWGI I

73



¢curoau NTWUel GsRqb LW

gqt et SZWGeHAH Gcécqel ¢a
¢atodauw SZWEEqk
ERNs ¢ NYPLWGYt
AYidiuac ~¢can
AYs 13l Oz WGI 1
ZMNZ6 OMIWGe A
i 13t qA NMOWGYt a
t W q LW
=M= Mb
uOIWy 134mdf YITAGEt DW=V At WUq Vel = b WA bl A bIMb Vb Mb [WGedn ul0uuwy L XXXA
cuUno Y E6 ¢ GR oowaGl ¥ c¢uUnaEuWwW gvyr Wyl ¢
IJq e a NTWWel ad ROAI et
ZMNM6 NOMWGa Fs Rqé LW
cctt w ZZWicqlkGcaqel ca
¢aauw S Z WGV
gqt et ~¢caun
¢ droauw OT WGz HA
it qRA NOWGYt a
t WIJq LW
=M= Mb

74



] 1 Ye Ul W Odic et 1ASCH W= f At WUq  VbINb WA b A bIOb Vbl O b [Waedl xeUT ROUNXXAA

| JeHqRY(CO0AW YTWOYqUwuOYI GeclUQgYs

c s Uq I GUEBRIL qYWAYT !

~1 3l 4 NZIWGI I Gett bl

[ YI T4 NZWGeH T WUHI D¢t

¢ 0 HodA W O=ZWGYt asRq6 W

Azcqua ~cau Gcaqel ¢ca

Ja W a NYYWUYa Geéialdt ol

ZMMZIb  GURR3L YolW] A[ U
NTWGe A T IHI et

NTWGYt a5 Rqé LW

o

caqel ¢ca

n1JGedidt

Note: ACL; Anterior cruciate ligament, GRADE; Grading of Recommendations Assessment, Development and Evaluation, NOS;

Newcastle-Ottawa Scale, GRF; Ground Reaction Force.
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Table 5 Summary of findings regarding risk factors associated witanterior cruciate ligament (ACL) injury (knee abduction angle, knee
abduction moment, knee flexion angle, ground reaction force) from studies examining a cutting task.
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Note: ACL; Anterior cruciate ligament, GRADE; Grading of Recommendations Assessment, Development and Evaluation, NOS;

Newcastle-Ottawa Scale, GRF; Ground Reaction Force.
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Table 6 Summary of findings regarding risk factors associated witanterior cruciate ligament (ACL) injury (knee abduction angle, knee

abduction moment, knee flexion angle, ground reaction force) from studies examining other tasks.
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When considering phase of studies, sample sizes, risk of bias, precision levels, and
consistency in findings, the GRADE ratings indicate lowo-moderate certainty of
evidence regarding the link between maturation and potential ACL injury biomechanical
risk factors during dynamic tasks, as summarised in Table4, 5, and 6, respectively. For
drop vertical jump (DVJ) tasks, GRADE ratings indicate moderate certainty of evidence
for knee flexion angle and low certainty of evidence for knee abduction angle, knee
abduction moment, and GRF. For cutting tasks, certainty of evidemcwas moderate for
knee abduction angle and low for the other three factors. For other dynamic tasks,
certainty of evidence was moderate for knee abduction angles but low for knee flexion
angles, knee abduction moment, and GRF. It should be considered th#ie participants
involved in both of the studies by Sigward and colleagug§igward, Pollard, Havens, et
al., 2012; Sigward, Pollard, & Powers, 2012yere the same (confirmed via personal
communications), which may introduce bias, although the studies assessed different
tasks. Similarly, it is fair to assume that the participants were the same in both studies
by Ford and colleagueg(Ford, Myer, et al., 2010; Ford, Shapiro, et al., 2018)ven the
reported sample size and participant demographics (unconfirmed), although the studies

report different metrics for the same dynamic task.

ZIOFEKgRU ! WRG6C! ¢ Halll Rt qRHAY

Sample size ranged from 22 to 315 participants. A total of 2092 participants were
represented across the 18 studies. Sex distribution was described across all studies
except for one(Ford, Myer, et al., 2010yith a total of 400 males (19.1 %), 1377 females
(65.8 %), and 315 participants of undefined sex (15.1 %). Nine of the 18 studies (50 %)
used a DVJ task, four (22.2 %) used a cutting tagkhia et al., 2021; Chia et al., 2023;
Colyer et al., 2021; Sigward, Pollard, Havens, et al., 2012wo (11.1 %) assessed a
single-leg drop landing(Kim & Lim, 2014; Nasseri et al., 202 1and one study each (5.5 %)
examined a drop and cu(Sayer et al., 2019)standing vertical jump(Swartz et al., 2005)
and horizontal leap (Wild et al., 2016)task. Most studies (61.1 %, n = 11) were cross
sectional (Colyer et al., 2021; Hass et al., 2005; Hewett et al., 2004; Hewett, Myer, Ford,
et al.,, 2006; Kim & Lim, 2014; Nasseri et al., 2021; Sigward, Pollard, & Powers, 2012;
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Swartz et al., 2005; Westbrook et al., 2020¥ollowed by longitudinal prospective cohort
(33.3 %, n = 6)]Chia et al., 2021; Ford, Myer, et al., 2010; Ford, Shapiro, et al., 2010;
Quatman et al., 2006; Sayer et al., 2019; Wild et al., 201&nd interventional (5.6 %, n =
1) (Otsuki et al., 2021)

SIOPORW ecqR21IW ! Ug6 13t Rt W
A summary of the proposed links between the commonly reported biomechanical
metrics (knee abduction angle, knee abduction moment, knee flexion, and GRFs) and

pubertal maturation is presented in Figured.

Biomechanical risk factors associated with ACL f

injury and the link to pubertal maturation ' .
Knee abduction Knee abduction Knee flexion Ground reaction
angle moment angle forces
with maturation during with maturation during with maturation during with maturation upan
double leg drop jump double leg drop jump, double leg drop jump and I';?E;TSS ?nrggteslgf;g”m
tasks and cutting tasks. cutting, single leg vertical jump tasks. ! —=
landing, and horizontal jump landing task.
following onset of jump tasks. * with maturation during . .
puberty during double leg cutting, single leg drop with maturation upon take-
drop jump tasks and ‘in pubertal and post- anding, and horizontal off in females but not
cutting tasks in females. pubertal females eap task. _malesln double leg drop
compared to males jump tasks.

with maturation in single during double leg drop with maturation at initia ) )
leg landing study in jump and cutting tasks. contact and smaller range W'th_math?'“{m upon
females only. of motion in a double leg landing during cutting and

drop jump study. vertical jump tasks for
with maturation in 2, both sexes.
single leg landing . ¥
study in males and
females.

—_—

Figure 4 Summary of the observed links between maturation and changes in
biomechanics associated with anterior cruciate ligament (ACL) injury as reported in the
literature. Note: Red arrows indicate low certainty of evidence, yellow arrows indicate
moderate certainty of evidence (as determined by GRADE). Two arrows suggest different
guality of evidence ratings for the different specified tasks, presented in order of mention.

SIOPWBWNHE AT e HqRYUH¢e UNG W
Amongst the four DVJ studies regarding knee abduction angle, Hewett et glewett et

al., 2004), Ford, Shapiro, et al. (201Q)and Westbrook et al.(2020)reported significantly
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greater peak knee abduction angles with maturation in females and significantly greater
angles in females than males following the onset of puberty, wittlarge, small, and
medium effect sizes observed, respectively. Hass et al(Hass et al., 2005) who had a
lower methodological quality study, in contrast observed similar knee abduction ranges

of motion between pre-pubertal and post-pubertal females.

Two studies incorporating a cutting task reportedsmall but significantly greater
maximum knee valgus angles with maturation in female¢Chia et al., 2021; Westbrook
et al., 2020) no significant differences were observed in maleqChia et al., 2023)
Furthermore, a third study by Sigward, Pollard, Havens, et al. (2012)pbserved
significantly greater peak knee valgus angles in females than males regardless of
maturation stage; however, smaller angles were observed in the more mature

participants regardless of sex.

During a singleleg landing task,Kim and Lim (2014)eported that pubertal females
demonstrated an increased peak knee abduction angle compared to prpubertal
participants with a large effect size. Conversely, Swartz et al. (2005)detected
significantly lesser knee valgus angle at both initial contacingedium effect size) and at

peak VGRHsmall effect size) with maturation regardless of sex in a vertical jump task.

ZIOPWBWEHC AT e HqRYUHGYGWUq

When completing a DVJ task, four studies found that pubertal and pogtubertal females
generally demonstrated greater knee abduction moments than prgubertal females
and males (Ford, Shapiro, et al., 2010; Otsuki et al., 2021; Sigward, Pollard, & Powers,
2012; Westbrook et al., 2020)although the effect sizes weresmall and medium. Otsuki

et al. (2021 )eported increases in peak knee abduction moments over a simonth period

in early pubertal females. Similarly,Ford, Shapiro, et al. (2010pbserved larger knee
abduction moments during DVJ tasks in pubertal females with maturation witmedium
effect sizes. Ford, Shapiro, et al. (2010also found greater knee abduction moments in

females than males postpuberty, but no sex differences were observed prpuberty.
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Similar changes in knee abduction moments to those observed in the DVJ tasks were
observed in three studies during cutting or horizontal jump taskgKim & Lim, 2014;
Westbrook et al., 2020; Wild et al., 2016yith small effect sizes. Females postpuberty
demonstrated greater peak abduction moments than females during preand mid-
puberty (Westbrook et al., 2020) Pubertal females demonstrated greater peak knee
abduction moments than pre-pubertal females during singleleg landings(Nasseri et al.,
2021). Knee abduction moment in an alfemale cohort was also significantly greater in
late/ post-pubertal and early/ mid-pubertal groups compared to the prepubertal group

during a dropland and cut task(Sayer et al., 2019)

ZIOPWBWOH] WFRYUHceUNOW

During a DVJ task, peak knee flexion angle was generally greater with maturation
regardless of sex, and females landed with larger knee flexion angles than mal@=ord,
Myer, et al., 2010) although the effect sizes werdrivial. Swartz et al. (2005also detected
significantly greater knee flexion angles at peakGRFwith maturation regardless of sex
during a vertical jump task. Despite having similar magnitudes and timing of knee flexion,
post-pubertal females landed with lesser knee flexion at initial contact than preubertal
females with asmall effect size, but the postpubertal females demonstrated a larger
knee flexion range of motion in a DVJ with karge effect size (Hass et al., 2005)
Westbrook et al. (2020)found no differences in knee flexion between maturational
groups in both DVJ and cutting tasks(nall effect sizes), similarly Chia(Chia et al., 2023)
found no significant differences in males. Data from three studies indicated reduced
knee flexion range of motion and peak angles during cuttingrfall effect size)(Sigward,
Pollard, & Powers, 2012)double-leg drop landing(Otsuki et al., 2021) and horizontal

leap (Wild et al., 2016)tasks in females with maturation.

ZOPIOPWEIAT HI e HqRYUHNY!I A1
Using a DVJ task, three studies examined GRIHass et al., 2005; Hewett, Myer, Ford, et
al., 2006; Quatman et al., 2006)Quatman et al. (2006)and Hewett, Myer, Ford, et al.
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(2006) (satisfactory quality study) found that maturation was linked with significantly
smaller landing GRFs in males, but not females, and smaller takeff forces in females,
but not males when normalised to body massgmall to medium effect sizes). Partially
aligning with these findings, females showed higher loading rates than males across all
maturational stages, but both sexes decreased DVJ landing loading rates with
maturation (Quatman et al., 2006) Hewett, Myer, Ford, et al. (2006)also found
fluctuations in DVJ landing GRF across maturation, with females showing slight
decreases in GRF preguberty, slight increases during puberty, and larger decreases
again postpuberty. Similarly, a satisfactory quality study byHass et al. (2005)ndicated
smaller GRFs, joint forces, and peak forces in pogpubertal than pre-pubertal females
during a DVJ task with &rge effect size. Significantly larger ACL forces were observed in
late-pubertal compared to pre- and early/mid-pubertal females in a singleleg drop
jump task, although the estimation method using computational modelling limits the
comparability of this study to the other studies included in this review(Nasseri et al.,
2021). Colyer et al. (2021 pbserved no differences in GRFs with maturation during a nen
dominant versus dominant limb cutting task. Regardless of sex, lesser pealGRFwas
observed with maturation during cutting(Sigward, Pollard, Havens, et al., 2012nd DVJ

(Quatman et al., 2006}tasks.

2.6 Discussion
Understanding the association between maturational development and biomechanical
risk factors associated with ACL injury is important for addressing the increasing ACL
injury incidence rates in adolescent athletes(Maniar et al., 2022) The purpose of this
systematic review was to establish potential associations between maturation and
biomechanical factors associated with ACL injury in males and females. Generally, the
studies included were of moderate quality. The only biomechanicalaictors commonly
reported in the included studies (reported across at least three studies) were knee
abduction angle, knee abduction moment, knee flexion, and’GRF, which are factors
identified as potentially linked to ACL injury incidencéHewett, Ford, et al., 2016; Myer et
al., 2011; Pappas et al., 2016)These factors had either low or moderate overall quality
of evidence ratings as assessed by the modified GRADE regarding their association with
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maturation. For these metrics, both males and females tended to exhibit biomechanics
suggestive of an increased risk of ACL injury during various landing and cutting tasks with
maturation. Moreover, greater knee abduction angles, knee abduction moments, and
VGRE, and lesser knee flexion angles were observed in females compared to males in the
later maturation stages. These findings support that females in the late and post
pubertal maturational development stages tend to portray biomechanics associated
with increased risk of ACL injury, which aligns with the rise in ACL injury occurrence

observed in this demographiqManiar et al., 2022)

The increases in knee abduction angle and moment with maturation in females may
contribute towards their increased ACL injunysusceptibility in the late and postpubertal
maturational stages (Ford, Myer, et al., 2010; Ford, Shapiro, et al., 2010; Hewett et al.,
2004; Maniar et al., 2022; Otsuki et al., 2021; Renstrom et al., 2008; Sayer et al., 2019;
Shea et al., 2004; Sigward, Pollard, & Powers, 2012; Westbrook et al., 2020; Zbrojkiewicz
et al., 2018). Although it should be noted that the effect sizes of these differences varied
from small to large across studies. Larger knee abduction angles and moments during
landing, particularly when paired with highewGRF, have been suggested as contributing
mechanistic factors for non-contact ACL injury(Della Villa et al., 2020; Hewett et al.,
2009; Sigurdsson et al., 2021)due to the increased anterior tibial translation and
consequent increased ACL loadFukuda et al., 2003) The reported association between
knee abduction moment during landing and tibia and femur length during the growth
spurt (Hewett et al., 2015)highlights the potential influence of rapid limb growth on
increasing knee abduction moments (Wild et al., 2013A Wt 2 At q¢ UqR¢ qRUN W q &
findings of increased moments with maturation. Knee abduction moment is commonly
used as a predictor of ACL injury risk during jump landing injury screening tasks with
reports of 73% sensitivity and 78% specificity for ACL jury forecasting in females
(Hewett, Myer, & Ford, 2005; Hewett, Myer, Ford, et al., 200%lthough, it has recently
been argued that knee abduction moment in isolation may not be a standalone ACL
injury risk factor as other biomechanicaimetrics may contribute to injury riskCronstrém

et al., 2020)

There is conflicting evidence for changes in knee flexion biomechanics with maturation

during dynamic tasks. As females matured, knee flexion range of motion and knee flexion
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angles decreased(Della Villa et al., 2020; Hewett et al., 2009; Sigurdsson et al., 2021)
although, the effect sizes ranged frontrivial to large. In contrast, two studies showed
that knee flexion angle upon initial contact and at peak GRF increas€Bord, Myer, et al.,
2010; Swartz et al., 2005) The varied outcomes and effect sizes identified between
studies may be partially due to the different movement requirements of the tasks
assessed. Decreases in knee flexion angle with maturation were generally observed in
studies where tasks incorporateda horizontal component whereas those which reported
knee flexion angle increases generally assessed tasks which were more vertical in nature.
x ¢ Ul RUNDWs R We WayY! WWI+qlOT 3T Wt U¥PJwyY! Wht qRn™”N |
for using the quadriceps b stabilise the knee joint(Chia et al., 2021; Hewett, Ford, et al.,
2010; Pappas et al., 2016)Knee flexion angles less than 22° upon landing may increase
the potential for quadricep dominance and place excess demands on the ACL,
increasing the potential for injury(Colby et al., 2000; Larwa et al.,, 2021; Leppéanen,
Pasanen, Kujala, et al., 2017; McNair et al., 1990Adopting a more flexed knee position
during landing or cutting can improve force absorption and consequently protect internal

knee structures (Boden et al., 2009; Hass et al., 2005)

Furthermore, stiff landings cause tibiofemoral compression, which loads the AC{Meyer
& Haut, 2008) During a DVJ task, stiff landings have been associated with increased risk
of ACL injury in young femalegHewett, Myer, Ford, et al., 2005; Leppénen, Pasanen,
Kujala, et al., 2017) Specifically, athletes who went on to sustain ACL injuries displayed
lower peak knee flexion angle and higher peak GRHRewett, Myer, Ford, et al., 2005;
Leppénen, Pasanen, Kujala, et al., 2017As females mature, GRF during dynamic tasks
generally remains the same(Colyer et al., 2021; Hewett, Myer, Ford, et al., 2006;
Quatman et al., 2006) or may slightly decrease(Hass et al., 2005; Sigward, Pollard,
Havens, et al., 2012; Swartz et al., 2005 RF tends to decrease with maturation in males
(Colyer et al., 2021; Hewett, Myer, Ford, et al., 2006; Quatman et al., 2008uggesting
greater improvements than females in force attenuation with maturation. During a DVJ
task, the springlike behaviour observed via the forcdime data profile (referred to as
stretch-shortening cycle ability) generally improved with maturation,but remained
relatively poor in postpubertal females (Pedley et al., 2021) Stretch-shortening cycle

CHRORq! WRt Wedt YWRGGEHUT WH! We UWRUT R2RT 2c¢cidkt U
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consistent across maturation (Hewett, Myer, Ford, et al., 2005; QuatmatYates et al.,
2012). Inconsistent development in neuromuscular control may explain individual
differences or lack of improvement in force attenuation ability, which is often observed

in pubertal females.

The differences in tasks, including the use of double or single limb landing, likely
contributed to the conflicting results regarding the link between maturation and
biomechanics (Taylor et al., 2017)Over half of the included studies used the DVJ task for
identifying potential biomechanical risk factors. Although commonly used as a screening
tool for ACL injury risk, biomechanics during a DVJ correlate poorly with cutting
biomechanics (Hanzlikova et al., 2021)which limits comparability and pertinence of
results (Kristianslund et al., 20140 AWPINCI T Wt + W YnWgq6WdRUL W
biomechanical variables and ACL injury risk, observed changes in dynamic tasks across
maturation can be viewed more holistically due to previous identification of the higher
risk of ACL injuries in posipubertal females (Prodromos et al., 2007; Waldén et al., 2011)
Tasks such as the DVJ involve deceleration and force attenuation, primarily in the sagittal
plane. Singleleg tasks increase the load and task difficulty. Cutting tasks impose a more
frontal plane demand and are more sport specific. Implementing both a sijie-leg
landing and incorporating movements that reflect cutting or rotating manoeuvres for
assessment of highrisk biomechanics should be considered to improve specificity for

ACL injury risk screeningKoga et al., 2010; Westbrook et al., 2020)

Definitions of maturation stages and phases examined also varied between studies,

impacting the ability for crossstudy inferences and strength of evidence on specific

variables. Comprehensive and consistent reporting standards fomaturation stage
identification and grouping would enhance crossstudy inferences (KoopmanVerhoeff

et al., 2020) Tanner stages, as identified using the selidministered pubertal maturation
observational scale, were used most often across the included studies. Tanner stages
2RCWGE! t RACOWW+¢dGRUcqRYUWNI YGWe WGWT RACT WG Y
maturational phase identification (Rasmussen et al.,, 2015) however, seltreported

Tanner stages are valid for determining maturational status and less intrusive than other

validated methods (Leone & Comtois, 2007; Schmitz et al., 2004Nonetheless, further
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investigation into the reliability and validity of the pubertal maturation observational

scale in different demographics is warranted.

Reporting or controlling for menstrual cycle phase was rarely reported. Given the
domination of female participants (65.8 %), future research should attempt to control for
or report menstrual cycle phase and contraceptive usage status to better understand
potential hormonal influence on biomechanics(Balachandar et al., 2017; Herzberg et al.,
2017). Although more common in femalegJoseph et al., 2013)non-contact ACL injury

is relatively common in adolescent males(Maniar et al., 2022) The risk of ACL injury
throughout maturation in males is relatively unknown and only one of the included
studies examined the biomechanics of males alongChia et al., 2023) The small amount

of data available suggests significantly different biomechanical movement patterns in
males compared to females. Hence, further research into ACL injury risk factors specific

to males should be considered.

This review specifically examined biomechanical risk factors associated with ACL injury;

however, it should be noted that ACL injuries are multifactorial in nature and factors such

Ct Waqd6 Wl ¥GecUT+ WYnlWad JWt @rdmaetlaY,l 202€) thdiviowpls G 1 a 1J K

anatomy and morphology(Bayer et al., 2020)cognitive ability(Bertozzi et al., 2023)and
the gendered differences regarding coaching, training, and physical activity participation

(Parsons et al., 2021ill contribute to overall risk of injury.

2.7 Limitations

This systematic review is not without limitations. Firstly, few studies assessed the same
metric, used the same task, or considered the samematuration stages, thereby
restricting the ability for a metaanalysis to be performed. Studies that did examine the
same variables often reported large standard deviations, presented limited or only
statistically significant findings, or had small sample sizes; all factos likely to distort the
results of a metaanalysis if one had been undertaken. Most studies werefgood quality
and two were of satisfactory quality in accordance with the NOS, but the strength of the
evidence was lowto-moderate based on GRADE ratings. The small quantity of studies

assessed for each domain and the variations in effect sizes should m®nsidered when
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interpreting these results. We chose to include studies of varied study designs (cross
sectional, longitudinal, and interventional) to enhance the breadth of the review and data
available for review, despite longitudinal study designs potentially yieldinghore robust
data to establish the potential link between maturation and biomechanical factors
associated with ACL injury. Additionally, many of the studies included researchers from
the same group based in the USA, which may influence the generalisabildfthe results
of the current review as well as introduce bias through homogeneity of study findings.
This overt representation of these researchers and country may mean that many of the
participants were from the same or a similar group (as was confirmedr assumed in
studies of the sameauthor and year(Ford, Myer, et al., 2010; Ford, Shapiro, et al., 2010;
Sigward, Pollard, Havens, et al., 2012; Sigward, Pollard, & Powers, 201 2pnsequently

limiting the cultural diversity and global applicability of findings.

2.8 Conclusion

Late and postpubertal females demonstrate lowerextremity biomechanics associated
with increased ACL injury risk. Although the evidence was of Iete-moderate quality and
varied between studies, this review demonstrates modified landing and cutting
biomechanics occur in response to maturational development, particularly in females.
As females mature, there is a tendency for increased knee abduction angles and
moments, decreased knee flexion angles and range of motion, and increased GRF during
dynamic tasks; variables linked with increased ACL injury risk. Potential changes
throughout maturation in males and females in other biomechanical factors require
further investigation during multiplanar movement tasks more specific to sport and
injury risk, asthe DVJ iovertly represented. Future research should explore movement
mechanics across maturation, specific to sex, using sporspecific assessment tools
and standardised maturation stage identification methods. Despite some contention in
the evidence, differences in biomechanics linked with ACL injury risk are evident when
comparing sexes andmaturation stages. Hence, oconsidering sex and maturation is
needed when selecting tasks in injury risk identification processes and developing

strategies for ACL injury prevention.
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Key points

ACL injuries are increasingly common in lateto post-pubertal individuals,
particularly females.

As females mature, knee abduction angles and moments typically increase
whereas knee flexion anglegienerally decrease during dynamic tasks.
Maturation can influence biomechanics associated with ACL injury during
landing and cutting tasks, indicating that late to post-pubertal females may be
at increased risk of ACL injury.

Few studies examined the same variables and those that did reported large
standard deviations, presented limited or only statistically significant findings, or
had small sample sizes The small quantity of studies assessed for each domain,
the generally lowto-moderate levels of evidence, and the variations in effect

sizes should be considered when interpreting the results.
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3.0 Chapter 31 Pilot study

3.1 Prelude

The previous chapter summarised the differences in biomechanics associated with ACL
injury between maturation stages, identifying inconsistent findings between studies
underpinned by a lack of injury and sport specificity ofthe tasks used. A double-leg
landing taskwas commonly used in the reviewed studies, but isnot injury specificdue to
most non-contact ACL injuriesoccurring as a result of a singleleg landing or change of
direction manoeuvre (Hewett, Ford, et al., 2010) Therefore, mplementing tasks that
reflect movements that frequently occur in sporting situations and have been linked to
ACL injury occurrencemay beimportant in identifying differences between maturation
groups. The aim of ths study was to compare methods that have been used previously
for asingle-leg drop-land and cut (CUT) taskn young populations a maximal condition
and a normalised condition {argeting 150% leg length)Previous research hasised both
amaximal effort lateral cut condition (Hass et al., 2005xnd condition targeting a lateral
cut to 150% leg length(Nasseri et al., 2021) No studies have directly compared the
outcomes from these two tasks, leading to uncertainty regarding which one is optimal
for use in a heterogeneous group of maturing individual§.hus, the purpose of this study
was to inform the use of either the maximal or normalised condition for the singlkeg

drop-land and cut task for the main experimental study.
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Maximise or normalise? Examining single -leg drop-land-cut distances

In young athletes. A pilot study.

3.2 Abstract

This study investigatel differences in cut distance performance for a single-leg drop-
land-cut (CUT)task based on using either a maximal or normalised (150% leg length)
method and the influence of condition order and leg dominanceTwenty-six young court
and field sport athletes (61.5% female) completed the CUT task on the dominant and
non-dominant leg under maximal and normalised conditions in a randomised order
Multivariate repeated measures ANOVAests with post-hoc pairwise comparisonswere
used to determine the effect of condition (maximal, normalised), leg dominance
(dominant, non-dominant), and interaction effect onleaping distance. Potential order
effects were explored as aBetween Subjects Factor within the ANOVA.The findings
showed significantly larger leap distances under the maximal conditiong ¥ LUM KOMM N A LU
0.417) with the maximal mean being 154.% 24.7 cm (175.1+ 18.6% leg length) and the
normalised mean being 1407 + 19.7 cm (159.0+ 5.8% of leg éngth). Furthermore,
greater distances were achieved during the maximal task when performed following the
normalised task < 0.001, 24.5% further). Practically, the normalised task may be better
suited for heterogereous samples, yet the maximal task may be more suitable for

homogeneous samples or prepost study designs
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3.3 Introduction

Anterior cruciate ligament (ACL) injuries are becoming increasingly common in youth
athletes (Hosseinzadeh & Kiapour, 2021; Maniar et al., 202ZJhe annual number of ACL
injuries reported in young people has risen exponentially. In particular, females aged 5
14 years have demonstrated an 10.4% annual growth rate in ACL injury incidence from
1998 to 2018 in AustraliaManiar et al., 2022) In New Zealand, claims from male and
female individuals aged 1529 years contributed to over 50% of the $100 million cost of
ACL injuries to taxpayers in 2021 alone(ACC analytics and reporting, 2022)
Representing 45% of all internal knee injurie$Majewski et al., 2006) ACL injuries are
associated with prolonged recovery periods (e.g., return to play at least 9 months pest
surgery (Kaplan & Witvrouw, 2019) a substantial financial cost of care(Janssen et al.,
2012), impaired functional sporting performance(Paterno et al., 2012)and an increased
risk of earlyonset posttraumatic osteoarthritis (Lohmander et al., 2004; Nebelung &

Wuschech, 2005)

The demands of court and field sports require frequent accelerations, decelerations,
changes of direction, rotations, and singleleg landings, all of which are movements
associated with ACL injury incidencgBoden et al., 2009; Koga et al., 2010)dditionally,
side-cutting manoeuvres are responsible for most norcontact ACL injuries in sports
such as football and handball(Faude et al., 2005; Olsen et al., 2004)ikely due to the
multi-planar nature of the movement that exposes the knee joint to high loads
(Kristianslund et al., 2014) In response, screening for biomechanical injury risk factors
is becoming common practice in team sports, particularly in high injury risk populations
such as young female court and field sport athletegKrosshaug et al., 2016)However,
for widespread adoption, the task needs to be suitable for implementation in clinical
settings and on the field. A task that involves a singlleg landing followed by an
immediate and explosive sidecut may suit these requirements and may betteresemble
manoeuvres associated with ACL injury than what is typically use@utcher et al., 2024)
such as doubleleg drop vertical jumps (Petushek et al.,, 2021) single-leg squats
(Petushek et al., 2021)and tuck jumps(Fox et al., 2016) Double-leg drop vertical jump
tasks have been frequently used to assess ACL injury risk factors in team sport athletes

(Hanzlikova & HéberlLosier, 2020; Petushek et al.,, 2021despite generally being
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determined as unsuitable for predicting ACL injury riskKristianslund & Krosshaug, 2013;
Krosshaug et al., 2016)Although run and cut manoeuvres might be better in the context
of screening for potential risk of ACL injury and commonly assessed in laboratory
settings (Kristianslund & Krosshaug, 2013)they are often not practical in clinical
environments and can be difficult to standardise in terms of approach speed and angle

of cut.

The design of the singldeg drop-land-cut (CUT) task should consider variatiog in the
perception of maximal effort (Lamb et al., 2017)with respect to subjective and
anthropometrical factors. Previous research has observed differences in performance
and biomechanics between individuals of different maturational groups using both a
maximal effort method (Hass et al., 2005)and a normalised cutting distance to 150% of
leg length (Nasseri et al., 2021) Although rationales for each of these methods are
justifiable, their suitability may depend on the circumstance and purpose of
implementation. For example, the maximal condition may be appropriate in a more
homogenous sample of athletes of similar body &es, however, a normalised condition
may be better to compare a more heterogeneous sample as the task is relative to body
size. It is currently difficult to select one method over the other as there is a lack of
studies directly comparing the two methods.Such information would allow practitioners
to make an informed decision on test parameters for this task and enable a more
appropriate comparison of performance between groups or individuals. This study
focused on exploring the differences in performancef two conditions of the same task
that have previously been used with participants in different pubertal maturation stages
to inform development and implementation of injury risk screening tasks in this
population. Additionally, if performance from both tsks are assessed, the order of
condition of tasks may impact performance as it has been suggested that, in younger
populations, some participants can believe they are performing maximally, but once
given a target, may achieve further distancefLamb et al., 2017) The raw values in cm
and these values expressed as a percentage of leg length are included to provide
perspective of the absolute and relative values. Furthermore, leg dominance can
influence biomechanical risk factors (Wang & Fu, 2019and performance (McGrath et al.,

2016) during sport-specific tasks that warrant consideration in establishing test
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parameters, interpreting outcomes, and comparing between groups or individuals. The
potential effect of limb dominance on functional performance could impact clinical
outcomes for injury risk or recovery screening, particularly considering the influence of

perceived task difficulty (Virgile & Bishop, 2021)

Thecurrent study sought toa) determine if differences in leap distance (i.e., performance
outcome) exist for the CUT task based on using either a maximal or normalised (150% leg
length) method in young court and field sport athletesand b) determine whether the
order of conditions orc) leg dominance would influence the distance achieved. It was
hypothesised that participants would leap further when a)using the maximal method
due to greater effort,b) on the maximal task when presented second, ana) using the

dominant leg.

3.4 Methods
Given the exploratory nature of thepilot study and the overall lack of data on the
examined tasks in the target population, no formal sample size was conducted a priori.
To account for dropout or data-loss, a sample size between 2680 participants was
targeted based on previous pilot studes stating 12 participants to be appropriatgJulious,
2005; Kunselman, 2024) Ultimately, 26 healthy young court or field sport male and
female athletes aged between 7 and 20 years volunteered to participate (Tablg,
providing 80% power to detect an effect sizd of 0.24 at a 5% significance level based on
the ANOVA: repeated measures, withifbetween interaction setting of G*Power 3.1.9.7
(Faul et al., 2007) The calculation considered the collection of four measurements
(dominant and nondominant for maximal and normalised conditions) and two groups to
account for a potential order effect on leap distances.All participants were right leg
dominant determined by the leg used to kick a ballvan Melick et al., 2017) The
participants had no history of seriousback or leg injurieswithin the 12 months prior to
testing. All participants and their parents/legal guardians (if under 16 years) provided
informed consent prior to participating in this study, which was approved by the
University of Waikato Human Research Ethics Committee (HREC (Health) 2022#53) and
adhered tothe Code of Ethics of the World Medical Association (Declaration of Helsinki
Ethical Principles for Medical Research Involving Human Subjectsgdnd the Health
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principles guiding ethical research involving childre{Graham et al., 2013)

Table 7 Baseline characteristics of the participants mean + standard deviation.

Characteristic Males (n = 10) Females (n = 16) Total (n = 26)
Age (Y) 13.9+ 3.6 13.0+4.4 13.5+4.1
Height (cm) 154.5 £ 33.6 145.0 £ 30.0 1554 +19.1
Body mass (kg) 49.4+17.1 47.1+16.3 48.5+16.2
BMI (kg/m?) 18.9+2.38 20.1+£5.2 19.6 £ 4.0
Leg length (cm) 88.4+194 85.7+18.4 88.6 £ 12.8

Note: BMI,body mass index.

3.4.1 Equipment

A highspeed Sony RX10 Ivideo camera(Sony Corporation, Tokyo, Japanyith a focal
length of 8.8 to 73.3 mm (35mm equivalent focal length of 24200 mm) captured theCUT
trials at 120 frames per second. The camera was placed 3.5 m in front of the landing area

on a tripod with a 1.3 m lensto-ground distance.

3.4.2 Procedures

The participants attended a single testing session where they first had their leg length
measured until two identical measurements were recordedusing a tape measure to
record the distancefrom the anterior superior iliac spine (ASIS) tthe medial malleoli on
the right (dominant) leg in a supine position(Neelly et al., 2013) Participants then
completed a standardised5 minute warm up involving joggingt a seltselected pace on

a turf surface for two minutes, dynamic stretching 8 reps of each per legleg swings,
walkouts, lunges, and lateral reaches), and jumganding drills (L5 reps per leg of
submaximal vertical hopping,5 reps ofdouble-leg landing, and5 reps per leg okingle-

leg landing).
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For the CUT task, participants were required to stand on one foot, drop down from a 30
cm box, land on the same foot to a marked distance placed 30 cm in front of the box, and
to immediately leap 90° laterally to land on the opposite foof{Nasseri, 2021)along a
marked line on the floor (Figuré). For instance,participants dropping down and landing
on their right foot would leap towards the left to land on their left foofT his task was novel
to all the participants. Participants completed the task in the two experimental
conditions: 1) normalised distance to 150% of leg length, and 2) maximal distance. For
the normalised CUT condition, the leg length normalised distance was indicated on the
floor using a line of tape.For the maximal distance CUT condibn, participants were
asked to leap as far as possible, aiming to maximise distance, with no leap distance
marker indicated on the floor(i.e. the 150% marker was not presentin both conditions,
participants were required to maintain balance upon landing and werencouraged to
keep their body facing forwards. The participants were allowed-3 practice trials of each
condition directly before the test of that same condition for familiarisation, following a

standardised explanation and demonstration from he primary researcher (AB).

Condition order was randomised, as was the use of the dominant or nedominant leg
within the condition. For each leg and condition, three successful efforts were performed.
The individual efforts were separated by 20 seconds of rest for both legs and betan
legs, whereas individuals rested for 2 minutes between tasks. Participants wore their
own footwear that they would usually wear during sporting participatiorfHébert-Losier
et al., 2023) A pictorial representation of the CUT phases is presented in Figuseand a

flow chart of the data collection procedure is presented in Figuré along with the

possible orders of conditions

Figure 5 Image of singleleg drop-land-cut task, cutting to reach 150% of leg length as
indicated by a marker on the floor. For the maximal condition, task sequence was similar,

but participants leapt as far as possible with only the initial landing marker present.
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Figure 6 Flow chart of data collection procedureand possible orders of conditions

3.4.3 Data processing

Leap distances were extracted from frontal videos usingSilicon Coach (Silicon Coach
Pro, version 8, Dunedin, NZ) andisplacement calibration was performed to a marked 1
m distance along the line where the participants leapt SiliconCoach Pro has been
commonly used to provide accurate data for coachindAjithkumar & Kumar, 2025)and
has been assessed for displacement agreement against VICON in pelvis measures=
0.92)(McDonald et al., 2011nd against 3D measures in golf kinematic parameters (ICC

= 0.929)(Hunter et al., 2022) A marker was placed in the middle of the toe box (proximal
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the marker on the initial landing foot upon ground contacto the marker on the opposite

foot upon the second groundcontact. Ground contactwas measured from the first frame

where any part of the foot articulated with the groundFor eachparticipant, the mean

leap distance of three trials per leg for each condition ere used in further analysis. The

normalised to leg length units were calculated using the equatioigdistance leapt (cm)/

leg length (cm)) x 100.

3.4.4 Statistical analysis

Using IBM SPSS Statistics (version 29.0.0(241)), descriptive statistics were calculated

and reported as means standard deviations, and ranges Multivariate repeated

measures ANOVAests with post-hoc pairwise comparisons were used to determine the
within-subject effect of condition (maximal, normalised to leg length), leg dominance

(dominant, non-dominant), and interaction effect onleaping distance outcomes, both in

raw (cm) and normalised to leg length(%) units. Mean differences (MD) are reported

alongside theirp2 ¢ e Ut We U7l WOPEWHYUNRI DURBIUDWRUqUII 2¢it
between completing the maximal or normalised conditionor the dominant or non

dominant leg first were explored as betweensubject factors within the ANOVA.
Assumption checks for normality of distribution, sphericity of data, and outliers were

completed in SPSS using the Shapird RT t WalJt q AW~ ¢ e HE fidnd vistid 13t q WY
inspection of studentised residuals for values+ 3 standard deviations, respectively

Partial etasquared ( p?) effect sizeswere used to express the magnitude of differences

between conditions using the following interpretations:0.01 as a small effect, 0.06 as a

medium effect, and 0.14 as a large effectCohen, 2013) Variances were compared using

q6 Wa YT RnRIIT Wx 32 JUWKt Wa ldeviatlbits of s @lbkesfréing topR U N Wq 6
group mean (¢hi=x:bdfi, d=x:baf; and the deviations across conditions were

compared using pairedt-tests. Statistical significance wasset to p < 0.05. Individual

measures were plotted on a scatter plot for the two conditions to visualize individual
performance for the dominant and nondominant legs separately (Figures7 and 8,

respectively).
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3.5 Results

Repeated measures ANOVA assumptiongere metfor distance leapt expressedin raw
units and normalised to leg length, and no outliers were detectedThe results for the
repeated measures ANOVA are reported in Tab& For both measures, there were no
significant interaction effects between side and condition p =0.429, p =0.547, raw and
normalised respectively) or main effects for leg dominancef=0.247, p=0.282, raw and
normalised respectively). The main effect of condition was statistically significant for
distance leapt expressed in loth raw and normalised units p < 0.001,for both) with large
JnnJHEqllt RAIJIHD.AN N33 D.4BP) espectively). The distance leapt was 13.9
[7.1, 20.6] cm and 16.1 [8.5, 23.7] % of leg length greater in the maximal than normalised
to leg length CUT condition, with all participants leaping furthem the maximal than
normalised conditions. Participants leapt an average of 154.%24.7 cm (175.1+ 18.6%
of leg length) during the maximal task and 14@.+ 19.7 cm (159.0+ 5.8% of leg length)
during the normalised task.All but two participants leapt greater than or equal tahe 150%

of leg length distance during the maximal trials.

There was no interaction effect between (order and dominancep & 0.644) and no main
effect of order p = 0.197). There was an interaction effect between order and condition
for both the raw Fu.25=5.767,p1 W MM EZ 01194)and normalised unitsKq s = 6.195,
p K WMHIOMMOZDE)IResults from the order of conditions are presented in Tabl@. For
the raw values, pairwisecomparisons revealed no statistically significant differences
when considering order within conditions (p = 0.062); however, when considering
condition within order, the maximal trial was significantly further than the normalised
trial when the normalised task was completed first (MD = 21.1 cnp,< 0.001, 95% CI [12.3,
29.8]), but the maximal trial was not significantly further than the normalised trial if the
maximal trial was completed first (MD = 6.7 cmp = 0.130, 95% CI-R.1, 15.4]). For the
normalised values, pairwise comparisons revealed statistically significant differences
when considering order withincondition suggesting that within the maximal condition, if
normalised was completed first then the maximal trial was further than if the maximal
trial was completed first (MD = 14.0%p = 0.042, 95% CI [0.5, 27.5]). Furthermore, when

considering condition within order, the maximal trial was significantly further than the
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normalised trial when the normalised task was completed first (MD = 24.5%, < 0.001,
95% CI [14.7, 34.3]). However, the maximal trial was not significantly further than the
normalised trial if the maximal trial was first (MD = 7.7% = 0.117, 95% CI-R.1, 17.5]).

NSDWaYT RNRIT Wx W20kt Walldt qil 3213¢dIT We Wt RNUR
absolute deviations of the maximal and normalised conditions for the raw data (maximal

mean residual = 20.3 cm, normalised mean residual = 16.4 cm, MD = 4.0 cpz= 0.048,

95% CI [0.6, 7.3]) and for the normalised to leg length data (maximal mean residual =

14.1%, normalised mean residual = 4.6%, MD = 9.5%,< 0.001, 95% CI [6.4, 12.5]). No

significant differences in variance were observed between order of condition foaw (p =

0.755) or normalised data f = 0.694).

Regarding the individual measures on the scatter plot, one participant for the dominant
leg and nondominant leg and one participant for the nordominant leg did not achieve a
cut distance of 150% leg length during the maximal triddut did during the normalised
trial. Also, one participant for the dominant leg and the nofdominant leg did not achieve
a cut distance of 150% leg length during the normalised trial but did during the maximal
trial. These observations suggest that for bét legs, all participants were able to achieve

the 150% leg length target during either or both conditions.
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Table 8 Raw and percentage of leg length leap distances for maximal and normalised to 150% of leg length conditions for the sifgte
drop-land-cut task. Data are meant standard deviation, range (minimum, maximum), and 95% confidence interval [lower, upper].

CUTtask Maximal Normalised Effects p value, , p?
Distance Non-dom Dom Non-dom Dom Condition Dominance Interaction
Raw (cm) 153.5+£24.9 15551245 140.4 +20.4 140.9+19.0 p <0.001* p=0.282 p=0.429
(115, 197) (123, 206) (105, 181) (104, 170) . 20.417[0.161, 0.580] , ,20.046 [0.000, 0.219] , $20.025 [0.000, 0.181]
Normalised (%) 174.0£20.2 176.2+x17.0 158.5+5.8 1595+5.7 p <0.001* p=0.247 p=0.547
(122, 219) (138, 216) (147, 172) (143, 167) . 20.432[0.175,0.591] , ,20.053[0.000, 0.230] , $20.015 [0.000, 0.156]

Note: Dom = dominant,* indicates statistical significance (p /10.05), negative values indicate larger right value. Effect sizemall (0.01),
medium (0.06),large (0.14)(Cohen, 2013)
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Table 9 Leap distances by condition and order.Data are meanz standard deviation, range (minimum, maximum), and mean difference

with 95% confidence interval [lower, upper].

Maximal Normalised
First Second MD [95% p value, , ,* First Second MD [95% p value, , ,*
Cl] Cl]
Raw (cm) 1457 +23.8 163.3+22.1 17.7F p=0.062, ,20.138 142.2+20.6 138.9+ 18.6 32 p <0.681, ,20.007
(115, 206) (130, 201) 1.0, 36.3] [0.000, 0.338] (104, 181) (111, 169) 12.8,19.3] [0.000, 0.131]
Normalised 168.2+16.5 182.1+18.1 14.0[0.5, p =0.042*, 2 157.6 + 4.8 160.3 + 6.3 27F1.2, p=0.171, ,20.076
(%) (122, 200) (141, 219) 27.5] 0.161 [0.003, (150, 171) (143, 172) 6.6] [0.000, 0.267]
0.363]

Note: Dom = dominant, * indicates statistical significance (p /10.05), negative values indicate larger right value. Effect sizemall

(0.01), medium (0.06),large (0.14)(Cohen, 2013)
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Figure 7 Scatter plot of thedominant leg cut distance on the of maximal compared to
normalised (target of 150% leg length) conditiondark grey ines indicate 150% of leg
length. Markess without fill indicate participants who did not achieve 150% leg length
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Figure 8 Scatter plot of thenon-dominant leg cut distance on the of maximal compared
to normalised (target of 150% leg length) conditiondark grey ines indicate 150% of
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3.6 Discussion

There is currently a lack of standardisation of th€UTtask. Given the incidenceof ACL
injury in young athleteg(Maniar et al., 2022)it is important to understand the differences
that exist for these tasks when used to explore potential injury risk factors linked to
single-leg landings. Our aim was to compare the distances leapt during a CUT task under
maximal and normalised conditiors (set to 150% leg length) in young court and field
sport athletes, and to determine the effect of leg dominance and order of tests on
outcomes. In agreement with our hypotheses, the distance leapt was significantly further
with the maximal condition compared to the normalised condition (mean difference:
13.9 cm or 161% of leg length), however, contrary to our hypothesis, no significant
differences were observedbetween dominant and nonrdominant legs. The significantly
large differences in effect size observed between the normalised and maximal
conditions values emphasises that, although both conditions have their benefits and
limitations, the condition selected for assessment warrants consideration as they are

fundamentally different.

Additionally, when examining the significant interaction effect between condition and
order (p = 0.024), it was observed that if participants completed the normalised condition
first, they then leapt significantly further during the respective maximal condition
compared to those who completed the maximal condition first § < 0.001). As the
normative value was set, it was not influenced by the maximal condition being performed
first. These results highlight the potential variation in perceptions of effort irthis
population of young athletes as they were able to achieve a further distance once they
had jumped to the set distance previouslylt is possible that the participants were able
to hop further when performing the maximal condition second as they would have
practiced the task more times, albeit submaximally, by performing the normalised
condition first. In a clinical or research setting, employing a normalised trial prior to a
GcFRACTWINTNY! qligl ReaWRYe2 Gl WG J¢ rdlFurtheanbig, a | 2 131 K
no significant differences were observed between variances of the order of condition
which suggests similarities in this outcome between participantsg = 0.755 ando = 0.694)
for raw and normalised distances respectively. Perception of maximal effort and

consistency in motor control during the maximal effort trials may be more varied in
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younger populations. As demonstrated by Lamb et al. (2017) some participants can
believe that they are performing maximally, but once given a target, may achieve further
distances. The maximal condition may be better suited when observing ptest post-
test performance differences within a given individual or wén the group has similar
physical abilities, perceptions of effort, and anthropometric characteristics. The
normalised method may be better when seeking to compare groups with a wider range
of abilities, varied perceptions of effort, and differences in ariropometric
characteristics. Furthermore, selecting the normalised task may be better if the task goal

is completion oriented rather than performance oriented.

The range of individual ability for the maximal condition and how different the distance
was from the standardised condition are also noteworthy. Landing distance was more
variable under the maximal condition, as demonstrated by the large standard deviatis
and significant differences in variance between the maximal and normalised conditions
(p = 0.048 for raw andp < 0.001 for normalised). These results demonstrate that there
were variations in ability and/or effort applied between participants, which shold be
considered in task selection and result interpretation.It is possible that the presence of
a floor tape marker in the normalised condition served as a visual target which introduces
a potential confound when comparing the normalised condition to the maximal
condition. A visual target may reduce movement varialty by providing participants with
an external reference point, which may influence motor planning and executiofCowin
et al., 2022) Contrastingly, the lack of a target in the maximal effort condition could
inherently allow for more variability. This discrepancy could have contributed to
observed differences in movement consistency between conditionsResearchers have
suggested that children often adopt different movement patterns from triato-trial,
possibly in attempt to learn how their bodies produce more force and therefore achieve
a better performance outcome, but nonetheless, altering their biomehanics each time
(Raffalt et al., 2016) Raffalt et al. (2016)found higher intrasubject variability in the
movement patterns of children compared to adults when assessing reaction force
components andjoint angles during maximal effort jumping tasks. Previous research has
suggested greater variability in jump length in a prpeak height velocity group during a

broad jump task(Meylan et al., 2012jnd greater jump height variability during a vertical
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jump task in younger participants, which diminishes with maturation and
growth(Gerodimos et al., 2008; Harrison & Gaffney, 2001; Viitasalo, 198&election of
the normalised condition in our target population of young field and court sport athletes
may encourage more consistency in performance and movement patterns leading to a
more natural demonstration of how the participant would typically perform the task in a
sporting situation. However, the variation in physical ability that exists in youth
populations, demonstrated by the variance under the maximal condition, may influence

the level of challenge provided by the normalised test condition.

All participants except for two leapt to the 150% of leg length distance during the maximal
trials, which seems like an appropriate distance based on the lower end of the maximal
distance values (122% nordominant and 138% dominant, Table). When set to 150%,
all participants were close to the set target (lower end 147% nedominant and 143%
dominant). Research has previously suggested that normalising tasks can be considered
good practice in research as it allows standardisation in an inglidualised sensgJaric et
al., 2005) Practically, setting the same absolute distance or requiring a maximal landing
distance may be unsuitable for comparing individuals of different heights, ages,
maturation, sexes, and abilities. In a heterogeeous sample, using a CUT task
normalised to leg length allows greater standardisation and facilitates valid comparisons
between individuals. Whether 150% of leg length is the most appropriate has not been
established, but it appears reasonable and achievald based on our dataset. Setting the
distance to 175% might be more reflective of a maximal effort, but it is unlikely that all
participants could reach this threshold based on the performance of participants in the

current study.

The CUT task has not been used extensively in previous research to explore movement
performances based on maturation phasegButcher et al., 2024) hence further research

is required as there are no tools unequivocally agreed to be linked with ACL injury
incidence. It has been suggested that a larger lateral step distance in a cutting task
increases hip and knee extension, and ankle plantar flexiamoments (Inaba et al., 2013)
Additionally, Havens and Sigward (2015)oted greater knee abduction moments during
cutting with wider lateral foot plants. Therefore, the distance of the cutting task could be

an important factor to consider in rendering a task more sensitive and specific for
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assessing risk of ACL injury. A normalised method for setting distance during a CUT is yet
to be explored, however, previous research has used maximal effort methodslass et al.
(2005)used a maximal effort CUT task alongside a landing task and a vertical jump task
for assessing lower extremity injury risk in prgubertal and post-pubertal females. Their
study found significant interactions between maturation phase and landing sequenctor
post-pubertal compared to pre-pubertal participants who demonstrated biomechanics
linked with ACL injury incidenceincluding reduced knee flexion at initial contact,
increased mediolateral knee joint forces, and reduced knee extensor momentsThe
researchers suggested these results to be a consequence of differences in motor and
neuromuscular control strategies (such as reflex and voluntary muscle activation) at
different maturational phases and they emphasised the need to study multiple landing
strategies. It is logical to assume that instructing participants to perform a task using a
maximal effort would create a relatively consistent challenge level between participants;
however, differences in effort perception and neuromuscular ability may influenc¢heir
ability to produce a maximal or close to maximal effort repeatedly. It is also currently
unknown whether performing the maximal version of this or any jumfanding task is
injury-risk specific. It is possible that a threshold exists where a normaled distance is
challenging enough to elicit biomechanical patterns similar to a maximal effort, but
determining this threshold would require further biomechanical research. Typically,
athletes are not required to leap laterally as far as possible in a spiimg situation as they
are usually only required to leap far enough to evade a player or to make a play, indicating
that a normalised distance may suffice for assessment of movement competency in the

context of ACL injury risk.

Thisstudy is not without limitations. Although the order of tests (normalised or maximal)

was randomised, an order effect was observed. Therefore, it is possible that the
participants gave different levels of effort across the trials, but not necessarily praced

a true maximal effort owing to factors such as fatigue, familiarisation, perception of effort,

or attention. Perceived difficulty was not collected in this study, limiting our ability to

tue¢ UqRn! W6 JWGe ! qRARGE Uqt k HuBHaImetd) GeGUY thskL Y 'n Lq ¢
was anticipated (i.e., participants knew which leg to land on and perform the task with),

limiting generalisation to unanticipated tasks that are more reflective of ACL injury
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mechanisms (Weinhandl et al., 2013) It has been suggested that individuals use
different strategies to execute planned versus unplanned movements, specifically,
greater implications of overuse injuries are apparent in planned compared to unplanned
movements. Future research should examinaevhether biomechanics are affected based
on whether the task is set or involves a reactive component, as well as how
biomechanics change with increase in leaping distance. A further limitation is the
sample size = 26), which represented a crosssection of the maturation stages for both
sexes. With a larger sample size than 26 participants based on detecting differences
between CUT tasks, it would have been possible to further explore additional factors,
such as the effect of maturation on outcomes or betwen sex differences.Furthermore,
the mean hop distance of the normalised condition was 159% of leg length, exceeding
the 150% target. There are several potential underlying factors to this overshooting: the
landing distance was too easy; participants haddifficulty seeing the target in their
peripheral vision while facing forwards; the Hawthorne effec{Sedgwick & Greenwood,
2015) and the testing environment incited participants to perform better than the
requirement; or the decision to measure the distance based on a marker placed on the
toes rather than the midfoot or heel. It is generally common in sports and jump tests
involvinD WS Y1 RAYUqeadWaYAaGYUWUqt WnY! WRUT R2RT 2¢ 0t W
distance (Padua et al., 2009), inferring they must get to or exceed the set target.
Reinforcing the importance of landing on the target or rdoing trails which were too far

off the target would likely bring the mean value closer to the target.

Further research is required to determinevhether the normalised condition 0f150% leg
length currently used isappropriate, or if our mean maximal values of 175% would be
more suitable and achievable. Furthermore, it would be beneficial to determine if an
ideal percentage of leg length exists for the normalised CUT which best represents that
of a high ACL injury risk sportingituation, particularly in different maturational groups or

in groups with different abilities. Assessing what the average cutting distance is across
the course of a game, considering fatigue, within different sports and quantifying this in
relation to percentage of leg length may inform the development of screening tools which

are more specific to the demands of the sport.
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To conclude, onaverage, participants leapt significantly further during the CUT task
when requiring a maximal effort compared to when normalising the distance to 150% of
leg length, suggesting significantly different performance demands of theonditions.
However, a more variable landing distance was observed during the maximal conditipn
as indicated by larger standard deviations and significant variance in absolute deviations.
We recommend that normalising leaping distance to leg length allows for
standardisation of the CUT task and facilitates comparisons between individuals
deriving from a heterogerous sample. However, the normalised condition may not elicit

a maximal response or sufficiently represent an injuryisk specific situation. Hence,
selection of a protocol specific to the study goals is important. A normalised distance
based on a percentage of leg length may be better suited when examining individuals
presenting with a wide range of heights, maturation stagesexes, or physical abilities,
yet a maximal maybe more suitable for a more homogerous sample or prepost study
designs. Future research should investigate whether loweextremity kinematics and
kinetics differ between normalised and maximised CUT tasks and explore the specificity

of these manoeuvres to biomechanics related to ACL injungsk.
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Part 2 1 Stepping into the unknown: Experimental

research

Prelude

Part 1 systematically appraised and summarised the literature concerning the
differences in biomechanics associated with ACL injury betweematuration stages and
piloted the methods of a sport and injury specific drogand and cut task.The systematic
reviewhighlighteddifferences between studiesin the methods usedto identifyand group
maturation stages. The use of different methods fomaturation stage identification and
grouping highlighted the need for standardisation of these definitions toimprove
scientific inference. We used validated and reliable tools to determine and confirm each
participant's maturation stage and categorised them into a prepubertal, early-/ mid-
pubertal, or late-/ post-pubertal group accordingly. This approach allowed the
examination of differences in biomechanics between groups that have experienced no
pubertal influence, a smadl to moderate level of pubertal influence, and almost complete

or complete pubertal influence based onsubjective and objective validated tools

Another limitation identified in the systematic review was the lack of research in males
across maturational phases, and research comparing males and females across
different maturational phases. Consequently, equal numbers of males and females
across all three maturation stages were targeted to allowcomparisons in biomechanics
between males and femalesacross maturation, underpinning the differences in injury

rates between sexes observed with biological maturatioriManiar et al., 2022)

Non-contact ACL injuries typically occur during the deceleration phase of singleg
landing or change of direction tasks(Boden et al., 2000; Yu & Garrett, 2007From a
biomechanical perspective, reduced knee flexion angles, larger knee abduction angles
and moments, and greater peak vertical ground reaction force (VGRF) upon landing have
been associated with an increased ACL injury riskHewett, Myer, Ford, et al., 2005)

Furthermore, although the metrics examined between studies included in our

111



systematic review varied, four key metrics (knee flexion angle, knee abduction angle,

knee abduction moment, and VGRF) were the most commonly observed metrics.

The systematic review identifiedthe use of thedouble-leg drop jump task in many studies
as a limitationdue totheir lack ofsport or ACL injury specifiity, hence, the transferability
of the results to real life interpretation and applicationwere limited. Different single-leg
landing tasks were selected for investigationin these experimental studies. Singleleg
landing tasks have a similar perceived challenge to cutting, are more biomechanically
challenging for the knee joint, and more commonly obseneduring ACL injury situations
than double-leg tasks (Boden et al., 2000; Hanzlikova et al., 2021pingleleg landings
generally involve greater lower limb loading, a smaller base of support, and greater
stability challenges (Russell et al., 2006) The single-leg landing tasks utilised in the
experimental studies are described in terms of their relevance to sporting movements
and biomechanical challenge The single-leg drop-land task (LAND) challenges force
absorption, balance, and stability slightly more than the other tasks. Theingle-leg drop-
land and vertical hop task (VERTgquires an absorption and then reapplication of force
which adds a sagittal plane challenge. Thesingle-leg drop-land and cut (CUT)task
incorporates a frontal plane change of momentum simulating the sportingdemands of
acommonly usedrunning change of direction task bubeingappropriate for a laboratory
setting. Thesingle-leg droprotate land and vertical hop task (ROT) includes a transverse
plane dynamic component where the participant needs to decelerate their downwards
and rotational momentum uponlanding to then perform a vertical hop. Furthermore, the
ROT task as been suggested as more appropriate than a doudkg drop-jump for
revealing risky movement pattens for non-contact ACL injury with higher levels of
challenge and sport specificity(Hanzlikova et al., 2021)The taskswere chosen to cover

a range of difficulty levels and biomechanical challenge, but all reflect movement

patterns observed in sporting situations and associated with ACL injury risk profiles.

Establishing the reliability of the biomechanicalmetrics of tasks used to assess injury
risk factors supports their suitability for identifying potentially high injuryrisk movement
patterns (Yeow et al., 2011) Reproducible and reliable screening methods are
paramount for ascertaining accurate changes both within individualg(for identifying

changes to risk of injury over timeand betweenindividuals (for identifying level of risk or
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movement pattern trends within groups) Due to the paucity of literature describing the
use ofthe single-leg landing tasksused in the experimental studiesand the differences
in their movement demands, it was important to determine the importance and reliability
of the key biomechanical metrics with respect teeachtask. Therefore,a secondary focus
of the experimental researchwas to establish the test-retest reliability of biomechanical
metrics associated with ACL injury risk withirthe study population to determine their
suitability for identifying differences in movement patterns between maturational groups

(Yeow et al., 2011)

Therefore, the overallaim of Part 2is to explore potential differences in biomechanics
associated with ACL injury in males and females of different specifiechaturation stages
using four different sport and injury risk specific singldeg landing tasks. The
identification of differences in biomechanics associated with ACL injury risks crucial for
informing the development of effective risk mitigating strategies and preventative

training programmesspecific to maturation stage andsex.

113



4.0 Chapter 4 T Methods

4.1 Participants

MIONEONILE G W RAIJWIY qRAG ¢ qRYU

For the crosssectional study, sample size calculations were performedin G*Power
OIONI®OT We t RUNLWaq 6 Wb §¢ alll R+VUI WInnAgt AW G
Kim and Lim (2014}letected alarge effect size difference inknee abduction moment (f=
0.5) between premenarcheal and post-menarcheal female athletes during a singleleg
drop-land task. Hence, sample size calculations were basedn detecting alarge effect
size difference in knee abduction moment (f = 0.4)esulting in a requirement of 64
participants given an alpha of 0.05 (5% significance) and beta of 0.20 (80% power) when
accounting for the main effect of sex (2 levels), maturationagroup (3 levels), and their
interactions (i.e., 6 groups and 2 degrees of freedom). Twelve participants per
maturational group and sex were targeted to account for 10% of missing data (i.e.5 72)
however, 69 participants wererecruited. For the reliability study, 15 young court or field

sport athletes volunteered to return for a second testing session

Table 10 Demographic data ofall participants included in the reliability studygrouped by
sex.

Females Males
Sample (n) 8 7
Age (y) 142 £+ 4.7 16.3 + 4.6
Height (cm) 153.4 +18.5 169.0 + 38.2
Mass (kg) 53.4+19.5 73.4+26.8
BMI (kg/m?) 21.9 5.0 246 +6.9

NMIONKFHD 2t RYUOWe U1 WI+Hdet RYUWHRI Rl R¢
Participants were included if they wereaged 7 to 21 years, had a body mass index30

kg/m?, were currently participating in a court or field sport at least twice per week
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involving jump-landing or change of direction, and were classified as recreationally
active (i.e., at least 30 minutes of moderate or vigorous daily physical activity dour days
GUI Ws Wt b OWNSWIWEYT RnRIJT W9 6 RO I(Telfdrd ettalll004R + 2 | 1J W
(Appendix N) self-reported physical activity questionnaire was used to determine
habitual physical activity levels. Exclusion criteria included the use of hormonal
contraceptive treatment/medication (excluding the monophasic contraceptive pill) as
previous research has demonstrated biomechanical differences and potential for
ligamentous laxity effects in those using some contraceptive treatment¢Samuelson et
al., 2017) Other exclusion criteria included: individuals who identified as a gender
different to their sex at birth or were transitioning to a sex different from that at birth, a
history of significant orthopaedic lower limb trauma in the six months prior to testig
requiring surgery or more than three months of physiotherapy, a previous ACL or
meniscal injury or surgery, a medical condition affecting performance of sporting tasks,
or a recent (less tharthree months) or current knee pain (specifically patellofemoal pain

and patella tendinopathy).

MION-HO@|LH | ¢ a REYGELH gREIIAE q RY U

Participants were categorized into three pubertaimaturation stages using a modified
Pubertal Maturation Observational Scale (PMOS[jAppendix O) and the peak height
velocity (PHV) calculation. The PMOS was used to classify participants as ppebertal
(Tanner stagel), early-/mid-pubertal (Tanner stagesll and Il with growth spurt or
menarche for females), and late/post-pubertal (Tanner stagesVand V with growth spurt
and menarche for females). Thesematuration stages were based on seHl or
parent/guardian-rated Tanner staging for breast development, growth spurt (i.e., 7%.0
cm of growth in the past six months), menarche status, body hair development, sweating,
and muscular definition (Tanner, 1986; Tanner & Davies, 198&eeAppendixP). The PHV
was calculated using reported date of birth and measured standing height, seated height,
measured leg length, body mass, and body mass index (BMMirwald et al., 2002) and
sct Wet DI WqYWHRYUNRI W6 JWHNDI Ysqb Wt Gel qk WHI R

participants were defined based on their biological sex at birth.
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4.2 Procedures

Ethical approval was obtained prior tocollecting any data: HREC(Health)2022#53 and

adhered to the Code of Ethics of the World Medical Association (Declaration of Helsinki

Ethical Principles for Medical Research Involving Human Subjects) and the Health

At el A6W9YeaUHROKY WNeRIWRBEVE AR WKLY 5 & B O LLIgly WL

principles guiding ethical research involving children (Graham et al., 2013).

Participants in the reliability study attended two testing sessions after the principal
investigator had screened their eligibility to ensure they meet the inclusion/exclusion
criteria. Menstruating female participants attended the one testing session dung the
first five days of their follicular phase of their menstrual cycle as identified by the onset
of menstruation as this phase was simplest to identify and has the lowest sex hormone
levels (Reilly, 2000) If these participants were in the reliability portion, their second

session was 4872 hours later but also within the firsfive days of their menstrual cycle.

NOANIL qRYUU¢ RI 134

The first stageof data collection involved completion of consent and assent forms, a
baseline questionnaire composed of demographic characteristics (age, sex, leg
dominance, training history, and injury history), a physical activity questionnaire, and the
PMOS. Females also completed a mastrual cycle tracking app (with at leasbne month
of prior tracking), and a menstrual cycle questionnaire composed of regularity and timing

characteristics of menses (see AppendixX).

NIO2KA I RGqR2VWI ¢qe WRYTaGWHqRYU

Participant standing and seated height was measured usinggtadiometer (Seca model,
0123), mass was taken from theKistler 9260AA6 multicomponent force plate (Kistler
Group, Winterthur, Switzerland) and leg length was measured on the right leg using a
tape measure,the same measurement recorded twice with the participant lying supine,

from the anterior superior iliac spine (ASIS) to the medial mallediNeelly et al., 2013)
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NIOECRNE WY n WGE |l qRARGcUqWn Y| WOo?2 Wi YqRYULWHE Gagal
Prior to data collection, 42 retroreflective markers and five 4narker clusters were
positioned on the skin surface at select anatomical locations according to the Calibrated
Anatomical System Technique (CASTJCappozzo et al., 1995) The clusters were
positioned on the lateral aspects of the midshank and thigh on the line connecting the
proximal and distal joints of the respective segments projected to the sagittal plan@im

& Lim, 2014; Nasseri et al., 2021; Orishimo et al., 2009; Schache & Baker, 2Q0Higure

9). The CAST approach is beneficial as it models each body segment in six degrees of
freedom, which enables full representation of function and interaction of different body
segments and joints in comparison to simpler anatomical modelgRichards, 2018) The
markers were attached using hypoallergenic doublesided tape and topical skin
adhesive and the cluster sets secured using elastic bandages. When the markers and
clusters were placed on the body segments, d4-second static trial was recorded for the

purposes of model calibration.
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Figure 9 3D motion capture marker set based on theCalibrated Anatomical System
Technique (CASTinodel.
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M oNon W 1

Four different landing tasks were assessed: 1) singleg drop-land (LAND)Fgure 10), 2)
single-leg drop-land and cut (CUT)Figure 11), 3) singleleg rotating drop-land and hop
(ROT)(Figure 12), and 4) singleleg drop-land and vertical hop (VERTJFgure 13).
Following each task, participants were asked to evaluate the level of difficulty of the task
using the following 5point Likert scale: Ir very difficult, 2T difficult, 3 T neutral, 4T easy,

5T very easy.
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Figure 10 Single-leg drop-land (LAND ) task.

Figure 11 Single-leg drop-land and cut (CUJ task.
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Figure 12 Single-leg rotating dropland and hop (ROTjask.

Figure 13 Single-leg drop-land and vertical hop (VERTask.
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The LAND, CUT, ROT and VERT were performed from a standardised box height of 30 cm
(Kim & Lim, 2014)The LAND required participants to stand on one leg at the centre of the
box, to drop off the box, and to land on the same leg on a target 30 cm in front of the box,
trying to remainstable on the same leg for Zeconds (Kim & Lim, 2014)The CUT required
participants to drop off the box and land on the same leg on a target 30 cm in front of the
box and then immediately leap 90° laterally to land on their opposite le@asseri et al.,
2021) aiming for atarget that had been placed at 150% of their leg length (determined
based on the results of a pilot study. The ROT required participants to stand on one leg
YUWq6 WWHY #We UT W6 Y G WY tarning dp¥hal sayhe| sideg &bLthe fdgt théy U a6 1J |
stood on, before landing on the same legn the target placed 30 cm in front of the box
and then immediately hopping as high as possible vertically. The VERT required
participants to stand on one leg on the box, drop off the box to land on the sartegy on a
target 30 cm in front of the box and immediately hop jump as high as possible vertically

to land on the sametarget as the initial landing(Kim & Lim, 2014)

Each trial was separated by a rest period of 38econds, or until the participant felt
adequately recovered (Hanzlikova et al., 2021). The participants ranked the difficulty of
each task immediately after completion using the following Epoint Likert scale: Ir very
difficult, 2 T difficult, 3 T neutral, 4 T easy, 5T very easy. The order in which the tasks were
performed, and the use of the dominantand non-dominant legs were randomised.
During the data collection sessions, the participants wore minimal andtight-fitting
clothing such as sports bras, fitted shorts, and their own running shoes. Three successful
trials were collected from each participant, as defined by the participant performing the
tasks instructed in a fluid motion, andsuccessful collection of biomechanical data. A

flow chart of the data collection procedure is presented inFigure 14.
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Repeat 2-4 days later if in reliability portion of study

\

Dynamic trials
{LAND, CUT,
ROT, VERT) in
randomised

order.

Questionnaires

and
anthropometrics

Demonstration
and
familiarisation of
task.

Task completion
on both legs and
difficulty
ranking.

Figure 14 Flow chart of data collection procedure Note: LAND, single-leg drop-
land; CUT, single-leg drop-land and cut; ROT, single-leg rotating drop-land and
hop; VERT single-leg drop-land and vertical hop.

Nzl DR6c URHcGWer + 3 GUUq

An 8camera motion analysis system (Oqu& 00+ cameras) and software (Qualisys Track
Manager v.2019.1, Qualisys AB, Gothenburg, Sweden) was used to capture the kinematic
data at a sampling rate of 200 HZA Kistler 9260AA6 multicomponent force plate (Kistler
Group, Winterthur, Switzerland)sampling at 1,000 Hz was used to obtain kinetic data
using a 5695B2 DAQ system (Kistler Group, Winterthur, Switzerland), synchronised to the
3D motion capture, and collected within the Qualisys Track ManagerThe metrics
collected included knee angles and momens in all three planes of motion, ground
reaction force (GRF) and performance metrics; time to peak knee flexion for all tasks,
stance time and flight time for CUT, ROT AND VERT, and jump height for ROT and VERT.
Moments were presented normalised to body mass and height to account for the large

variation in growth of the participants (Nm/kg/m).GRF were presented normalised to
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multiples of body weight. Furthermore, knee marker and joint centre positions were
extracted to assess the reliably of marker placement. To assess reliability of marker
positioning, distances between the lateral and medial markers, between the lateral
marker and the joint centre (@fined as the proximal end of the tibia segment), and
between the medial marker and the joint centre were extracted in the x, y, and z
coordinates from the repeat visit static trials.Descriptions of the operations of included

biomechanical metrics are reported inin Appendix AK.

nio=wx We Ue d! + Rt

Data were exported and processed using Visual3D Professior#(v.6.01.36, HAS Motion,
Kingston, CA. A biomechanical model using 13 rigid segments with six degrees of
freedom at each joint was constructed(Hanzlikova et al., 2021)The local coordinates of
all segments were obtained from a previously captured static trial. Any potential marker
data gaps, up to 10 frames (20 ms), were interpolated using a third order polynomial fit
algorithm. A fourth orderow-pass Butterworth filter with a cutoff frequency of 15 Hz was
then applied to the data (Hanzlikova et al.,, 2019) A lowpass filter with a cutoff
frequency of 50 Hz was applied to the force datéHarry et al., 2022)

NIOETW Rt qRAc W Uca! t+ RY

A two-way mixedeffects, absolute agreement, multiple measurement Intraclass
Correlation Coefficient (ICC) was used to assess the testetest reliability the variables
collected from the 3D motion analysis andorce plate during a LAND, VERT, CUT and ROT
task (Koo & Li, 2016; Portney & Watkins, 200apd of the knee marker placement from
the static trials. R studio (2023.12.0+369 was used for the analysis Q-Q plots were
visually inspected to assess normality of distribution.ICC values less than 0.5 were
deemed poor reliability, values between 0.50 and 0.75moderate reliability, values
between 0.75 and 0.90good reliability, and values greater than 0.90 indicateaxcellent
reliability (Koo & Li, 2016; Portney & Watkins, 20Q9Additionally, 95% confidence
intervals and the pvalue of the ICC were reported. F values and degrees of freedom were

also calculated and presented. Betweensession variability was determined using

123



typical error (TE) values which were calculated for each variable according to the
methods of Hopkins (2000)and expressed in both unit values and coefficient of variation
percentage (CV%) values. Lower and upper limits were also calculated for both TE and
CV% and presented. Descriptive results were reported as meatnstandard deviation(SD)
for each trial and the difference. A paired -test was used to explore statistically
significant differences between trials. Statistical significance was acknowledged if p <
0.05(Myer et al., 2015)

Regarding the determination of group differences, participants were grouped by sex and
into three maturational phases as: Pre, prepubertal; Mid, early-/mid-pubertal; and post,
late-/post-pubertal. Normality was assessed using ShapiréNilk's normality test and
homogeneity of variances was assessed using Levene's tefir each sex by maturation
group. Descriptive statistics (mean + SD) were used to report participant demographics
and anthropometrics. Differences in demographics, anthropometrics, and
biomechanical variables between sex (male, female) and maturation (pre, mid, and post)
were assessed using separate2x3 way analysis of variance (ANOVA). Pairwise
comparisons were used to explore differences between groups when significant
interaction effects of sex and maturation, or significant main effects of sex or maturation
were detected. All statistical tests were perfoamed using SPSS. Effect size was
Hclradceqll Wet gRiormulhes dampte 1SikeB Wdrekutiéven between groups
(Dhakal, 2023) Effect size was interpreted asmall, medium, andlarge when reachingg
thresholds of 0.2, 0.5, and 0.8, respectivelyZach, 2021)

Residual analysis was performed to test for the assumptions of thex3 way ANOVA.
Outliers were assessed by inspection of boxplots and individually corrected if there was
an input error, removed if there was marker slippage or a mistrial, or confirmed as true
readings accordingly. The detected outliers were examined individllg, and all were
determined to be true measures hence were maintained in the dataset. Residuals were
mostly normally distributed (p > 0.05). ANOVAs are considered relatively robust to
deviations from normality (Maxwell et al., 2017) Consequently, the ANOVAs were run
regardlessof meeting normality of distribution to maintain consistency in reporting but
the results of the violations have been reported fotransparency. (Appendices Q, S, U,

and W).There was homogeneity of variancegp(> 0.05) for most metrics. Metrics which
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violated the assumption of homogeneity are reported irAppendices R, T,V, and X To
account for these violations, common logarithmic transformations (Log(10)) were
GUI nY!I T wWwYOWaqd6 3t Wl ¢ q¢ WGI RY I WaqY,lke @gatd beReU N Wa 6 1
translated using a constant value to a lower limit of one, before being transformed.

Statistical significance was set top <0.05.

Subjective ratings regarding task difficulty were described using median, mode, and
frequency indicators, and compared between tasks using the Friedman test with
Wilcoxon signedrank tests during posthoc comparisons. The Wilcoxon signeerank

tests were adjusted for multiple comparisons using a calculated Bonferroni adjustment

which set the posthoc significance level atp = 0.013.
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5.0 Chapter 51 Results

5.1 Reliability results

Reliability of knee marker position is reported in AppendixJAThere was no systemic bias
between trials based on pairedt a) I3t qt W2 ©.0i68)IIMhelireahltifference in position
between trials ranged from-11.41 to 7.89mm, and was larger in th€medial lateral) than

x-axis (anterior posterior) or zaxis (vertical)

5.1.1 LAND

Outcomes from the testrretest reliability for the LAND task on the dominant leg are
summarised in Tablel0. Reliability of outcomes weremoderate to excellent across most
metrics between testing occasions (ICC 0.5110.940). However, poor ICCs were
identified for knee metrics of peak extension moment (ICC 0.336, CV 5.5%), range
sagittal moment (ICC 0.287, CV 4.5%), peakarusmoment (ICC 0.468, CV 96.5%), peak
lateral GRF (ICC 0.257, CV 32.5%), and peak posterior GRF (ICC 0.232, CV 45.9%).
Additionally, significant differences were observed between trials for the metrics of range
sagittal moment (p = 0.036), peak lateral GRFp(= 0.003), and peak posterior GRp =
0.011). The CV% values were suboptimal across most metrics (CV 4140.1%) with CV
< 10% observed for onlyive metrics, suggesting a greater level of dispersion around the
mean for most variables between the first and second session. For the nestominant leg
(Table 11) reliability of outcomes were moderate to excellent across most metrics
between testing occasions (ICC 0.6020.971). However,poor ICCs were identified for
metrics of peak extension moment (ICC 0.396, CV 5.5%) and range sagittal moment@C
0.397, CV 6.5%). Additionally, significant differences were observed between trials for
rangevalgusmoment (p = 0.012). The CV% values were suboptimal across most metrics

(CV 5.3103.7%) with CV < 10% observed for ongyx metrics.
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Table 11 Between session reliability of metrics collected from thesingle-leg drop-land (LAND)task on the dominant leg.

Pairedt-
Trial Amean 1 Trial B mean 2 Difference TE [lower, ICCp- test p-
SD SD mean = SD upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé?) 61.93+ 1008 63.4+1109 151+4.98  3.52[2.58 555 5.6 [4.1, 8.9] 0.940 [0.827,0.980] <0.00L  0.260
Peak extension angle)  1467%53  16.B%6.0 136+ 327 2.32[169 365  15.1[11.0,23.8] 0.903[0.711,0.967] <0.00L  0.129
Range sagittal angle) 4726 7.  47.41:766 0.15:3.7 2.64[1.93, 416] 5.6 [4.1, 8.8] 0.941[0.825,0.980] <0.00L  0.881
Z\fr":‘]'/‘kg?r)g)o” moment 037+013  0.41+016 0.04+ 0.3 009[0.07,0.5] 24.4[17.9,38.5] 0.702[0.082,0.904] 0.016  0.268
Peak extension 168+0.5 -172+083 0.04+0.3 0.09[0.07, 0.15] 5.5 [4.1, 8.7] 0.336 0.045,0.716] 0.078  0.260
moment* (Nm/kg/m)
(F*Nan'fl?lfg/sri?'“a' moment™ 5 5+027  2.13+0. 008+0.B  009[007 0.5  45[33,7.1]  0.287{0.040,0.670] 0085  0.036
Peak abduction angle) 502+ 6.2 5814525 07842 3.00[2.20, 4] 55.4[40.6,87.4]  0.840[0.530,0.946] 0.001  0.486
Peakvarusangle(®) 296+3.8  -2.10+487 086+3.% 279[2.04, 4.4 110.1[80.6,173.7] 0.747[0.259,0.915] 0.007  0.413
Range coronal anglg) 79832  791+3@  007£3.2 228[167,359  28.7[21.0,45.2] 0.653{0.087,0.885] 0.034  0.930
Z\Tr":‘]'/“k’g}?nu)smomem 042+ 016  0.43+0.4 0.01+0.13 009[0.07,0.4] 21.2[15.5,633.4] 0.691[0.013,0.904] 0.023  0.809
z\?r":‘]'/“k’g;r‘:;rnome”t 025018  -0.32+035 007+039  028[0.20,0.4] 965[70.6,152.1] 0.468{0.225,0.804] 0.069  0.529
(RNan’fl?lfgfn‘z;"”a' moment  ,68+026  0.75+037 007+ 0.0 028[0.21,0.4] 39.9[29.2,63.0] 0.527{0.065,0.822] 0.037  0.493
Z:;l; Ef,‘)tema' rotation g9+ 6 737452 1124407  287[2.10,43] 36.3[26.5,57.2] 0.858[0.589, 0.952] <0.00L  0.302
zsgl';(‘i;‘tema' rolation 5 p+6.8  -607+6.5  1.05+539 3.81[2.79 6.0] 68.7[50.3,108.3] 0.802[0.417,0.933] 0.002  0.463
(Fig"”ge transverse angle 14, 387 134240 007+ 4.0 2.83[2.07, 446 21.0[15.3,33.1] 0.679{0.001,0.894] 0.025  0.944
Peak internal rotation 028+008  029+009  0.01% 007 0.05[0.04,008] 16.9[12.4,26.7] 0.638{0.039,0.889] 0.035  0.573
moment(Nm/kg/m)
Peak external rotation 56, 607 goa+0.01  0.02+ 007 0.05[0.40,008]  95.6[70.0, 150.7] 0.724[0.363,0.898] 0.001  0.385
moment(Nm/kg/m)
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Range transverse

moment(Nm/kg/m) 0.34£0.0
Peakvertical GRF (Bw) 420+ 086
Peak anterior GRBW) 0.14+0.15
(PE?\?\/'; posterior GRF* 014+ 006
Peak lateral GRRBW) 0.24+ 008
Peak medial GRBW) -0.61+ 018

0.23+£ 007

Time to PKEs)

0.33+0.0
415+ 086
0.13+0.13
-0.24+0.12
0.15+ 006
-0.64+0.24
0.24+ 0.0

0.01+0.10

0.05+ 047
0.01+£0.2
0.10+ 0.2
0.09+ 009
0.03x0.4
-0.01+ 006

0.07[0.05, 0.12]
0.33[0.24, 0.53]
0.08[0.06, 0.13]
0.09[0.06, 0.14]
0.06[0.05, 0.10]
0.10[0.07, 0.16]
0.04[0.08, 006]

21.8[16.0, 34.4]
7.91[5.7, 12.7]
61.1[44.3, 98.5]
45.9 [33.3, 74.0]
32.5[23.6, 52.4]
15.8 [11.5, 25.5]
16.9 [12.2, 27.2]

0.511 §0.128, 0.827]
0.924 [0.764, 0.976]
0.796 [0.344, 0.935]
0.232 {0.561, 0.703]
0.257 §0.454, 0.707]
0.881[0.641, 0.961]
0.885 [0.649, 0.963]

0.064

<0.001
0.005
0.261
0.238
<0.001
<0.001

0.828

0.711
0.876
0.011
0.003

0.371
0.452

Note:*indicates ICC below 0.50BW = body weigl) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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Table 12 Between session reliability of metrics collected from thesingle-leg drop-land (LAND) task on the nondominant leg.

Pairet-
Trial Amean = Trial B mean Difference TE [lower, ICCp- test p-
SD +SD mean = SD upper] CV% [lower, upper] ICC [95% CI] value value
63.0+

Poak flexion anglé?) 65.41 + 1027 o7 1.99+ 5.8 356 [2.2, 6.04] 55[3.9,9.4  0.920[0.736,0.977] <0.00L  0.244
Peak extension anglg)  15:2+2.0  1338+54  2.35:3.99 2.82[2.00,479  19.4[13.7,32.9] 0.602{0.209,0.880] 0.053  0.089
Range sagittal angle) 4968+ 9.8 50.04£775 -0.35%377 2.66[1.89, 4.3 53[3.8,9.1]  0.941[0.794,0.983] <0.00L  0.778
Z\fr":‘]'/‘kg?r)g)o” moment 0.37+0.D  0.42+0.3 -0.05+0.1 008[0.05, 0.3] 19.5[13.8,33.1] 0.833[0.301,0.955] 0.005 0.162
Peak extension 1754027 -1.71+026 -0.04%0.13 0.09[0.07, 016] 55([3.9,9.3]  0.396{0.026,0.777] 0.052 0.413

moment* (Nm/kg/m)
(F*Nan'fl?lfg/sri?'“a' moment™ 5 154037  2.13+029 0.02+0.D 0.14[0.10,0.8]  6.5[4.6,11.1] 0.3970.024,0.778] 0050  0.818
Peakvalgusangle(’) 4.98+56f  501+775 0.03+ 449 3.18[2.25 539 63.6 [45.0,107.9] 0.849[0.457,0.957] 0.003  0.984
Peakvarusangle(®) 306+ 446  -409t7.8 -1.02+5.2 3.71[2.63,629] 103.7[73.5,176.1] 0.686{0.113,0.910] 0.036  0.559
Range coronal angle) 806227  9.10£366  -1.05% 257 1.82[129,308  21.2[15.0,36.0] 0.708[0.057,0.914] 0.020  0.227
E’,\?ri'/“k’gjfnu)smomem 039+0.4  048+017 -0.09+0.10 007[0.06,0.2] 15.7[11.1,26.7] 0.799 [0.146,0.948] 0.011 0.012
z\?r":‘]'/“k’g;r‘:;rnome”t 0.28+0.B -0283+02D 0.00+0.1 0.08[0.06,0.4] 35.6[25.2,60.5] 0.854[0.476,0.958] 0.001 0.986
(RNan’fl?lfgfn‘z;"”a' moment  e+015  0.71+0.5  -0.09+0.1 0.10[0.07,017]  15.5[11.0,26.3] 0.6850.017,0.914] 0.029 0.084
Z:;l; Ef,‘)tema' roation 768465  836+629 048+ 456 322[228,547] 39.7[28.1,67.4] 0.820[0.357,0.949] 0005  0.753
zsgl';(‘i;‘tema' roation - 4 63+6.4  -538+897 075+ 6.683 469[3.32,7.96 93.7[66.4,159.1] 0.717{0.031,0.919] 0.028  0.734
(Ff;"‘”ge transverse angle 1o .36 137U+58 1.3+ 367 2.60[1.84, 4.4] 19.8[14.0,33.6] 0.764[0.219,0.931] 0.010  0.322
Peak internal rotation 026+ 009  026+009 0.0+ 008 0.06[0.04,009]  21.1[15.0,35.9] 0.6320.056,0.891] 0.035 0.939

moment(Nm/kg/m)
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Peak external rotation
moment(Nm/kg/m)
Range transverse
moment (Nm/kg/m)

Peakvertical GRF (BW)
Peak anterior GRBW)
Peak posterior GRBW)
Peak lateral GR(BW)
Peak medial GRBW)
Time to PKES)

-0.07+ 005

0.33+ 009

4.05+ 068
0.14+0.13
-0.12+ 007
0.31+0.13
-0.60+ 016
0.24+ 007

-0.07+ 006

0.34+ 009

3.97+ 069
0.11+ 008
-0.12+ 007
0.30+ 0.2
-0.60+ 016
0.24+ 007

0.01+0.(8

0.01+ 007

0.08+ 036
0.03+0.11
-0.01+0.(8
0.01+ 007
0.01+ 006
0.00 + 0.6

0.02[0.01, 0.08]

0.05[0.03, 008]

0.25[0.18, 0.41]
0.07[0.05, 0.12]
0.02[0.02, 0.(8]
0.05[0.04, 008]
0.04[0.08, 006]
0.03[0.02, 006]

29.2 [20.7, 49.6]

14.7 [10.4, 24.9]

6.3[4.6, 10.2]
58.1 [42.1, 93.6]
18.5 [13.4, 29.9]
16.6 [12.1, 26.8]

6.5[4.7, 10.5]
14.0 [10.1, 22.5]

0.920[0.712, 0.977]

0.625 §0.053, 0.892]

0.928 [0.781, 0.977]
0.675 [0.022, 0.895]
0.950 [0.848, 0.984]
0.911[0.727, 0.971]
0.971[0.911, 0.991]
0.908 [0.712, 0.971]

<0.001

0.039

<0.001

0.023
<0.001
<0.001
<0.001
<0.001

0.405

0.662

0.421
0.327
0.399
0.547
0.551
0.801

Note:*indicates ICC below 0.50BW = body weigl&) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coefficit
peak knee flexion, SD = standard deviation, TE = typical error
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5.1.2CUT

Testrretest reliability results for the CUT task on the dominant leg are summarised in
Table 12. Reliability of outcomes weremoderate to excellent across most metrics
between testing occasions (ICC 0.5180.977). Poor ICCs were identified for metrics of
peak extension moment (ICC 0.485, CV 11.5%), range sagittal moment (ICC 0.420, CV
10.1%), range transverse moment (ICC 0.466, CV 19.4%), peak anterior GRF (ICC 0.213,
CV 59.1%), and peak medial GRF (ICC 0.185, CV 30.9%yrther, significant differences
were observed between trials for the metrics of peak lateral GRFp € 0.016), and peak
medial GRF p = 0.000). The CV% values were suboptimal across most metrics (CV 7.5
119.3%) with CV < 10% observed for ontlgree metrics. The results for the nordominant

leg are displayed inTable 13. Reliability of metrics were mostlymoderate to excellent
between testing occasions (ICC 0.65%50.988). However,poor ICCs were identified for
metrics of peak extension moment (ICC 0.394, CV 12.1%) and range sagittal moment
(1ICC0.423, CV 11.0%). The CV% values were suboptimal across most metrics (CV-4.3
125.6%) with CV < 10% observed for ontliree metrics.
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Table 13 Between session reliability of metrics collected from thesingle-leg drop-land and cut (CUT) task on the dominant leg.

Pairedt-
Trial Amean + Trial B mean Difference TE [lower, ICCp- test p-
SD +SD mean = SD upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé) 66,5+ 747 6446669 2.05%6.9 489358 7.7]  7.5[55 11.8] 0.684[0.098,0.892] 0.016  0.270
(F:‘;ak extensionangle 1 g0, 458 18164609 049+ 5.2 3.71[2.71,5.8]  20.7[15.1,32.6] 0.703[0.088,0.901] 0.018 0.732
Range sagittal angls) 488559  46.D+561 252:51 3.61[2.64,569  7.6[5.6,12.0] 0.706[0.160,0.900] 0.011  0.076
Z\fr":‘]'/‘kg?r)g)o” moment 557404  025+0.4  0.0240.12 0.08[0.06,0.13] 31.8[23.3,50.2] 0.795[0.263,0.936] 0.005 0.529
Peak extension 176+038  -1.82+03  0.07+029 0.21[0.15,0.2] 11.5[8.4,182] 0.485[0.116, 0.815] 0.071 0.386
moment* (Nm/kg/m)
Range sagittal 208+038  208+0.5  0.05+029 0.21[0.15,0.8]  10.1[7.4,15.9] 0.420{0.104,0.779] 0.085 0.538
moment* (Nm/kg/m)
Peakvalgusangle(®) 817+589  9.42+5%  125+506 358[2.62,5.64] 40.7[29.8,64.1] 0.758([0.299,0.918] 0.005  0.354
Peakvarusangle(®) 2124438  -1.50+48  0.62+ 305 216[158, 3.4] 119.3[87.3,188.1] 0.868 [0.615,0.956] <0.00L  0.445
Range coronal anglg)  1029£3.60  10.2%266 0.63+ 3.6t 257[1.88 405  24.2[17.7,38.2] 0.516]0.472,0.838] 0.096  0.511
E’,\?ri'/“k’gjfnu)smomem 036+0.83  0.35+0.0 0.0l+008 005[0.04,009] 15.4[11.3,24.3] 0.713[0.030,0.913] 0.021 0.484
z\?r":‘]'/“k’g;r‘:;rnome”t 026+016  -029+0.D 0.083+0.1 0.09[0.06,0.14] 32.2[23.6,50.8] 0.876[0.643,0.958] <0.00L  0.363
(RNan’fl?lfgfn‘z;"”a' moment  (&+017  0.6440.20  0.02+0.14 0.10[0.07,015  15.2[11.1,24.0] 0.622}0.057,0.880] 0.038 0.662
Z:;';E?)tema' rofation  go54785  0.8+548 157+53 3.91[287,617] 43.3[31.7,68.3] 0.796[0.412,0.931] 0002  0.292
zsgl';(‘i;‘tema' rolation - 539+ 6.3  -5.M+769 046+5%B 419[307,6.6] 68.0[49.8,107.3] 0.807 [0.415,0.936] 0.002  0.771
(Ff;"‘”ge transverse angle 4, 14388 1575£526 1.11+3.8! 2.72[1.99 428  17.9[13.1,28.2] 0.788[0.392,0.928] 0.002  0.281
Peakinternal rotation 56, 6 0 3:008 0.05:0.1 0.08[0.06,0.13]  31.9[23.4,50.3] 0.546{0.110, 0.840]  0.050 0.133

moment(Nm/kg/m)
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Peak external rotation
moment(Nm/kg/m)
Range transverse
moment* (Nm/kg/m)

Peakvertical GRF (BW)
Peak anterior GRF*
(BW)

Peak posterior GRF
(BW)

Peak lateral GR{BW)
Peak medial GRRBW)
Flight time(s)

Time to PKIS)

Stance time(s)

-0.09+ 009

0.36+0.10

6.71+ 2.9

037+ 0.3

-0.79+ 047

0.14+ 0.2
-0.85+ 026
0.13+ 0.
0.29+ 0.2
0.56 + 019

-0.08+ 006

0.32+ 007

7.09+ 3.04

0.32+0.D

-0.91+ 059

0.10+0.D
-0.35+ 019
0.13+ 005
0.25+ 008
0.50+0.4

0.01+ 007

0.05+ 009

-0.38+ 0.9

0.04+ 029

0.12+ 0.3

0.04+ 005
-0.50+ 029
0.00 +0.G@
0.04+ 009
0.06+0.11

0.05[0.04, 008]

0.07[0.05, 0.10]
0.64[0.47, 1.00]

0.20[0.15, 0.2]

0.16[0.12, 026]

0.04[0.03, 006]
0.19[0.14, 029]
0.02[0.02, 0.04]
0.07[0.05, 0.10]
0.08[0.06, 0.1]

61.8 [45.2, 97.5]

19.4 [14.2, 30.6]
9.2 6.7, 14.5]

59.1 [43.3, 93.3]

19.2 [14.1, 30.3]

30.4 [22.2, 47.9]
30.9 [22.6, 48.7]
16.9 [12.4, 26.7]
25.0 [18.3, 39.5]
14.6 [10.7, 23.0]

0.818 [0.562, 0.934]

0.466 {0.124, 0.805]
0.970 [0.910, 0.990]

0.213 §1.499, 0.741]

0.943 [0.815, 0.981]

0.977 [0.892, 0.993]
0.185 {0.224, 0.618]
0.893 [0.678, 0.964]
0.717 [0.199, 0.903]
0.849 [0.520, 0.951]

<0.001

0.077

<0.001

0.335

<0.001

<0.001
0.290
<0.001
0.009
0.001

0.709

0.072

0.124

0.558

0.073

0.016
0.000
0.770
0.118
0.054

Note:*indicates ICC below 0.50BW = body weigl@) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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Table 14 Between session reliability of metrics collected from thesingle-leg drop-land and cut (CUT) task on the nonrdominant leg.

Pairedt-
Trial Amean + Trial B mean Difference TE [lower, ICCp- test p-
SD +SD mean + SD upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé) 67.0L+6.2  6450+6.60 2.52+3.96 2.80[2.01, 4.&] 4.3[3.1,7.0] 0.858 [0.475,0.960]  0.002  0.068
(F:,fak extensionangle 1o 15, 31 1767443 048+ 287 2.03[145,3.35] 11.3[8.1,18.7]  0.778[0.217,0.936] 0.011  0.617
Range sagittal angks) ~ 4886+585 4624563 2.04%3.96 2.80[2.0L, 4.8 5.8[4.2, 9.7] 0.813[0.379,0.945] 0.003  0.134
Z\fr":‘]'/‘kg?r)g)o” moment  436+0.2  036+0.11  0.00+006 0.04[0.30,007]  11.5[8.2, 18.9] 0.734[0.021,0.931] 0.021  0.896
Peak extension 166+ 036  -1.72+018  0.06+ 029 0.21[0.15,0.3]  12.1[8.7,20.2]  0.394{0.134,0.779]  0.102  0.539
moment* (Nm/kg/m)
Range sagittal 2.0+ 0.4  208+027 006+0.2 0.2[0.16,037]  11.0[7.9,181]  0.423{0.105,0.797] 0.086  0.591
moment* (Nm/kg/m)
Peakvalgusangle(’) 754+637  7.6l+5%  007+4.9 3.18[228, 525 42.0[30.1,69.3]  0.794[0.250,0.941] 0.009  0.961
Peakvarusangle(®) 241+4B 204449  036+3.96 2.80[2.01, 48] 125.6[90.1,207.4] 0.728[0.006,0.923] 0.025 0.782
Range coronal anglg)  9-%%329 965832  0.29+189 1.33[0.96, 2.2] 13.7[9.8,22.6]  0.887[0.607,0.967] 0.001  0.645
E’,\?ri'/“k’gjfnu)smomem 0.40+016  039+0.12  0.01+0.08 006[0.04,0.09  14.3[10.3,23.6]  0.749[0.059,0.933] 0.018  0.657
z\?r":‘]'/“k’g;r‘:;rnome”t 021405  -019+017 0.0240.07 005[0.04,009]  26.4[19.0,43.6]  0.907 [0.538, 0.976] 0.001  0.343
Range coronal 061+ 0.8  057+0.19  0.04+ 009 007[0.05,0.1]  11.3[8.1,18.6]  0.743[0.029,0.934] 0.020  0.267
moment(Nm/kg/m)
Z:;l; Ef,‘)tema' roation 45 p+6F  1038+538 026+ 4.6 286[2.05,4.72] 27.9[20.0,46.1]  0.835[0.408,0.953] 0.004  0.849
zsgl';(‘i;‘tema' roation 4 g+578  -484+52D 0.04+ 4.8 2.85[2.04, 4] 59.0[42.3,97.5]  0.808[0.304,0.945] 0.007  0.977
;‘?‘;g‘(i;ransverse 14.2+48 1524520 0.30+2.8 20[1.4,33] 13.3[9.6,22.0]  0.895[0.629,0.970] 0.001  0.754
Peakinternal rotation 50, 019 026:0.2  0.00:0.1 007[0.05,0.1]  26.6[19.1,44.0]  0.719[0.091,0.919] 0.015  0.942
moment(Nm/kg/m)
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Peak external rotation
moment(Nm/kg/m)
Range transverse
moment(Nm/kg/m)

Peakvertical GRF (BW

Peak anterior GRF
(BW)

Peak posterior GRF
(BW)

Peak lateral GR{BW)
Peak medial GRBW)
Flight time(s)

Time to PKIS)

Stance time(s)

-0.07+ 005

0.2+ 0.2

434+ 167

0.25+ 029

-0.45+ 0.2

0.08+0.10
-0.52+ 016
0.14+ 005
0.26+ 009
0.51+0.13

-0.07+ 006

0.32+0.13

442+ 166

0.21+ 026

-0.49+ 0.5

0.06+ 009
-0.54+ 016
0.14+ 006
026+ 0.0
0.50+0.11

0.00+0.(8

0.00+ 009

-0.08+ 037

0.03+ 009

0.04+0.13

0.01+ 006
0.02+ 009
0.01+0.38
0.00+ 007
0.01+ 008

0.02[0.0, 003]

0.07[0.05, 0.11]
0.26[0.19, 0.41]

0.06[0.04, 0.10]

0.09[0.07, 0.15]
0.04[0.03, 007]
0.06[0.05, 0.10]
0.02[0.01, 0.8]
0.05[0.08, 007]
0.05[0.04, 008]

28.2 [20.2, 46.5]

20.4 [14.6, 33.7]
5.9 4.3, 9.3]

26.6 [19.5, 41.9]

20.2 [14.8, 31.9]

60.2 [44.1, 94.9]
12.0[8.8, 18.9]
13.4[9.8, 21.1]
18.0 [13.2, 28.4]
10.7 [7.8, 16.8]

0.905 [0.677, 0.973]

0.710[0.027, 0.919]
0.988 [0.965, 0.996]

0.974[0.923, 0.991]

0.655 [0.016, 0.882]

0.898 [0.705, 0.966]
0.916 [0.758, 0.972]
0.947 [0.845, 0.982]
0.875 [0.620, 0.958]
0.914 [0.744, 0.971]

<0.001

0.021

<0.001

<0.001

0.023

<0.001
<0.001
<0.001
<0.001
<0.001

0.940

0.922

0.434

0.186

0.964

0.380
0.306
0.418
0.964
0.713

Note:*indicates ICC below 0.50BW = body weigl@) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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5.1.3ROT

For the ROT task on the dominant leg, outcomes of tegetest reliability are summarised

in Table 14. Reliability of outcomes weremoderate to excellent across most metrics
between testing occasions (ICC 0.5580.949). However,poor ICCs were identified for
metrics of peak extension moment (ICC 0.489, CV 8.3%), range sagittal moment (ICC
0.446, CV 9.4%), peak lateral GRF (ICC 0.475, CV 402.2%). Additionally, significant
differences were observed between trials for the metrics of peakxternal rotation angle

(p = 0.003), range sagittal anglep(= 0.028), and peak lateral GRFp(E 0.004). The CV%
values were suboptimal across most metrics (CV 6.2102.2%) with CV < 10% observed
for only six metrics. Reliability outcomes of the nordominant leg are presented inTable

15 showing reliability of outcomes weremoderate to excellent across most metrics
between testing occasions (ICC 0.5300.977). Poor ICCs were identified for metrics of
peak extension angle (ICC 0.290, CV 7.5%), range coronal angle (ICC 0.336, CV 24.5%),
and peak lateral GRF (ICC 0.489, CV 702.8%). The CV% values were suboptimal across
most metrics (CV 5.8702.8%) with CV < 10% obsengkefor onlyfour metrics.
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Table 15 Between session reliability of metrics collected from thesingle-leg rotating drop-land and hop (ROT) task on the dominant

leg.
Pairedt-
Trial Amean = Trial B mean Difference ICCp-  testp-
SD +SD mean + SD TE [lower, upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé) 62.8+9.2 62.25:85 0.0L%6.0 4.31[3.16, 6.9)] 6.9[5.1,10.9]  0.870[0.607, 0.957] <0.00L  0.993
(F:‘;ak extensionangle 1) 5,40  188+5® 351:3.2 2.63[1.93, 415] 16.0[11.7,25.2]  0.749{0.071,0.927] 0.032  0.003
Range sagittal angle) 4751+ 607  4401+53 -3.50%58 3.90[2.85, 6.14] 85[6.2,13.4]  0.625{0.079,0.873] 0.035  0.028
Z\fr":‘]'/‘kg?r)g)o” moment g 40+0.3  0.42+0.4  0.02+0.1 0.08[0.06, 0.13] 19.6 [14.3,30.9]  0.710[0.046,0.910] 0.019  0.472
Peak extension 159+0.3%  -159+0.2 -0.01% 019 0.13[0.10, 0.21] 8.3[6.1,13.1]  0.489{0.072,0.820] 0.061  0.897
moment* (Nm/kg/m)
Range sagittal 1.99+ 0.4  2.01+026 0.02+ 027 0.19[0.14, 0.9] 9.4[6.9,14.9]  0.446{0.088,0.795] 0.075  0.828
moment* (Nm/kg/m)
Peakvalgusangle(®) 568+509  6.30+526 0.62+3.9 2.47[1.81, 3.9] 41.3[30.3,65.2]  0.875[0.632, 0.958] <0.00L  0.505
Peakvarusangle(® 169+ 438  -1.01+54 068+ 326 2.30[169,3.6] 170.1[124.5, 268.3] 0.879[0.647,0.959 <0.00L  0.434
Range coronal angle) 73722 73122 006%219 1.55[1.13, 2.44] 21.1[155,33.3] 0.672{0.023,0.892] 0.027  0.918
E’,\?ri'/“k’gjfnu)smomem 0.31+0.4  028+008 -0.03%0.1 0.08[0.06, 0.13] 28.3[20.7,44.6]  0.669[0.052,0.889] 0.019  0.362
z\?r":‘]'/“k’g;r‘:;rnome”t 027+015  -028+016 0.00+0.1 0.08[0.06, 0.1] 30.0[22.0,47.3]  0.812[0.412,0.938] 0.002  0.951
Range coronal 059+ 0.0  056+019 -0.03+0.B 0.09[0.07, 0.14] 15.7[11.5,24.8]  0.680{0.015,0.905] 0.028  0.422
moment(Nm/kg/m)
Zﬁ;’;é?)tema' roation 551616 7.36+6.L  -1.63+ 449 317[2.2,5.0]  48.5[355,76.5]  0.846 [0.556, 0.948] <0.001  0.181
zsgl';(‘i;‘tema' rolation 4614682  379+7.8 -0.82+ 4.6 328[2.40,517]  78.1[57.2,123.1] 0.892[0.683,0.964] <0.00L  0.503
;‘?‘;g‘(i;ransverse 10.3%#+3.8 11.14+3.2 -0.81+2.99 2.12[155, 3.3] 19.7[14.4,31.1]  0.779[0.363,0.925] 0.003  0.314
Peakinternal rotation 55, 1 354007  -0.01+009 006[0.06,0.10]  17.5[12.8,27.6] 0.553{0.095,0.849] 0.053  0.727
moment(Nm/kg/m)
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Peak external rotation
moment(Nm/kg/m)
Range transverse
moment* (Nm/kg/m)

Peakvertical GRF (BW

Peak anterior GRF
(BW)

Peak posterior GRF
(BW)

Peak lateral GRRBW)
Peak medial GRBW)
Flight time(s)

Time to PKIS)

Stance time(s)

Jump heighfcm)

-0.03+ 0.8

039+ 0.0

3.2+ 0.3

0.55+ 028

-0.45+0.13

0.01+ 0.
-0.40+ 0.2
0.27+ 006
0.25+ 009
0.56 + 015
9.28+4.19

-0.03+ 0.2

0.38+ 007

3.78+0.4

0.52+ 027

-0.46+0.13

-0.01+ 0.2
-0.40+ 0.0
0.27+ 007
0.25+ 007
0.53+017
9.77+5.27

0.00+0.(8

0.01+ 009

0.14+ 0.2

0.03+0.12

0.01+0.10

0.02+0.@
0.00+ 006
0.00+ 0.4
0.00+ 008
0.02+ 009
-0.49+2.38

0.02[0.01, 0.08]

0.06[0.04, 0.10]
0.30[0.22, 047]

0.09[0.06, 0.14]

0.07[0.05, 011]

0.02[0.01, 0.C8]
0.04[0.08, 007]
0.03[0.02, 0.0]
0.06[0.04, 009]
0.06[0.05, 0.10]
1.68[1.23,2.65

60.6 [44.4, 95.6]

15.8 [11.6, 24.9]
7.7[5.7, 12.2]

16.1[11.8, 25.3]

15.7 [11.5, 24.8]

402.2 [294.5, 634.4]
10.8[7.9, 17.0]
9.8[7.2, 15.4]

22.6 [16.6, 35.7]
11.7[8.6, 18.5]
17.6 [12.9, 27.8]

0.758 [0.434, 0.911]

0.481 §0.105, 0.814]
0.907 [0.729, 0.968]

0.949 [0.851, 0.983]

0.833 [0.496, 0.944]

0.475 §0.374, 0.818]
0.916 [0.748, 0.972]
0.919 [0.758, 0.973]
0.688 [0.033, 0.897]
0.913 [0.749, 0.971]
0.935 [0.810, 0.978]

<0.001

0.070

<0.001

<0.001

0.001

0.114
<0.001
<0.001

0.022
<0.001
<0.001

0.745

0.648

0.213

0.391

0.746

0.004
0.975
0.694
0.823
0.354
0.435

Note:*indicates ICC below 0.50BW = body weigl) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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Table 16 Between session reliability of metrics collected from thesingle-leg rotating drop-land and hop (ROT) task on the non

moment(Nm/kg/m)

dominant leg.
Pairedt-

Trial A mean Trial B mean Difference TE [lower, ICCp- test p-
+SD +SD mean = SD upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé) 6219+ 638 6155+708 0.64%5.99 4.23[3.07, 6.2 6.8[5.0,11.0]  0.743[0.177,0.918] 0012  0.707
(F;fak extension angle™ 1548, 415 1469+2.8 039+ 439 3.10[2.25 5.00]  20.8[15.1,33.6] 0.2901.457,0.779] 0.283  0.754
Range sagittal angle) 4711485 4686:49 0.5+ 422 2.99[2.16, 4.81] 6.4[4.6,10.2]  0.761[0.229,0.924] 0.009  0.836
Z\fr":‘]'/‘kg?r)g)o” moment 4 41+0M 045+017 -0.05% 008 006[0.04,0.0]  13.8[10.0,22.2] 0.768[0.074,0.936] 0.016 0.062
(P,\Ts'/‘kz);rf)”s'on moment ) s4+03  -156+0.3 0.02+0.3 016[0.12,026]  10.6[7.7,17.1]  0.531{0.037,0.847] 0.044  0.785
(RNanq%fglsri?'tta' moment™ ;494039 2.01+038 006+0.2 0.15[0.11, 0.24] 75[55 12.1]  0.492{0.024,0.827] 0041  0.286
Peakvalgusangle(’) 4.97+609 477+648 -0.20+4.0 2.83[2.05 456]  58.1[42.1,93.6] 0.885[0.636,0.963] <0.00L  0.856
Peakvarusangle(® 2.62+5% -265+599 -0.08+3.8 2.70[1.96 4.F] 102.4[74.2,164.9] 0.884[0.631,0.963] <0.00L  0.975
Range coronal angle®) 759268  TR+14  017:26 1.84[1.34,2.97  24.5[17.8,39.5] 0.336{1.298,0.793] 0.248  0.817
E’,\?ri'/“k’gjfnu)smomem 0.34+015 038+017 -0.04%0.1 008[0.06,0.13]  22.7[16.4,36.6] 0.791[0.257,0.937] 0.006 0.238
z\?r":‘]'/“k’g;r‘:;rnome”t 0214015 -0.22+018 0.00+0.09 0.06[0.05,0.10]  29.8[21.6,48.0]  0.901[0.645, 0.970] <0.00L  0.885
(RNanT}fgfnigonal moment  hes+017  0.60+0.D  -0.04+ 0.1 007[005 012  12.6[9.1,20.3]  0.717[0.011,0.921] 0.023  0.149
Zﬁ;’;é?)tema' roation 500+ 6.9 8.94+6.95 0.9+ 4D 318[2.31,5.13]  37.6[27.3,60.6] 0.876[0.622, 0.960] <0.00  0.466
zsgl';(‘i;‘tema' roation 4 e4+7.2 391+ 7.4  -0.73+5.96 421305 679  98.6[71.5, 158.8] 0.805[0.383,0.938] 0.003  0.665
Range transverse angle 1, o1, 386 12814401 0.20 407 288[209,4.6]  22.6[16.4,36.4] 0.618]0.265,0.879] 0.055 0.859

@)
Peakinternal rotation o, 58 (0 35+010 0.2+ 007 005[0.04,008  15.3[11.1,24.6] 0.573]0.090,0.861] 0.049 0.239
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Peak external rotation

moment(Nm/kg/m)
Range transverse
moment(Nm/kg/m)

Peakvertical GRF (BW)
Peak anterior GRBW)
Peak posterior GRBW)
Peak lateral GRRBW)

Peak medial GRBW)
Flight time(s)

Time to PKIS)
Stance time(s)

Jump heighfcm)

-0.03+ 0.8

0.36+ 008

3.89+0.8
0.51+ 0.3
-0.40+ 0.10
0.01+ 0.4
-0.39+ 0.1
0.27+ 007
0.26+ 009
055+ 016
9.55+4.78

-0.04+ 005

039+0.11

3.93+ 0.0
047+ 0.D
-0.44+0.13
-0.01+ 0.2
-0.42+0.13
0.27+ 007
0.23+ 006
0.50+0.13
9.31+4.40

0.01+0.0¢

0.03+ 008

-0.04+ 0.2
0.05+ 015
0.4+ 0.0
0.02+0.04
0.03+ 009
0.00+ 0.2
0.04+ 007
0.05+x0.11
0.24+1.41

0.03[0.02, 0.04]

0.06[0.04, 009]

0.23[0.17, 036]
0.11[0.08, 017]
0.07[0.05, 0.11]
0.03[0.02, 0.04]
0.07[0.05, 0.10]
0.02[0.01, 0.8]
0.05[0.04, 008]
0.08[0.06, 0.1]
1.00[0.73,1.57

73.0 [52.9, 117.6]

15.1 [11.0, 24.4]

5.8[4.2,9.1]
22.1[16.2, 34.8]
16.7 [12.2, 26.4]

702.8 [514.5, 1108.3

16.5[12.1, 26.1]
6.4 4.7, 10.1]
21.2 [15.5, 33.4]
14.7 [10.8, 23.2]
10.6 [7.7, 16.7]

0.808 [0.541, 0.932]

0.530 {0.108, 0.842]

0.957 [0.873, 0.986]
0.851 [0.572, 0.949]
0.778 [0.367, 0.924]
0.489 {0.336, 0.820]
0.809 [0.453, 0.935]
0.967 [0.902, 0.989]
0.648 [0.011, 0.879]
0.815 [0.451, 0.938]
0.977 [0.933, 0.992]

<0.001

0.060

<0.001
<0.001
0.003
0.088
0.001
5.016
0.024
0.001
<0.001

0.620

0.195

0.663
0.255
0.061
0.084
0.240
0.637
0.061
0.093
0.519

Note:*indicates ICC below 0.50BW = body weigl) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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5.1.4VERT

The outcomes (Table 16) of testrretest reliability for the VERT task on the dominant leg.
Reliability of outcomes weremoderate to excellent across most metrics between testing
occasions (ICC 0.52G0.913). However,poor ICCs were observed for metrics of peak
extension moment (ICC 0.472, CV 6.5%), range sagittal moment (ICC 0.322, CV 7.0%),
and range transverse moment (ICC 0.496, CV 16.6%). The CV% values were suboptimal
across most metrics (CV 6.5104.8%) with CV < 10 %bserved for onlyfour metrics.
Table 17 displays the nondominant leg results, showing reliability of metrics were
mostly moderate to excellent between testing occasions (ICC 0.5510.920). Poor ICCs
were identified for metrics of peak extension angle (ICC 0.477, CV 17.4%), peak
extension moment (ICC 0.472, CV 10.1%), range sagittal moment (ICC 0.422, CV 8.5%),
and time to PKF (ICC 0.406, CV 46.8%). The CV% values were suboptimal across most
metrics (CV 8.4115.3%) with CV < 10% observed for onfive metrics.
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Table 17 Between session reliability of metrics collected from thesingle-leg drop-land and vertical hop(VER)task on the dominant
leg.

Pairedt-
Trial A mean Trial B mean Difference TE [lower, ICCp- test p-
+SD +SD mean = SD upper] CV% [lower, upper] ICC [95% CI] value value
Peak flexion anglé) 63.81+908 63.0+81 -0.6L%615 4.35[315 7.0  6.8[5.0,11.0]  0.849[0.523,0.952]  0.001 0.726
Peak extension anglg)  15-4£487 1811566 267+4.3 3.35[2.43,539] 19.9[14.5 32.1] 0.688[0.071,0.899] 0.018 0.060
Range sagittal angke) 4837480 4500+58 328+ 6.8 455[3.0,7.2]  9.7[7.1,157]  0.720[0.167,0.909]  0.011 0.086
Z\fr":‘]'/‘kg?r)g)o” moment 4 41+016 039+016 -0.02+ 009 007[0.05,0.11]  16.5[12.0, 26.6] 0.764 [0.061, 0.935]  0.017 0.526
r';ii':eenﬁte&sg}ﬂg m) 167+0.3 -169+027 0.0L%015 0.11[0.08, 018  6.5[4.7,10.5]  0.472}0.039, 0.816]  0.052 0.769
(F*Nan'fl?lfg/sri?'“a' moment 5 0g+0.3  208+029  0.00+0.2 0.15[0.11,0.2]  7.0[5.1,11.3] 0.322{0.038,0.708]  0.075 0.946
Peakvalgusangle(’) 465+525 6.21+53 156+3.3 278[2.4, 447] 51.2[37.1,82.4] 0.816[0.451,0.940] 0.001 0.174
Peakvarusangle(® 2.83+3.L2 -112+456 171+2.3 207[1.50,3.3] 104.8[76.0, 168.9] 0.805[0.366,0.938]  0.003 0.054
Range coronal angle)  748t2®  7.38+18  0.15:2.3) 166[1.20, 267] 22.4[16.2,36.0] 0.686[0.023,0.901]  0.027 0.822
E’,\?ri'/“k’gjfnu)smomem 037+015 035+017 -0.02+0.4 0.10[0.07,016]  27.1[19.6,43.7] 0.706[0.061,0.909]  0.018 0.618
z\?r":‘]'/“k’g;r‘:;rnome”t 021400 -022+016 0.01+0.10 007[0.05,011]  32.1[23.3,51.7] 0.842[0.413,0.951] 0.002 0.789
(RNanq%fgfn‘zgona' moment  heg+02  057+0.8  -0.01+0.1 0.08[0.06,0.13]  13.9[10.1,22.4] 0.740[0.029, 0.929]  0.020 0.701
Zﬁ;’;é?)tema' rotation  g574587 7064558 -048+3.98  2.82[2.04, 45 41.3[30.0,66.6] 0.858 [0.554,0.954]  0.001 0.668
zsgl';(‘i;‘tema' roation 5 p+em  -428+7.8B  -1.14+519 367[266,5.9] 75.6[54.8,121.8] 0.808[0.412,0.938]  0.002 0.441
(Ff;"‘”ge transverse angle 1, i, 366 11.3+3.97 066+ 3.8 2.14[155 3.4) 18.3[13.3,29.5] 0.802[0.392,0.936] 0.003 0.447
Peakinternal rotation ) 459 3pr0  -0.02%007 0.05[0.08,008  15.6[11.3,25.2] 0.612}0.047,0.881]  0.039 0.326

moment(Nm/kg/m)
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Peak external rotation

moment(Nm/kg/m)
Range transverse
moment* (Nm/kg/m)

Peakvertical GRF (BW)
Peak anterior GRBW)
Peak posterior GRBW)

Peak lateral GR(BW)
Peak medial GRBW)
Flight time(s)

Time to PKIS)
Stance time(s)

Jump heighfcm)

-0.03+ 0.8

0.34+ 008

3.87+ 085
0.20+017
-0.15+ 007
0.20+ 009
-0.55 + 017
0.29+ 008
0.25+ 008
0.56 + 016
10.90+6.38

-0.03+ 0.8

033+0.1

3.84+£0.71
0.16+0.11
-0.15+ 008
0.20+ 009
-0.57+ 016
0.28+ 007
0.24+ 009
0.52+ 015
10.22+5.11

-0.01+ 0.4

0.01+ 008

0.03+0.@
0.04+0.13
-0.01+ 006
0.00+ 006
0.02+0.10
0.01+ 009
0.01+ 009
0.04+0.55
0.68+6.23

0.03[0.02, 0.04]

0.06[0.04, 009]

0.44[0.32, 0.7
0.09[0.07, 0.14]
0.04[0.03, 006]
0.05[0.08, 007]
0.07[0.05, 0.11]
0.06[0.05, 0.10]
0.06[0.04, 0.10]
0.10[0.08, 016]
4.41[3.23,6.95

86.5 [62.7, 139.4]

16.6 [12.0, 26.8]

11.4[8.4, 18.1]
49.7 [36.4, 78.4]
26.5 [19.4, 41.8]
22.4[16.4, 35.4]
12.1[8.9, 19.1]
22.4[16.4, 35.4]
24.4[17.9, 38.5]
19.4[14.2, 30.6]
41.7 [30.6, 65.8]

0.655[0.183, 0.878]

0.496 {0.092, 0.827]

0.821 [0.454, 0.940]
0.745 [0.267, 0.913]
0.844 [0.531, 0.948]
0.867 [0.598, 0.956]
0.913 [0.744, 0.970]
0.520 §0.517, 0.842]
0.662 {0.042, 0.888]
0.713[0.171, 0.902]
0.603 {0.228, 0.868]

0.008

0.065

0.002
0.006
0.001
<0.001
<0.001
0.100
0.029
0.011
0.052

0.597

0.549

0.851
0.281
0.705
0.854
0.478
0.760
0.715
0.314
0.680

Note:*indicates ICC below 0.50BW = body weigl) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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Table 18 Between session reliability of metrics collected from thesingle-leg drop-land and vertical hop(VERY)task on the non

moment(Nm/kg/m)

dominant leg.
Pairedt-

Trial A mean Trial B mean = Difference ICCp- test p-

+SD SD mean + SD TE [lower, upper] CV% [lower, upper] ICC [95% CI] value value

Peak flexion anglé) 6201+ 8.8 6274+7.04 -0.73+7.8 5.26[3.81, 847] 8.41[6.1,13.6]  0.710[0.064,0.908] 0.020  0.730
(F;fak extension angle* oo, 358 1615+3.5  -057+3.D 275[2.00, 4.4]  17.4[12.6,28.0] 0.477{0.712,0.835] 0.135  0.605
Range sagittal angks) 4644t 7.5 4659+ 65  -0.15: 5. 3.91[2.83, 629] 8.4[6.1,135  0.805[0.374,0.938] 0.004  0.921
Z\fr":‘]'/‘kg?r)g)o” moment  437:08  040+0.4  -0.04+0.09 006[0.04,0.0]  16.0[11.6,25.7] 0.750[0.005,0.930] 0.018  0.168
r':}ii'q‘een)?e&mﬂg m) 1.63+0.8 -1.61£028 -0.02+0.B 0.16[0.12, 026] 10.1[7.4,16.3] 0.472{0.052, 0.815] 0.057  0.730
(F*Nan'fl?lfg/sri?'“a' moment’ 5 0+038  2.01+0.3  0.01+0.2 0.17[0.12, 02§ 85[6.2,13.8]  0.422{0.043,0.785] 0.060  0.856
Peakvalgusangle(’) 4.92+636 574+7.66  0.82+508 359[2.61, 579  67.5[48.9, 108.7] 0.843[0.513,0.950] 0.001  0.571
Peakvarusangle(® 2.81+479 2.62+566 019+ 4.2 3.13[227,5.04) 115.3[83.6, 185.8] 0.776[0.277,0.929] 0.007  0.878
Range coronal angle) 77326 83533  -0.63:326 231[167,37]  28.7[20.8,46.2] 0.551{0.422,0.857] 0.083  0.500
E’,\?ri'/“k’gjfnu)smomem 039+ 016  0.35+017  0.04+0.10 007[0.050.1]  19.0[13.8,30.7] 0.765[0.076,0.934] 0.016  0.199
z\?r":‘]'/“k’g;r‘:;rnome”t 019+0.11 -022+019 -0.08+0.B 009[007,0.15]  44.3[32.1,71.4] 0.834[0.556,0.944] <0.00L  0.433
(RNanT}fgfnigonal moment  5eg+019  057+026  0.01+0.1 008006 0.13]  13.9[10.0,22.3] 0.752[0.039,0.933] 0.018  0.811
Zﬁ;’;é?)tema' rotation  g37456  8.73+719  037+406 287[2.08, 4.8]  33.6[24.3,54.1] 0.893[0.664,0.966] <0.00L  0.749
;‘?S‘I'; (‘?,))‘tema' rolation 4 65+ 628  -3.40+7.3  -1.25+537 3.80[2.75 6.12]  94.3[68.4,152.0] 0.803[0.400,0.936] 0.003  0.415
(Ff;"‘”ge transverse angle 15 p 4436 12.13+387  -0.88+ 376 266[1.93, 429  21.2[15.3,34.1] 0.716[0.131,0.908] 0.014  0.411
Peakinternal rotation .5\ 54y 02g+009 0.2+ 006 0.04[0.08,007]  16.6[12.0,26.8] 0.753[0.089, 0.929] 0.015  0.326
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Peak external rotation

moment(Nm/kg/m)
Range transverse
moment(Nm/kg/m)

Peakvertical GRF (BW)
Peak anterior GRBW)
Peak posterior GRBW)

Peak lateral GR(BW)
Peak medial GRBW)
Flight time(s)

Time to PKF{s)
Stance time(s)

Jump heighfcm)

-0.06+ 006

0.32+0.12

3.9%5+0.63
019+ 0.13
-0.13+ 009
027+0.12
-0.54+ 016
0.29+ 007
0.29+ 019
057+ 0.D
10.98+5.74

-0.06+ 006

0.34+ 009

3.90+0.63
016+ 0.12
-0.16+ 0.13
026+ 0.11
-0.53+ 0.2
0.28+ 006
0.23+ 006
0.51+ 0.4
10.10+4.42

0.00+0.(8

0.02+0.08

0.056+ 049
0.083+ 0.0
0.02+0.12
0.00+ 006
-0.02+ 007
0.01+ 008
0.06+ 017
0.06+ 018
0.88+5.47

0.02[0.02, 0.04]

0.05[0.04, 009]

0.34[0.25, 0.5]
0.07[0.05, 012]
0.08[0.06, 0.13]
0.04[0.03, 007]
0.05[0.04, 008]
0.05[0.04, 008
0.12[0.09, 019
0.13[0.10, 0.20]
3.87[2.83 6.10

39.1[28.4, 63.1]

16.1 [11.7, 26.0]

8.8[6.4, 13.8]
43.0 [31.5, 67.9]
57.0 [41.7, 89.9]
16.3 [11.9, 25.7]

9.7[7.1, 15.3]
18.6 [13.6, 29.4]
46.8 [34.3, 73.9]
24.2[17.7, 38.1]
36.7 [26.9, 57.9]

0.924 [0.773, 0.975]

0.714 [0.035, 0.915]

0.832 [0.494, 0.944]
0.782 [0.369, 0.926]
0.650 {0.049, 0.883]
0.924[0.772, 0.975]
0.926 [0.784, 0.975]
0.588 {0.265, 0.863]
0.406 {0.655, 0.796]
0.624 {0.066, 0.872]
0.610 §0.181, 0.870]

<0.001

0.020

0.001
0.003
0.030
<0.001
<0.001
0.058
0.158
0.033
0.047

0.732

0.328

0.721
0.338
0.237
0.950
0.430
0.614
0.237
0.249
0.544

Note:*indicates ICC below 0.50BW = body weigl) = confidence interval, CV = coefficient of variation, GRF = ground reaction forces, ICC = intraclass coeffici
peak knee flexion, SD = standard deviation, TE = typical error
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5.2 Cross sectional results

Sixty-nine individuals were recruited and completed this study. However, data from six
individuals (different individuals for the dominant and nondominant legs) for CUT, five

from the dominant leg and nine from the nordominant leg for LAND, did not meethe

criteria for statistical analysis due to poor movement execution, discrepancies in marker

tracking, or data capture issues. Therefore, 63 participants were included in the analysis

for CUT and 64 (dominant) and 60 (nedominant) were included for LAND.Four

participants were left leg dominant (roughly 5%) with the rest being right leg dominant.
Demographic data of the groups by sex andhaturation stage are shown in Tablel8.
EnnlAqllt RADH Wel WGl 13t 13U qdMhéieg= WRsthallléffed $izd;q ¢ q RY U

g = 0.5medium effect size; g = 0.8large effect size.
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Table 19 Demographic data for all participants in thesingle-leg drop-land (LAND),single-leg drop-land and cut (CUT),single-leg
rotating drop-land and hop(ROT),and single-leg drop-land and vertical hop(VER}tasks grouped by sex andgnaturation stage.

Males Females

Pre Mid Post Pre Mid Post
LAND dominant leg
Sample(n) 14 11 1 9 10
Mass (kg) 343 = 8.9 609 = 11.7 825 £+ 218 36.0 £+ 64 509 = 9.0 615 = 125
Height (cm) 1386 + 9.6 169.4 + 10.7 1771 £ 54 142.7 = 9.9 1639 = 94 1624 + 114
Age (y) 9.7 + 16 145 £ 15 179 + 1.9 103 + 15 136 = 2.0 166 = 2.7
BMI(kg/m?) 173 £ 27 21.0 £+ 25 262 + 7.3 174 + 25 189 + 24 229 + 37
LAND nowlominant leg
Sample(n) 12 10 11 3 0
Mass (kg) 331 + 84 595 + 11.2 83.09 + 219 376 + 47 509 + 9.0 615 + 125
Height (cm) 1385 + 9.8 1689 + 11.1 1783 £+ 5.8 1441 = 94 1639 = 94 1624 += 114
Age (y) 96 =+ 17 143 £ 15 180 + 1.9 106 + 14 136 = 2.0 166 = 2.7
BMI(kg/m?) 168 = 2.1 206 = 23 261 £ 7.3 179 £+ 2.2 189 + 24 229 = 37
CUT dominant leg
Sample(n) 12 11 10 10 10
Mass (kg) 327 = 84 609 =+ 11.7 841 + 229 347 = 74 509 = 9.0 615 =+ 125
Height (cm) 1375 = 10.0 169.4 = 10.7 1784 £ 6.2 140.2 = 122 1639 = 94 1624 += 114
Age (y) 9.7 + 15 145 + 15 179 + 19 100 + 16 133 + 1.9 166 + 27
BMi(kg/m?) 16.7 = 2.1 21.0 £ 25 265 £ 7.6 173 + 24 187 + 24 229 + 37
CUT nordominant leg
Sample(n) 16 11 8 9 10
Mass(kg) 33.7 + 85 609 + 11.7 83.8 + 259 359 + 6.7 50.9 + 9.0 615 + 125
Height(cm) 1380 = 9.3 169.4 = 10.7 1771 £ 56 1412 = 125 1639 = 94 1624 + 114
Age (y) 9.7 + 16 145 + 15 184 + 2.0 102 £ 1.6 133 + 1.9 166 = 2.7
BMI(kg/m?) 172 = 2.6 21.0 £ 25 26.7 £ 8.6 177 £ 2.2 187 + 24 229 + 36
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150% of leg length (cm) 109.8 + 9.8 137.2 + 10.0 146.7 = 10.6 112.8 + 115 1348 = 87 1341 =+ 135
ROT dominant leg

Sample @) 13 10 11 10 9 10
Mass (kg) 342 + 93 61.0 + 123 80.5 + 183 347 + 74 50.9 + 9.0 615 + 125
Height (cm) 138.1 = 9.7 170.1 = 11.0 1781 = 7.1 140.2 = 122 1639 = 94 1624 + 114
Age (y) 96 * 15 146 = 16 179 + 19 10.0 £ 1.6 133 £ 19 16.6 = 27
BMI(kg/m?) 174 = 2.8 208 = 26 262 £ 7.3 173 = 24 187 = 24 229 + 37
ROT nowlominant leg

Sample @) 12 10 12 10 9 10
Mass (kg) 351 = 9.0 61.0 = 123 811 %= 17.6 347 = 74 509 = 9.0 615 = 125
Height (cm) 1394 + 8.9 170.1 + 11.0 1788 = 7.1 140.2 = 12.2 1639 = 94 1624 + 114
Age (y) 9.7 = 15 146 £+ 1.6 180 + 1.8 104 £ 1.6 133 + 1.9 166 = 2.7
BMI(kg/m?) 176 = 28 208 + 26 247 = 47 173 £ 1.9 187 + 24 229 + 37
VERT dominant leg

Sample () 12 10 12 9 9 10
Mass (kg) 346 = 9.2 60.8 = 123 828 + 211 355 * 6.3 504 = 9.0 609 =+ 124
Height (cm) 139.3 + 8.9 170.1 = 11.0 1779 £ 57 1427 = 9.9 1639 = 94 1624 += 114
Age (y) 10.0 + 1.4 146 + 1.6 179 + 1.8 103 + 15 133 + 1.9 166 + 2.7
BMI(kg/m2) 176 = 2.8 208 * 26 26.2 £ 6.9 174 += 25 187 + 24 229 = 37
VERT nedominant leg

Sample () 12 10 10 9 9 10
Mass (kg) 345 = 9.2 60.8 = 123 79.0 £ 17.8 355 = 6.3 504 = 9.0 609 + 124
Height (cm) 139.0 + 8.8 170.1 = 111 1789 £ 5.7 1427 = 9.9 1639 = 94 1624 += 114
Age (y) 9.7 + 14 146 + 1.6 181 + 1.9 103 + 15 133 + 1.9 166 *= 2.7
BMi(kg/m?) 175 £+ 2.8 208 = 2.6 246 £ 49 174 + 25 187 + 24 229 + 37

Note BM]body mass indexCUT, singleg dropland and cut; LAND, sindég dr@-land;ROT, singheg rotating land and vertical jump; VER
singleleg land and vertical jump.
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5.2.1 LAND dominant leg

Statistically significant interaction effects were observed between sex and maturation
for peak extensionangle (k. ss= 4.490,p = 0.015) and peak knee flexion moment (g=
3.961, p = 0.024), with the remaining metrics showing no significant interaction (Table
19). Pairwise comparisons revealed that fopeak knee exension angle, within the post
pubertal group, females had a significantly greater knee ¢ansion angle than males p =
0.027,g = 0.709medium). Additionally, within females, peak knee extension angle was
significantly greater in the postpubertal than pre-pubertal group = 0.002,g= 1.798
large). Within males, peak knee exension angle in the midpubertal group was
significantly greater than the prepubertal group = 0.005,g = 1.212large). For peak
knee flexion moment, within the postpubertal group, males had a significantly larger
peak knee flexion moment than femalegp = 0.019,g= 1.313large). Within females, pre-
pubertal had greater peak knee flexion moments than both migubertal and post
pubertal (p = 0.031,g= 0.732medium; p < 0.001,g= 2.163large, respectively), with mid-
pubertal demonstrating larger moments than postpubertal (p = 0.006,g= 2.163large).

Significant main effects of maturation were observed for peak kneearus angle (k, ss=
4.798,p = 0.012), peak kneevarus moment (2, ssy= 7.609,p = 0.001), peak knee external
rotation angle (F., ssy= 4.853,p = 0.011), peak knee external rotation moment (f ss=
6.525, p = 0.003), peakvGRF(FR2, 55s= 25.165,p < 0.001) and time to PKF (s = 3.221,p
= 0.047). Based on pairwise comparisons (Tabl20), the pre-pubertal group exhibited
significantly greater peak kneevarus angle than the mst-pubertal group ¢ = 0.007,g =
large) and significantly greater external rotation angle than migubertal and post
pubertal groups(p = 0.004,g=large; p = 0.033,g =medium, respectively). However, the
mid-pubertal and the postpubertal groups had significantly greater peak kneearus
moments (p = 0.003,g = large; p < 0.001, g = large, respectively) and external rotation
moments (p = 0.003,g = large; p = 0.004,g = large, respectively) than prepubertal. For
peak VGREF pre-pubertal and mid-pubertal groups were significantly higher than post
pubertal (p < 0.001,g=large) and = 0.018,g = large), respectively. The midpubertal
group also had longer time to PKF than pfpubertal (p = 0.016,g = large, respectively).

No main effects of sex were observed for any of the metrics of the dominant leg.
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Table 20 The interaction between sex ananaturation stage groups duringsingle-leg drop-land (LAND) task on the dominant leg for
biomechanical variables associated withanterior cruciate ligament (ACL) injury risk shown as mean and standard deviations

(SD),performed by 2x3 way analysis of variance.

Males Females EnnlUHaqt WEW2¢ el
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) » 59.10+ 64.09+ 60.91 + 58.84 + 61.86+ 63.84 0.541 (0.02) 0.444 0.408 (0.03)
9.01 10.89 16.41 9.60 6.43 11.44 (0.01)
Peak extension angle (°) » 1191+ 16.69+4.43 12.70+7.97 10.16+ 14.00 = 17.38+ 456 0.034* (0.11) 0.546 0.015
3.35 3.18 2.25 (0.01) (0.13)
Range sagittal angle (°) 4719+ 4750+8.20 48.21+8.% 48.28+ 47.86+ 46.47+9.38 0.985 (0.00) 0.962 0.838 (0.01)
7.73 7.35 6.06 (0.00)
Peak flexion moment (Nm/kg/m) 0.49+0.13 0.46+008 0.41+0.10 056+0.4 044014 0.29%+009 <0.001* 0.487 0.024 (0.12)
(0.29) (0.01)
Peak extension moment -1.66+ -168+017 -1.53+035 -1.86+% -1.68+ -1.70£ 025 0.221 (0.05) 0.074 0.456 (0.03)
(Nm/kg/m) 0.25 0.29 0.27 (0.05)
Peakvalgus angle (°) 8.55+555 4.94+387 4.24+5.73 6.61+278 521+505 4.19+58 0.081 (0.08) 0.651 0.739 (0.01)
(0.00)
Peak varus angle (°) 0.01+3.73 -2.61+3.43 -4.00+3.42 -1.18+ -2.66% -3.35+3.71 0.023* (0.12) 0.832 0.705 (0.01)
2.27 4.27 (0.00)
Range coronal angle (°) 8.55+ 335 7.55+ 239 8.24+ 366 7.79+118 7.86+1.78 7.54+2A 0.864 (0.01) 0.592 0.790 (0.01)
(0.01)
Peak valgus moment (Nm/kg/m) 0.49+0.2 0.48+017 0.49+0.16 057+016 049+0.23 0.36x0.11 0.140 (0.07) 0.783 0.174 (0.06)
(0.00)
Peak varus moment (Nm/kg/m) -042+ -0.17+008 -0.15+0.16 -0.29+ -0.21+ -0.18+0.13 0.001* (0.21) 0.674 0.187 (0.06)
0.21 0.21 0.18 (0.00)
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Males Females EnnlURaqt WEHW2c¢cdzal
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak int rot angle (°) 9.90+5.82 589+58 4.79+518 6.90+5.96 4.73+3.70 8.16+667 0.205 (0.05) 0.853 0.170 (0.06)
(0.00)
Peak ext rot angle (°) -1.46+ 668 -7.69+547 -8.89%+5.71 -4.80%6.81 -10.12+ -5.87+6.06 0.011* (0.14) 0.534 0.230 (0.05)
6.48 (0.01)
Range transverse angle (°) » 11.36+ 13.58+ 1349+ 11.70+ 1485+ 779 14.03+ 0.306 (0.04) 0.855 0.999 (0.00)
3.01 4.89 3.93 3.38 5.03 (0.00)
Peak int rot moment (Nm/kg/m) 0.31+0.12 0.32+006 0.28+0.09 0.36+008 0.32+0.11  0.28+007 0.123 (0.07) 0.570 0.693 (0.01)
(0.01)
Peak ext rot moment (Nm/kg/m)  -0.12+0.10 -0.04+0.02 -0.06+0.09 -0.09+007 -0.03+0.03 -0.03+0.03 0.003* (0.18) 0.177 0.791
n (0.03) (0.008)
Peak vVGRF(BW) 511+ 068 4.18+048 3.82:+0.61 481+053 4.22+028 3.73+058 <0.001* 0.411 0.625 (0.02)
(0.47) (0.01)
Time to PKF (s) 0.19+008 0.26+x0.12 0.26+0.10 0.19+0.08 0.26+0.08 0.22+0.10 0.047* (0.10) 0.541 0.746 (0.01)
(0.01)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance " log transformed metri®W = body weight,
ext rot = external rotation,GRF = ground reaction force, PKF = peak knee flexjamt rot = internal rotation
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Table 21 Pairwise comparisons for the main effects of maturation during theingle-leg
drop-land (LAND) task on the dominant leg, where no interactions were indicated.
¢ 11 Ndahdkintérpretation provided when significant differences§ < 0.05) indicated.

Pairwise comparison Mean difference [95% CI]  pvalue g(magnitude)
Peakvarusangle (°)

Pre Mid 2.05 [0.20, 4.29] 0.074 y

Pre Post 3.09 [0.87, 5.31] 0.007* 0.930 [arge
Mid Post 1.04 [1.23, 3.32] 0.361 y
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.16 [0.27,-0.06] 0.003* 0.942 [arge
Pre Post -0.19 [0.29,-0.08] 0.001* 1.089 [arge
Mid Post -0.03 [0.13, 0.08] 0.639 y
Peak extot angle (°)

Pre Mid 5.78 [1.92, 9.64] 0.004* 0.942 [arge
Pre Post 4.15 [0.35, 7.96] 0.033* 0.719 (medium
Mid Post -1.63 [5.53, 2.27] 0.408 y
Peak ext rot moment (Nm/kg/m)

Pre Mid -0.07 [0.11,-0.02] 0.003* 1.023 [arge
Pre Post -0.06 [0.10,-0.02] 0.004* 0.809 (arge
Mid Post 0.00 [0.04, 0.05] 0.840 y
PeakvGRKBW)

Pre Mid 0.76 [0.42, 1.11] <0.000* 1.472 (arge
Pre Post 1.19[0.85, 1.53] <0.000* 1.964 (arge
Mid Post 0.42 [0.07, 0.77] 0.018* 0.823 [arge
Time to PKF (s)

Pre Mid -0.07 [0.13,-0.01] 0.016* 0.805 [arge
Pre Post -0.05 [0.10, 0.01] 0.102 y

Mid Post 0.02 [0.03, 0.08] 0.406 y

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5medium effect
size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external rotation, GRF =vertical

ground reaction force
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5.2.2 LAND nonrdominant leg

A statistically significant interaction effect was observed between sex andhaturation
stage for peak knee flexion moment (i, s4= 3.657,p = 0.032) with the remaining metrics
showing no interaction (Table 21). Within the postpubertal group, males had a
significantly higher peak knee flexion moment than female§ = 0.035,g= 1.311large).
Within females, both pre-pubertal and mid-pubertal exhibited greater peak knee flexion
moments than post-pubertal (p < 0.001,g= 1.894large) and p = 0.002,g= 0.653large),

respectively.

Significant main effects of maturation were observed for peak kneearus moment (R, ss)
= 5.703,p = 0.006),peak knee external rotation moment (f s4y= 3.878,p = 0.027) and
peak VGRF(R, s4)= 15.382,p = 0.024). Based on pairwise comparisons (Tablg2), the
mid-pubertal and post-pubertal groups had significantly greater peak kneevarus
moment than pre-pubertal (p = 0.013,g=medium; p = 0.002,g =large, respectively). The
post-pubertal group also had significantly higher peak knee external rot@in moment

than pre-pubertal (p = 0.008,g = large). PeakvGRFwas higher in both prepubertal and

mid-pubertal than post-pubertal (p< 0.001, g = large; p= 0.017, g = medium,

respectively), and higher in prepubertal than mid-pubertal (p = 0.004,g =large).

No significant main effects of sex were observedrlhe results of the dominant and non

dominant legs for the LAND task are summarised in Figufé.
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Table 22 The interaction between sex andnaturation stage groups duringthe single-leg drop-land (LAND) task on the nondominant
leg for biomechanical variables associated withanterior cruciate ligament (ACL) injury risk shown as mean and standard deviations

(SD),performed by 2x3 way analysis of variance.

Males Females Ennldfaqt WEGW2cdel
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 58.18+ 59.35+ 60.57 61.13+ 59.36+ 61.72+ 0.858 (0.01) 0.635 0.917 (0.00)
13.77 9.43 12.80 10.21 6.88 10.10 (0.00)
Peak extension angle (°) 10.41+£6.16 13.50 11.60+ 6.01 11.28+ 2.8 11.84+ 1547+£516 0.246 (0.05) 0.441 0.238 (0.05)
3.16 5.45 (0.01)
Range sagittal angle (°) 4777+ 4585+ 48.98+ 8.18 49.85+9.19 4751+ 46.25+ 659 0.746 (0.01) 0.880 0.617 (0.02)
10.85 8.40 7.10 (0.00)
Peak flexion moment (Nm/kg/m) 0.48+0.11 0.39+0.10 0.41+0.08 0.50+0.13 0.46+0.12 0.31+0.07 <0.001* 0.996 0.032
(0.24) (0.00) (0.12)
Peak extension moment -1.55+0.31 -1.61+ -1.57+0.29 -1.85+0.40 -1.68+ -1.58+0.29 0.392 (0.03) 0.102 0.283 (0.05)
(Nm/kg/m) 0.18 0.26 (0.05)
Peakvalgus angle (°) 9.01+6.80 4.79+3.92 3.81+307 757+668 538+424 529+530 0.059 (0.10) 0.878 0.663 (0.02)
(0.00)
Peak varus angle (°) 0.57+405 -249+ -3.25+2.44 -1.09+4.97 -3.31+% -2.23+x4.61 0.070 (0.09) 0.637 0.541 (0.02)
3.26 391 (0.00)
Range coronal angle (°) » 845+379 728159 7.06+1.40 8.65+239 8.69+309 7.51+1.8 0.465 (0.03) 0.335 0.945 (0.00)
(0.02)
Peak valgus moment (Nm/kg/m) 0.52+0.23 048+0.12 0.43+x0.14 049+0.23 047+x016 0.37+0.16 0.175 (0.06) 0.477 0.892 (0.00)
(0.01)
Peak varus moment (Nm/kg/m) -0.32+0.20 -0.18+ -0.11+ 008 -0.30+0.18 -0.20+ -0.21+0.13 0.006* (0.17) 0.384 0.432 (0.03)
0.13 0.13 (0.01)
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Males Females EnnlJfaqt WEGW2cdeal

Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction

Peak int rot angle (°) 958+587 8.03+528 7.52+6.08 8.19+528 6.06+488 7.92+558 0.586 (0.02) 0.498 (0.01) 0.780 (0.01)
Peak ext rot angle (°) -2.32+539 -458+528 -3.99+5.92 -3.74+597 -584+615 -5.99+559 0.431 (0.03) 0.300 (0.02) 0.977 (0.00)
Range transverse angle (°) 1191+4.21 1261+286 11.51+389 11.93+289 11.91+388 13.91+375 0.792 (0.01) 0.554 (0.01) 0.379 (0.04)
Peak int rot moment (Nm/kg/m) 0.29+0.12 0.25+009 0.27+0.08 0.34+0.11 0.24+0.10 0.23+0.08 0.097 (0.08) 0.872 (0.00) 0.274 (0.05)
Peak extrot moment (Nm/kg/m)  -0.11+008 -0.08+005 -0.06% 005 -0.10+ 006 -0.08+006 -0.04+ 005 0.027* (0.126) 0.670 (0.00) 0.857 (0.01)
Peak vVGRF(BW) 475+059 417+051 3.62+0.61 454+045 4.09+045 3.81+049 <0.001* (0.36) 0.796 (0.00) 0.487 (0.03)
Time to PKF (s) 0.19+009 0.27+006 0.25+0.12 0.21+007 023006 0.23+0.10 0.380 (0.04) 0.640 (0.00) 0.747 (0.01)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance ” log transformed metri®W = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.
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Table 23 Pairwise comparisons for the main effects of maturation during theingle-leg
drop-land (LAND) task on the nonrdominant leg, where no interactions were indicated.
¢ 11 Ndahdkintérpretation provided when significant differences§ < 0.05) indicated.

Pairwise comparison Mean differences [95% CI] pvalue g(magnitude)
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.12 [0.22,-0.03] 0.013*  0.774 tnedium
Pre Post -0.15 [0.24,-0.06] 0.002* 0.989 large
Mid Post -0.03 }0.12, 0.07] 0.593 y

Peak ext rot moment (Nm/kg/m)

Pre Mid -0.02 [0.06, 0.02] 0.231 y

Pre Post -0.05 [0.09,-0.01] 0.008* 0.876 large
Mid Post -0.03 [0.07, 0.01] 0.133 y
PeakvGRKBW)

Pre Mid 0.52[0.17, 0.86] 0.004* 1.034 farge
Pre Post 0.93[0.59, 1.26] <0.000* 1.715 (arge
Mid Post 0.41 [0.08, 0.75] 0.017*  0.794 tnedium)

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5medium effect
size; g = 0.8large effect size.BW = body weightCl = confidence intervals ext rot = external rotation, vGRE vertical
ground reaction force.
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Dominant (n = 64) Non-dominant (n = 60)
Peak flex moment T inpost Mvs Peak flexmoment T in post

post F, | in mid F and post F vs Mvs post F, | in post Fvs
pre Fand | in post F vs mid F. pre and mid.

Peak varus moment T nd Peakvarus moment Tin

post vs pre. mid and post vs pre.

Peak ext rot moment T eak ext rot moment T in
and post vs pre. ost vs pre and | inMvs F.
Peak vert GRF | in post vs mi

and pre.

ak vert GRF | in post vs
mid and pre.

Peak extension angle T in post
vs post M, T in post F vs pre F, and
T in mid M vs pre M.

Peak varus angle | in post'vs
pre.

Time to pkf T in mid vs pre.

Figure 15 Single-leg drop-land (LAND) task results infographic.Note: ext, external;F,
females; flex, flexion; GRF, ground reaction forceM, males; mid, early/mid-pubertal;

pkf, peak knee flexionpost, late/post-pubertal; pre, pre-pubertal; rot, rotation; vert,
vertical.
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5.2.3 CUT dominant leg

No significant interaction effects between sex and maturation were found for any of the
CUT metrics on the dominant leg (Table3). For maturation, significant main effects were
observed for peak knee flexion moment (Fsq = 6.825,p = 0.002), peak knee internal
rotation moment (Rz, s = 3.571,p = 0.035) and peakvGRF(F, s5 = 12.228,p < 0.001).
Pairwise comparisons, however, revealed no significant differencep(> 0.392) between
the maturation stages for peak knee flexion moment (Tabl24). For knee internal rotation
moments, the pre-pubertal group demonstrated significantly greater moments than the
mid-pubertal (p = 0.027,g=medium) and postpubertal (p = 0.024,g=medium) groups.
Significantly larger peakvGRFs were observed in the midpubertal and post-pubertal
groups compared to the prepubertal group (< 0.001,g = large; p< 0.001, g = large,

respectively).

For sex, a significant main effect was found for peakGRHFq,s5 = 4.771,p = 0.033), and
pairwise comparisons revealed significantly larger peakGRFS in males than females §
= 0.033,g=small).
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Table 24 The interaction between sex ananaturation stage groups duringthe single-leg drop-land and cut (CUT) task on the
dominant leg for biomechanical variables associated witranterior cruciate ligament (ACL) injury risk shown as mean and standard
deviations (SD) performed by 2x3 way analysis of variance.

Males Females EnnlJfaqt WEGW2cde
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 6449+7.62 65.08+8.8l 6247+669 65.71+769 63.13+439 67.89+725 0.874 (0.01) 0.403 (0.01) 0.287 (0.04)
Peak extension angle (°) 1425+4.40 1889+54 16.84+765 1557+486 17.00+3.73 18.24+5.10 0.142 (0.07) 0.839 (0.00) 0.539 (0.02)
Range sagittal angle (°) 50.24+6.95 46.19+5.74 45.63+659 50.14+6.97 46.14+5.31 49.64+4.73 0.109 (0.08) 0.415 (0.01) 0.478 (0.03)
Peak flexion moment (Nm/kg/m) » 043+0.20 0.28+0.13 0.31+0.16 0.44+0.14 035+0.2 0.19+007 0.002* (0.20) 0.769 (0.00) 0.147 (0.07)
Peak extension moment (Nm/kg/m)  -1.79+0.24 -1.90+026 -1.70+037 -1.85+0.32 -1.88+026 -1.87+0.34 0.560 (0.02) 0.399 (0.01) 0.613(0.02)
Peak valgus angle (°) 1046+ 6.03 8.92+269 7.85+669 8.84+2.90 993+413 821+6.50 0.271 (0.05) 0.986 (0.00) 0.827 (0.01)
Peak varus angle (°) 0.79+3.33 -0.32+239 -2.92+4.73 -0.26+326 -050+2.83 -1.99%469 0.051 (0.10) 0.915 (0.00) 0.679 (0.01)
Range coronal angle (°) 9.67+4.2 9.23+3.12 10.77+356 9.10+208 10.43+2.63 10.20+3.04 0.575 (0.02) 0.986 (0.00) 0.632 (0.02)
Peak valgus moment (Nm/kg/m) 036+0.14 035+0.10 0.39+0.19 0.40+019 0.32+016 0.32+019 0.689 (0.01) 0.604 (0.01) 0.545 (0.02)
Peak varus moment (Nm/kg/m) -0.46+019 -0.26+0.14 -0.20+0.19 -0.31+019 -0.33+0.24 -0.29+0.24 0.063 (0.09) 0.928 (0.00) 0.084 (0.09)
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Males Females EnnlUraqt WEGW2¢he1J

Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction

Peak int rot angle (°) 8.40+552 852+705 7.83+x7.50 474+6.00 842+657 9.11+7.73 0.573(0.02) 0.633(0.00) 0.476 (0.03)

Peak ext rot angle (°) -497+585 -5.81+5.00 -6.32+9.36 -8.60+6.34 -7.40+658 -6.38+7.25 0.979 (0.00) 0.315(0.02) 0.696 (0.01)

Range transverse angle (°) 13.36+ 14.33 ¢ 14.16+ 13.34 15.82+ 1549+ 0.493 (0.03) 0.472(0.01) 0.867 (0.01)

4,18 5.11 4.74 478 7.97 2.65

Peak int rot moment (Nm/kg/m) 0.28+0.11 0.27+007 0.24+0.08 0.34+0.10 0.23+008 0.25+0.09 0.035* (0.11) 0.716 (0.00) 0.225 (0.05)

Peak ext rot moment (Nm/kg/m)  -0.10+006 -0.08+007 -0.07+0.07 -0.10£006 -0.08+£006 -0.07+0.09 0.377 (0.03) 0.871(0.00) 0.991 (0.00)

Peak vVGRF(BW) 472+155 7.46+205 8.33+286 494+106 6.15+089 6.47+1.16 <0.001* 0.033* (0.08) 0.152 (0.07)

(0.31)

Flight time (s) 0.12+0.03 0.16+x006 0.15+0.05 0.16+008 0.15+006 0.15+0.03 0.582 (0.020) 0.508 0.229 (0.052)
(0.008)

Time to peak knee flexion (s) * 0.24+008 0.24+005 0.26+0.11 0.28+0.12 0.21+005 0.23+004 0.351 (0.037) 0.842 0.258 (0.048)
(0.001)

Stance time (s) 051+0.12 049+009 0.51+0.12 051+0.16 0.44+0.10 0.48+0.08 0.604 (0.018) 0.515 0.556 (0.021)
(0.008)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance * log transformed metridW = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.
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Table 25 Pairwise comparisons for the main effects of maturation duringhe single-leg
drop-land and cut (CUT) task on the dominant leg, where no interactions were
indicated. ¢ 13T Ndahdkintidrpretation provided when significant differences§ < 0.05)

indicated.
Pairwise comparison Mean differencg95% CI]  pvalue g(magnitude)
Peak flexion moment (Nm/kg/m)
Pre Mid 0.04 [0.06, 0.14] 0.392 y
Pre Post 0.02 [0.08, 0.12] 0.631 y
Mid Post -0.02 [0.12, 0.08] 0.711 y
Peak int rot moment (Nm/kg/m)
Pre Mid 0.06 [0.01, 0.12] 0.027* 0.642 fnedium
Pre Post 0.06 [0.01, 0.12] 0.024* 0.651 fnedium
Mid Post 0.00 [0.05, 0.06] 0.972 y
PeakvGRKBW)
Pre Mid -1.98 [3.07,-0.88] <0.001* 1.316 (arge
Pre Post -2.57 [3.68,-1.47] <0.001* 1.374 (arge
Mid Post -0.60 [1.73,-0.53] 0.294 y
M F 0.99 [0.08, 1.89] 0.033* 0.426 émal))

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5medium effect
size; g = 0.8large effect size.BW = body weightCl = confidence intervals vGRF = vertical ground reaction force.
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5.2.4 CUT nondominant leg

No significant interaction effects between sex and maturation were found for any of the
CUT metrics on the nordominant leg (Table25). Significant main effects of maturation
were observed for peak kneevarus angle (k. sn = 3.746,p = 0.030), peak kneevarus
moment (R, s» = 6.756,p = 0.002), peak knee external rotation moment (s = 4.449,p
= 0.016) and peakvGRF(Fy, 55 = 13.912,p < 0.001). Pairwise comparisons (Tabl26)
revealed that the prepubertal group had a significantly greater peakarus angle than
post-pubertal (p = 0.013,g= 0.865large), but lower peak kneevarusand external rotation
moments than both the postpubertal (p< 0.001, g = large; p= 0.008, g = large,
respectively) and midpubertal (p= 0.012, g = medium; p= 0.026, g = medium,
respectively) groups. The pregpubertal group had greater peakGRFs than both the mid
pubertal and post-pubertal groups < 0.001,g=Ilarge; p < 0.001,g=large, respectively).

For sex, a significant main effect was present for peak knee external rotation moment(F
sn=4.125,p = 0.047). Pairwise comparisons indicated significantly greater peak external

rotation moments in females ¢ = 0.047,g=medium) than males.

The results of the dominant and nordominant legs for theCUTtask are summarised in

Figure 1.
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Table 26 The interaction between sex andnaturation stage groups duringthe single-leg drop-land and cut (CUT) task on the non
dominant leg for biomechanical variables associated witranterior cruciate ligament (ACL) injury risk shown as mean and standard
deviations, performed by 2x3 way analysis of variance.

Males Females EnnlURaqt WEHW2c¢cdz2 1]
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 60.38+9.72 62.44 + 60.84 + 63.90 = 58.83+ 66.37+ 6.00 0.555 (0.02)  0.404 (0.01) 0.209 (0.05)
7.30 10.34 9.10 5.94
Peak extension angle (°) 12.92+7.23 15.46 = 16.06 + 14.20 = 1258+ 18.16+5.71 0.136 (0.07) 0.911 (0.00) 0.372(0.03)
5.02 8.22 3.04 3.38
Range sagittal angle (°) » 47.70+ 755 47.00 + 4477 + 49.69 + 46.24 + 48.21+3.80 0.607 (0.02)  0.312(0.02) 0.506 (0.02)
3.73 10.40 6.05 5.73
Peak flexion moment 0.46+0.14 0.38+006 0.42+0.06 042+ 0.40+0.10 0.32+0.10 0.145 (0.07)  0.179(0.03) 0.241 (0.05)
(Nm/kg/m) 0.12
Peak extension moment -148+0.4 -157+019 -1.50+0.41 177+ -1.60+0.21  -1.66+027 0.764 (0.01) 0.124 (0.04) 0.428 (0.03)
(Nm/kg/m) 0.30
Peak valgus angle (°) 11.06+6.52 7.90+6.64 6.23+425 10.44 + 8.69+ 557 8.01+7.10 0.163 (0.06)  0.683(0.00) 0.824 (0.01)
5.80
Peak varus angle (°) 0.74+3.60 -2.05+3.80 -2.16+3.80 -0.19+  -217+377 -3.66+4.63 0.030* (0.12)  0.405 (0.01) 0.862 (0.01)
4.12
Range coronal angle (°) 10.32+4.33 9.95+3.2 8.39+349 10.63 + 10.86 + 11.67+ 337 0.915 (0.00)  0.106 (0.05) 0.396 (0.03)
2.96 2.96
Peak valgus moment 0.38+015 045+0.12 0.32+0.12 0.43% 0.36+ 0.17 0.35+0.17 0.290 (0.04)  0.888(0.00) 0.372(0.03)
(Nm/kg/m) 0.18
Peakvarus moment (Nm/kg/m)  -0.36+0.21 -0.24+0.21 -0.14+0.10 036+ -0.21+019 -0.20+0.10 0.002* (0.19)  0.816 (0.00)  0.740 (0.01)
0.17
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Males Females Ennlfraqt WEW2c¢cla I

Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak int rot angle (°) 12.00+ 10.51+ 1049+ 10.67 + 9.44+7.73 9.11+7.73 0.730 (0.01) 0.479 (0.01) 0.997 (0.00)
7.63 7.56 5.73 4.81
Peak ext rot angle (°) -3.38+6.80 -5.01+687 -3.23+457 -3.57+358 -6.24+665 -8.73+7.38 0.381 (0.03) 0.162 (0.03) 0.389 (0.03)
Range transverse angle (°) 15.39+ 1552 + 13.72+ 14.24 + 15.67 + 17.80+ 0.753 (0.01) 0.365 (0.01) 0.161 (0.06)
457 411 6.34 2.93 431 3.39
Peak int rot moment (Nm/kg/m) 0.23+008 0.25+008 0.19+0.07 0.30+0.12 0.20x009 0.23+0.08 0.120 (0.07) 0.381 (0.01) 0.069 (0.00)
Peak ext rot moment (Nm/kg/m)  -0.14+ 007 -0.07+£0.06 -0.09+ 007 -0.09+£ 005 -0.08+x005 -0.04+004 0.016* (0.14) 0.047*(0.07) 0.172(0.06)
Peak vGRF(BW) 483+077 391+0.72 3.93+068 441+0.32 389+025 351+025 <0.001* 0.062 0.461
(0.332) (0.061) (0.027)
Flight time (s) 0.14+0.6¢ 0.18+007 0.15+007 0.13+0.08 0.15+005 0.15x0.4 0.189 (0.058) 0.503 0.530
(0.008) (0.022)
Time to peak knee flexion (s) * 024010 0.24+x0.04 0.23x0.11 0.29+0.13 0.20+x0.04 0.24+0.06 0.252 (0.048) 0.718 0.300
(0.002) (0.042)
Stance time (s) * 045+0.13 049+006 0.48%0.16 0.53+016 044+0.10 0.49%+0.10 0.747 (0.010) 0.664 0.255
(0.003) (0.048)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance " log transformed metridW = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.
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Table 27 Pairwise comparisons for the main effects of maturation during theingle-leg
drop-land and cut (CUT) task on the nordominant leg, where no interactions were
RUT R#¢ q 1JIgEddinteypradatidn pravided when significant differences§ < 0.05)

indicated.
Pairwise comparison Mean difference [95% CI]  pvalue g(magnitude)
Peakvarusangle (°)
Pre Mid 2.39 [0.02, 4.79] 0.052 y
Pre Post 3.18[0.71, 5.66] 0.013* 0.865 large
Mid Post 0.79 }1.77, 3.36] 0.537 y
Peakvarusmoment (Nm/kg/m)
Pre Mid -0.14 [0.25,-0.03] 0.012* 0.716 tmedium
Pre Post -0.19 [0.30,-0.08] 0.001* 1.189 [arge
Mid Post -0.05 [0.17, 0.06] 0.343 y
Peak ext rot moment (Nm/kg/m)
Pre Mid -0.04 [0.08,-0.01] 0.026* 0.781 tnedium)
Pre Post -0.05 [0.09,-0.01] 0.008* 0.945 large
Mid Post -0.01 [0.05, 0.03] 0.626 y
F M 0.03 [0.00, 0.06] 0.047* 0.613 tnediunm)
PeakvGRKBW)
Pre Mid 0.73[0.37, 1.08] <0.001* 1.245 (arge
Pre Post 0.90[0.53, 1.28] <0.001* 1.548 largg
Mid Post 0.18 [0.21, 0.56] 0.363 y

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5medium effect
size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external rotation, vVGRF = vertical

ground reaction force.
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Biomechanical differences in maturation
and sex during a land and cut task

Dominant (n = 63) Non-dominant (n = 63)
Peak vert GRF T in mid and Peak vert GRF | in mid and
post vs pre and T in Mvs F. post vs pre.

Peak int rot moment | inmid  p.gk varus angle | in post vs
and post vs pre. pre.

Peak varus moment T in post
Vs pre.

Peak ext rot moment T in post
vs pre and | in M vs F.

Figure 16 Single-leg drop-land and cut (CUT) task results infographic.Note: ext,
external; F, females; flex, flexion; GRF, ground reaction forcant, internal; M, males;
mid, early/mid-pubertal; post, late/post-pubertal; pre, pre-pubertal; rot, rotation; vert,

vertical.
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5.2.5ROT dominant leg

A significant interaction effect between sex and maturation was found for jump height
(R2, sn= 6.356,p = 0.003) with the remaining metrics showing no significant interaction
effects (Table Z). Pairwise comparisons revealed that migpubertal jumped higher than
pre-pubertal within both the females (p = 0.019,g= 1.193large) andthe males (p < 0.001,
g= 1.667large). Withinthe males, the postpubertal group also jumped higher than the
mid-puberal (p = 0.050,g= 0.634medium) and the prepubertal (p <0.001,g=2.721large)
groups. Furthermore, within the postpubertal group, males jumped higher than females
(p<0.001,g=0.433small).

Statistically significant main effects were observed formaturation stage for peak knee
flexion moment (R, s7= 7.453,p = 0.001), peak kne&ralgusangle (k,s7= 4.235,p = 0.019),
peak kneevarusangle (F, sn= 3.169,p = 0.050), peak kneezarus moment (Fz, s7)= 9.378,
p <0.001), peak knee external rotation angle (Fs»=3.787,p = 0.029), peak knee external
rotation moment (R, sn= 8.733,p < 0.001), and peakvGRF(F., s7)= 12.847,p < 0.001).
Pairwise comparisons revealed significah differences between maturation stages
(Table28). For peak knee flexion moment, the prgpubertal (p = 0.001,g=Ilarge) and mid
pubertal (p= 0.002, g = large) groups had significantly greater moments than post
pubertal. The prepubertal group had a significantly greater peak kneealgusangle than
mid-pubertal (p= 0.036, g = medium) and postpubertal (p= 0.008, g = large). Pre
pubertal also had significantly greater peak kneesarus angle than postpubertal (p =
0.023,g=medium), and peak knee external rotation angle than migubertal (p = 0.008,
g = large). In contrast, the prepubertal group had significantly lower peak kneesarus
moments and knee external rotation moments than the miepubertal (p = 0.002,g=large;
p = 0.002,g = large, respectively) and postpubertal (p < 0.001,g =large; p< 0.001,g =
large, respectively) groups. PeakvGRFwas higher in the prepubertal group compared to
the post-pubertal (p = 0.009,g=Ilarge)and mid-puberal (p = 0.000,g =large), and higher
in mid-pubertal than post-pubertal (p = 0.007,g=Ilarge).

No main effects of sex were observed for any of the metrics of the dominant leg.
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Table 28 The interaction between sex and maturation stage groups durirtge single-leg rotating drop-land and hop (ROT)task on the
dominant leg for biomechanical variables associated witranterior cruciate ligament (ACL) injury risk shown as mean and standard
deviations (SD) performed by 2x3 way analysis of variance.

Males Females EnnlURaqt WEGW2c¢cdzal
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction

Peak flexion angle (°) 59.71 + 58.75 62.72 £ 61.65 + 59.79 + 65.51 + 0.249 (0.05) 0.422 0.958 (0.00)
8.92 12.54 9.74 9.61 7.05 7.37 (0.01)

Peak extension angle (°) 14.29 + 16.07 £ 5.96 14.89 + 11.90 £ 14.85 16.76 + 0.142 (0.07) 0.640 0.343 (0.04)
4.47 5.58 4.01 3.13 5.35 (0.00)

Range sagittal angle (°) 4542 + 42.68 £ 9.63 4782 49.75 4494 + 48.76 £ 0.167 (0.06) 0.214 0.773 (0.01)
7.30 7.93 8.98 7.52 5.24 (0.03)

Peak flexion moment (Nm/kg/m) 0.51+0.15 0.52+0.13 0.42+0.06 0.52+0.14 0.52+0.16 0.35+0.11 0.001* (0.21) 0.621 0.554 (0.02)
(0.00)

Peak extension moment -1.61+0.18 -1.63+0.25 -1.51+0.34 -1.74+0.31 -1.66+0.24 -1.69+0.30 0.679 (0.01) 0.104 0.692 (0.01)
(Nm/kg/m) (0.05)

Peak valgus angle (°) 9.75+4.88 456+359 4.17+4.96 736+245 6.55+457 547+557 0.019* (0.13) 0.794 0.237 (0.05)
(0.00)

Peak varus angle (°) 1.41+398 -251+298 -2.67+348  -064+3.47 -146+501 -2.16+4.56 0.006* (0.17) 0.872 0.397 (0.03)
(0.00)

Range coronal angle (°) » 834+329 7.06+136 6.98+233 8.00+220 8.01+253 7.63+x1.77 0.217 (0.05) 0.680 0.399 (0.03)
(0.00)

Peak valgus moment (Nm/kg/m) 035+0.17 0.34+0.11 0.34+0.17 0394012 0.31+0.14 0.27+0.14 0.297 (0.04) 0.528 0.427 (0.03)
(0.01)

Peak varus moment (Nm/kg/m) -0.46£0.19 -0.23+0.09 -0.20+0.12 -0.39+0.20 -0.30+0.12 -0.26+0.18 <0.001* 0.628 0.281 (0.04)
(0.25) (0.00)
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Males Females Ennllraqt WEW2¢da1d
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak int rot angle (°) 7.63+447 228+450 3.45+6.18 495+477 7.40+7.15 589+521 0.187 (0.06) 0.244 (0.02) 0.202 (0.06)
Peak ext rot angle (°) -2.64+4.02 -888+4.39 -7.16%+7.29 -463+541 -8.00£6.59 -3.94+5.67 0.029* (0.12) 0.624 (0.00) 0.317 (0.04)
Range transverse angle (°) 10.34 + 11.16 + 10.60 + 10.52 + 12.95 + 11.34 + 0.520 (0.02) 0.439(0.01) 0.850 (0.01)

3.72 5.00 3.75 3.35 6.89 4.49

Peak int rot moment (Nm/kg/m) 0.30+0.09 0.34+0.07 0.35+0.12 040+0.10 0.33+0.10 0.35+0.10 0.790 (0.01) 0.224 (0.03) 0.153(0.06)
Peak ext rot moment (Nm/kg/m)  -0.10£0.07 -0.03+0.02 -0.03+0.04 -0.06 £0.04 -0.05+0.03 -0.03+0.03 <0.001* (0.24) 0.377 (0.01) 0.120 (0.07)
Peak VGRF(BW) ~ 465+0.83 4.00+0.79 3.22+0.35 4444072 3.99+0.17 3.61+0.75 <0.001* (0.31) 0.860 (0.00) 0.279 (0.04)
Time to peak knee flexion (s) 0.27+0.11 0.23+0.09 0.25+0.05 0.24+0.09 0.22+0.07 0.25+0.06 0.530(0.02) 0.555(0.01) 0.847 (0.01)
Stance time (s) 0.51+£0.15 052+0.16 0.54%0.13 0.49+£0.13 050+£0.13 0.59x0.16 0.267 (0.05) 0.883 (0.00) 0.647 (0.02)
Jump height (cm) * 5.41+ 255 12.12+ 15.23+ 6.41+ 245 10.34+ 8.65+ 2.3 <0.001* (0.40) 0.007* 0.003 (0.18)

5.12 4.32 3.75 (0.12)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance * log transformed metri®W = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.
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Table 29 Pairwise comparisons for the main effects of maturation during theingle-leg
rotating drop-land and hop (ROT) task on the dominant leg, where no interactions
were indicated.c 131 Ndahdkinterpretation provided when significant differences g <

0.05) indicated.

Pairwise comparison Mean difference [95% CI] pvalue g(magnitude)
Peak flexion moment (Nm/kg/m)

Pre Mid 0.00 [0.09, 0.08] 0.903 y

Pre Post 0.13 [0.05, 0.21] 0.001* 1.048 (arge)
Mid Post 0.14 [0.05, 0.22] 0.002* 1.120 (arge)
Peakvalgusangle (°)

Pre Mid 3.00 [0.20, 5.80] 0.036* 0.781 tnedium)
Pre Post 3.73 [1.01, 6.46] 0.008* 0.844 large
Mid Post 0.73 [2.12, 3.58] 0.608 y
Peakvarusangle (°)

Pre Mid 2.36 [0.29, 5.02] 0.080 y

Pre Post 3.31[0.72, 5.89] 0.013* 0.758 (nedium)
Mid Post 0.94 [1.76, 3.65] 0.488 y
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.16 [0.26,-0.06] 0.002* 1.030 (arge)
Pre Post -0.20 [0.29,-0.10] <0.001* 1.151 (large)
Mid Post -0.04 [0.14, 0.07] 0.484 y

Peak ext rot angle (°)

Pre Mid 5.51 [1.63, 9.38] 0.006* 0.989 (arge)
Pre Post 2.62 [1.16, 6.39] 0.170 y

Mid Post -2.89 [6.84, 1.05] 0.148 y

Peak ext rot moment (Nm/kg/m)

Pre Mid -0.05 [0.07,-0.02] 0.002* 0.979 (arge)
Pre Post -0.05 [0.08,-0.03] <0.001* 1.053 (arge)
Mid Post -0.01 [0.04, 0.02] 0.625 y
PeakvGRKBW)

Pre Mid 0.56 [0.14, 0.97] 0.009* 0.814 (arge
Pre Post 1.14 [0.74, 1.54] <0.001* 1.651 (arge
Mid Post 0.58 [0.16, 1.00] 0.007* 0.996 (arge

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.2mall effect size; g = 0.5medium effect
size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external rotation, vVGRE vertical

ground reaction force.
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5.2.6 ROT nondominant leg

A statistically significant interaction effect was observed between sex and maturation for
peak kneevalgus moment (Rg, s4= 3.353,p = 0.042) and jump height (& s4= 5.684,p =
0.006). For peak kneeralgusmoment, pairwise comparisons showed that within males,
the mid-pubertal had higher moments than pre-pubertal (p = 0.036,g = 1.408large).
Additionally, within the pre-pubertal group, females had a higher peak kne&algus
moment than males(p = 0.046,g= 0.392small). For jump height, pairwise corparisons
showed that mid-pubertal jumped higher than prepubertal within both females @ =
0.043,g= 1.032large) and males p < 0.001,g= 1.631large). Within the males, the post
pubertal group also jumped higher than the miepuberal (p = 0.015,g = 0.784medium)
and the pre-pubertal (p < 0.001,g= 2.536large) groups. Furthermore, within the post
pubertal group, males jumped higher than femalesg< 0.001,g= 0.516medium).

Statistically significant main effects were observed for peak knee flexion angle k. =
3.310, p = 0.044), peak knee flexion moment (k4= 7.315,p =0.002), peak kneevarus
moment (R, s9= 11.710,p < 0.001), peak knee external rotation moment (£s4= 11.706,
p < 0.001), and peakvGRF(F2, s4= 22.082,p < 0.001), as shown in Tabl@9. Pairwise
comparisons (Table30) showed that the prepubertal and post-pubertal groups had
significantly higher peak knee flexion anglegp(= 0.041,g=medium; p = 0.022,g =large,
respectively) and peak knee flexion momentsp(= 0.001,g = large; p = 0.003,g = large,
respectively) than midpubertal. The midpubertal and postpubertal groups had
significantly higher peak kneevarus moments (p = 0.001,g =large; p < 0.001,g = large,
respectively) and peak knee external rotation moments(= 0.001,g=large; p < 0.001,g
= large, respectively) than prepubertal. Also, peakvGRFwas higher in the prepubertal
group compared to the postpubertal and mid-puberal (p = 0.001,g=large; p = 0.000,9
=large, respectively) and higher in midpubertal than post-pubertal (p = 0.003,g=large).

No main effects of sex were observed for any of the metrics of the n@tominant leg. The
results of the dominant and nordominant legs for the ROT task are summarised in Figure

17.
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Table 30 The interaction between sex and maturation stage groups durirthe single-leg rotating drop-land and hop(ROT) task on the
non-dominant leg for biomechanical variables associated withanterior cruciate ligament (ACL) injury risk shown as mean and standard
deviations (SD) performed by 2x3 way analysis of variance.

Males Females EnnlUHaqt WEGW2c¢deal
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 61.32 + 58.16 + 61.27 + 62.97 + 55.94 + 64.04 + 0.044* (0.11) 0.708 0.555 (0.02)
7.47 11.10 7.22 5.22 6.61 5.36 (0.00)
Peak extension angle (°) 1351+ 13.35+4.79 13.83 12.24 = 11.76 + 16.29 0.137 (0.07) 0.941 0.276 (0.05)
4.39 3.75 3.70 4.59 3.84 (0.00)
Range sagittal angle (°) 47.97 + 44.80 £ 8.44 47.43 + 50.73 £ 44.18 + 47.76 + 0.053 (0.10) 0.608 0.676 (0.01)
5.24 6.34 6.03 5.91 3.73 (0.01)
Peak flexion moment (Nm/kg/m) 050+0.19 0.47+0.13 0.39+0.05 0.51+0.10 0.52+0.14 0.34+0.11 0.002* (0.21) 0.956 0.552 (0.02)
(0.00)
Peak extension moment -1.65+0.30 -1.51+0.28 -1.59+0.38 -1.83+0.19 -1.66+0.22 -1.56+0.30 0.138 (0.07) 0.180 0.479 (0.03)
(Nm/kg/m) (0.03)
Peak valgus angle (°) 10.13 3.67+580 3.24+2.75 6.06+359 645+487 554+6.21 0.053 (0.10) 0.794 0.065 (0.10)
5.43 (0.00)
Peak varus angle (°) 1.14+438 -3.63+3.97 -3.09+2.34 -1.72+3.75 -201+£5.78 -250%6.16 0.147 (0.07) 0.853 0.289 (0.05)
(0.00)
Range coronal angle (°) » 899+381 7.29+231 6.33+x1.44 778+ 153 847+322 8.04%2.62 0.427 (0.03) 0.313 0.375 (0.04)
(0.02)
Peak valgus moment (Nm/kg/m) ~ 0.31+0.09 046+0.11 0.38+0.14 046+0.26 0.37+0.16 0.31+0.17 0.410 (0.03) 0.927 0.042
(0.00) (0.11)
Peak varus moment (Nm/kg/m) -043+£0.18 -0.21+0.08 -0.15+0.08 -0.32+0.14 -0.23+0.16 -0.20%x0.13 <0.001* 0.671 (0.00 0.144 (0.07)
(0.30)
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Males Females EnnlUraqt WEGW2c¢cdz2 1]
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak int rot angle (°) 11.10 7.11+£560 7.40+6.35 8.67+5.67 7.21+6.58 7.37+5.56 0.335(0.04) 0.633(0.00) 0.781(0.01)
7.44
Peak ext rot angle (°) -1.89+7.44 -561+7.43 -3.69+4.73 -273+452 -511+7.61 -7.19+6.11 0.238 (0.05) 0.452(0.01) 0.613(0.02)
Range transverse angle (°) 12.99 + 12.72+3.16 11.09 +3.61 11.40+4.24 12.32+3.60 14.55+3.82 0.866 (0.01) 0.610(0.01) 0.085 (0.09)
3.77
Peak int rot moment (Nm/kg/m) 0.34+£0.09 0.32+£0.10 0.34+£0.10 0.38+£0.12 0.31+0.11 0.30%x0.07 0.305 (0.04) 0.885(0.00) 0.533(0.02)
Peak ext rot moment (Nm/kg/m) -0.10+0.06 -0.04+0.02 -0.03+0.03 -0.06 £0.04 -0.04+0.03 -0.03+0.02 <0.001* (0.30) 0.671(0.00) 0.144 (0.07)
Peak vGRF(BW) » 473+£059 3.84+0.75 3.15+0.59 448 +£0.74 4.04+0.31 3.60x0.40 <0.001* (0.44) 0.685 (0.00) 0.321(0.04)
Time to peak knee flexion (s) 0.27+0.12 0.25+0.10 0.27+0.08 0.23+£0.09 0.24+0.09 0.27+0.07 0.697 (0.01) 0.628 (0.00) 0.768 (0.01)
Stance time (s) 0.52+0.14 054+0.18 055+0.15 0.50+0.13 0.49+0.12 0.60%0.16 0.278 (0.04) 0.812(0.00) 0.563 (0.02)
Jump height (cm) 584+248 12.05+4.80 16.10+5.02 6.64+261 10.24+4.00 9.29+2.90 <0.001* (0.38) 0.009* (0.12) 0.006 (0.17)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance * log transformed metri®W = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.
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Table 31 Pairwise comparisons for the main effects of maturation during theingle-leg
rotating drop-land and hop (ROT)task on the nondominant leg, where no interactions
5 1J1 DWRUIT R A ¢cgphdilintiprethtibnpidvidedivhen significant differences <

0.05) indicated.

Pairwise comparison Mean difference [95% CI]  pvalue g(magnitude)
Peak flexion angle (°)

Pre Mid 5.10 [0.22, 9.97] 0.041*  0.606 (medium
Pre Post -0.51 [5.27, 4.24] 0.830 y

Mid Post -5.61 [10.38,-0.84] 0.022* 0.833 [arge
Peak flexion moment (Nm/kg/m)

Pre Mid 0.01 [0.07, 0.10] 0.753 y

Pre Post 0.14 [0.06, 0.22] 0.001* 1.121 large
Mid Post 0.13[0.05, 0.21] 0.003* 1.024 [arge
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.15 [0.23,-0.06] 0.001* 1.081(large
Pre Post -0.19 [0.28,-0.11] <0.001* 1.470 (arge
Mid Post -0.05 [0.13, 0.04] 0.286 y
Peak ext rot moment (Nm/kg/m)

Pre Mid -0.04[-0.06,-0.01] 0.002* 1.004(large
Pre Post -0.05 [0.07,-0.02] <0.001* 1.221(large
Mid Post -0.01 [0.03, 0.01] 0.458 y
PeakvGRKBW)

Pre Mid 0.67 [0.29, 1.04] 0.001* 1.068 large
Pre Post 1.23[0.87, 1.59] <0.001* 2.037 large
Mid Post 0.57 [0.19, 0.94] 0.003* 1.008 large

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.2mall effect size; g = 0.5medium effect
size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external rotation, vVGRF = vertical

ground reaction force.
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Biomechanical differences in maturation
and sex during a rotate, land and jump task

Dominant (n = 63)
Jump height T in mid F vs pre
F, Tin post M vs pre M and mid

M, and T in post M vs post F.

Peak flex moment | in post vs
mid and pre.

Peak varus moment T in mid
and post vs pre.

Peak ext rot moment T in mid
and post vs pre.

Peak vert GRF | in mid angd
post vs pre and | in mid v8
post.

Peak valgus angle | in mjd
and post vs pre.

Peak varus angle | in post vs
pre.

Peak ext rot angle | in mid vs
pre.

Non-dominant (n = 63)
Jump height T in mid Fvs pre
F, T in post M vs pre M and mid

M, and T in post M vs post F.

Peak flex moment T in pre
and post vs mid.

Peak varus moment T in mid
and post than pre.

Péak ext rot moment T in
mid and post vs pre.

Peakvert GRF | in mid and
post vs pre.

Peak flex angle T in pre and
post vs mid.

Pedk valgus moment T in
midM Vs pre M and T in preF
vs pre M

Figure 17 Single-leg rotating drop-land and hop (ROT) task results infographic.
Note: ext, external; F, females; flex, flexion; GRF, ground reaction force; M, male:
mid, early/mid-pubertal; post, late/post-pubertal; pre, pre-pubertal; rot, rotation;
vert, vertical.
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5.2.7 VERT dominant leg

A statistically significant interaction effect was observed between sex and maturation
stage forpeak knee exension angle (k, s5y= 3.684,p = 0.031) and jump height (& se =
6.530, p = 0.003). No significant interaction effects were observed for any other metrics
(Table 31). Pairwise comparisons revealed that, within the femalesthe post-pubertal
had a greatepeak knee extension angle thanthe pre-pubertal group (p = 0.010,g= 1.358
large); and within the males, midpubertal were greater than prepubertal (p = 0.014,g=
1.045large). Furthermore, within the midpubertal group, peakknee extension angle was
significantly greater in males than femalesyf = 0.041,9= 0.477small). For jump height,
within the males, both the postpubertal (p < 0.001,g= 2.584large) and the midpubertal
(p < 0.001,g = 1.852large) group jumped higher than prepubertal. Additionally, within
the post-pubertal group, males jumped higher than femalespg< 0.001,g= 1.678large).

Statistically significant main effects of maturation were observed for peak knee flexion
moment (R, s= 10.169,p <0.001), peak kneevalgusmoment (Fz, s¢y= 6.819,p = 0.002),
peak kneevarus moment (2 s6)= 5.299,p = 0.008), peak knee external rotation moment
(R, 56 = 3.754,p = 0.030), and peakvGRF(F, s)= 19.359,p < 0.001). Based on pairwise
comparisons (Table32), significantly greater peak knee flexion moments were observed
in pre-pubertal (p < 0.001,g =large) and mid-pubertal (p = 0.008,g =large) groups than
post-pubertal. The pe-pubertal group had a significantly higher peak kneevalgus
moment, than the mid-pubertal (p = 0.004,g=Ilarge) and postpubertal groups(p = 0.002,
g=large), but a significantly lower peak kneevarusmoment than post-pubertal (p = 0.002,
g = large). For peak external rotation moment, the prgubertal group had significantly
lower moments than postpubertal (p = 0.006,g=large). Higher vGRFs were seen in pre
pubertal than post-pubertal (p < 0.001,g=Ilarge) and mid-pubertal (p < 0.001,g=large),

and furthermore in mid-pubertal than post-pubertal (p = 0.022,g=medium).

No main effects of sex were observed for any of the metrics of the dominant leg.
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Table 32 The interaction between sex and maturation stage groups durirtge single-leg drop-land and vertical hop(VER)task on the
dominant leg for biomechanical variables associated witranterior cruciate ligament (ACL) injury risk shown as mean and standard
deviations (SD) performed by 2x3 way analysis of variance.

Males Females Ennlfaqt WGW2cdel
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 62.51 + 61.61 + 61.43 + 62.85 + 59.06 + 65.03 £ 0.555 (0.02) 0.839 0.544 (0.02)
7.58 11.14 9.51 8.83 6.32 8.96 (0.00)
Peak extension angle (°) 12.65 + 18.21 + 6.63 14.08 + 11.56 + 13.29 + 17.83 + 0.031* 0.568 0.031
3.95 6.18 3.09 3.82 5.64 (0.12) (0.01) (0.12)
Range sagittal angle (°) 49.87 + 43.40 + 8.63 47.34 51.29 + 45.77 + 47.20 + 0.080 (0.09) 0.565 0.885 (0.00)
6.40 9.84 9.90 6.68 7.02 (0.01)
Peak flexion moment (Nm/kg/m) 052+0.14 043+0.11 0.40+0.07 0.57+0.14 054+0.18 0.35%0.13 0.001* 0.278 0.146 (0.07)
(0.27) (0.02)
Peak extension moment -1.73+£0.28 -1.70+0.31 -1.55%0.28 -1.85+0.31 -1.62+0.25 -1.74+0.34 0.207 (0.06) 0.339 0.321 (0.04)
(Nm/kg/m) (0.02)
Peak valgus angle (°) 742+384 537+4.64 589+5.85 7.29+287 6.25+4.75 4.22+5.59 0.284 (0.04) 0.803 0.690 (0.01)
(0.00)
Peak varus angle (°) -1.07+4.18 -1.98+3.43 -3.00+4.55 -0.13+2.25 -1.24+515 -255+4.43 0.239 (0.05) 0.505 0.981 (0.00)
(0.01)
Range coronal angle (°) 849+251 735+3.10 888328 743 +2.06 7.49+283 6.77x1.77 0.811 (0.01) 0.152 0.427 (0.03)
(0.04)
Peak valgus moment (Nm/kg/m) * 056+0.25 0.38+x0.11 043+0.14 054+0.14 041+0.21 0.33£0.08 0.002* 0.412 0.469 (0.03)
(0.20) (0.01)
Peak varus moment (Nm/kg/m) -0.35+0.21 -0.21+0.07 -0.16%0.11 -0.30+0.17 -0.23+0.15 -0.18+0.11 0.004* 0.954 0.745 (0.01)
(0.18) (0.00)
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Males Females EnnlUHaqt WEGW2c¢cdeal

Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction

Peak int rot angle (°) 761+4.21 376+534 5.02+6.56 7.93+4.09 6.29+522 7.49+6.11 0.281 (0.04) 0.200 (0.03) 0.755 (0.01)
Peak ext rot angle (°) -439+7.17 -863+£578 -6.52+8.39 -486 £5.37 -7.14+6.18 -6.02%5.52 0.310 (0.04) 0.767 (0.00) 0.897 (0.00)
Range transverse angle (°) 12.00+5.34 12.39+3.52 11.53+3.78 12.79+3.16 13.43+7.12 13.52+2.98 0.573 (0.00) 0.247 (0.02) 0.732(0.01)
Peak int rot moment (Nm/kg/m) ~ 0.36 £0.09 0.33+0.05 0.31+0.12 0.36£0.12 0.32+0.09 0.32+0.05 0.374 (0.03) 0.918 (0.00) 0.736 (0.01)
Peak ext rot moment (Nm/kg/m) ~  -0.09 +1.10 -0.05+0.05 -0.03 +0.03 -0.06 +0.07 -0.03+0.03 -0.02+0.03 0.030* (0.12) 0.104 (0.05) 0.568 (0.02)
Peak VGRF(BW) 481+0.6 3.81+0.8 3.28+0.53 462+078 4.04+03L 359+ 069 <0.001* (0.41) 0.511 (0.01) 0.858 (0.03)
Time to peak knee flexion (s) 0.23+0.09 0.22+0.05 0.24+0.07 0.22+0.06 0.19+0.03 0.21+0.08 0.541 (0.02) 0.138(0.04) 0.923(0.00)
Stance time (s) 048+0.14 0.49+0.12 051+0.14 047+0.13 0.42+009 0.51+016 0.409 (0.03) 0.419 (0.01) 0.650 (0.02)
Jump height (cm) A 6.23+2.34 13.21+4.60 1577+449 758+2.2 11.61+535 814+4.33 <0.001* (0.29) 0.015 (0.10) 0.003 (0.19)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance ” log transformed metri®W = body weight,
ext rot = external rotation, GRF = ground reaction force, PKF = peak knee flexion, int rot = internal rotation.

178



Table 33 Pairwise comparisons for the main effects of maturation during theingle-leg
drop-land and vertical hop(VER7task on the dominant leg, where no interactions
were indicated.c 131 Ndahdkinterpretation provided when significant differences g <

0.05) indicated.

Pairwise comparison Mean difference [95% CI] pvalue g(magnitude)
Peak flexion moment (Nm/kg/m)

Pre Mid 0.07 [0.02, 0.15] 0.116 y

Pre Post 0.18 [0.10, 0.26] <0.001* 0.665 tnedium)
Mid Post 0.11 [0.03, 0.19] 0.008* 0.853 large
Peakvalgusnoment (Nm/kg/m)

Pre Mid 0.16 [0.05, 0.26] 0.004* 0.870 [arge
Pre Post 0.17 [0.07, 0.27] 0.002* 0.983 [arge
Mid Post 0.01 [0.09, 0.12] 0.839 y
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.10 [0.19, 0.00] 0.055 y

Pre Post -0.15 [0.25,-0.06] 0.002* 0.984(large
Mid Post -0.06 [0.15, 0.04] 0.244 y

Peak ext rot moment (Nm/kg/m)

Pre Mid -0.03 [0.07, 0.00] 0.067 y

Pre Post -0.05 [0.09,-0.01] 0.006* 0.837 large
Mid Post -0.02 [0.05, 0.02] 0.381 y
PeakvGRKBW)

Pre Mid 0.81[0.39, 1.23] <0.001* 1.167 large
Pre Post 1.30[0.89, 1.72] <0.001* 1.931 [arge
Mid Post 0.49 [0.07, 0.90] 0.021*  0.751 (nedium

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5,
medium effect size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external

rotation, vVGRF= vertical ground reaction force.
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5.2.8 VERT nondominant leg

Statistically significant interaction effects were observed between sex and maturation
stage for knee range of transversangle (R, s4= 3.404,p = 0.041) and jump height (& ss)
= 3.087,p < 0.001) with the other metrics showing no interaction (Tabl83). Pairwise
comparisons revealed that, within the postpubertal group, females had significantly
larger ranges than males = 0.038;g= 0.911large). For jump height, within the males,
both the post-pubertal (p < 0.001,g = 2.130large) and the midpubertal (p = 0.001,g =
1.557 large) group jumped higher than prepubertal. Furthermore, within the post
pubertal group, males jumped higher than females< 0.001,g= 1.518large).

Statistically significant main effects were observed for peak knee flexion moment gFs
= 3.970,p =0.025), peak kneevarusmoment (R, s49= 4.616,p =0.014), peak knee internal
rotation moment (kg s9= 3.970,p =0.025), peak knee external rotation moment (k& ss=
7.405, p <0.001), and peakVvGRF (R, s4y = 15.723,p < 0.001). Based on pairwise
comparisons (Table34), the prepubertal group had a significantly higher peak knee
flexion moment than postpubertal (p = 0.006,g=medium). The prepubertal group had
significant lower peak kneevarus moments and peak knee external rotation moments
than the mid-pubertal (p = 0.039,g=medium; p = 0.008,g=large, respectively) and post
pubertal (p = 0.005,g=large; p < 0.001,g=large, respectively). Higher vGRFs were seen
in pre-pubertal than post-pubertal (p < 0.001,g=large) and mid-pubertal (p = 0.001,g=
large), and in midpubertal than post-pubertal (p = 0.023,g = medium). For peak knee

internal rotation moment, no significant pairwise comparisons were observed.

No main effects of sex were observed for any of the metrics of the natominant leg. The
results of the dominant and nordominant legs for the VERT task are summarised in

Figure 1.
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Table 34 The interaction between sex and maturation stage groups durirthe single-leg drop-land and vertical hop(VER)task on the
non-dominant leg for biomechanical variables associated withanterior cruciate ligament ACL) injury risk shown as mean and standard
deviations (SD) performed by 2x3 way analysis of variance.

Males Females EnnlUHaqt WEGW2c¢cdeal
Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak flexion angle (°) 57.53+9.29 59.43 + 59.22 + 61.85 + 56.27 + 63.26 + 0.473 (0.03) 0.439 0.313 (0.04)
9.91 7.78 10.34 5.57 7.33 (0.01)
Peak extension angle (°) 12.39+5.48 15.43 13.48 £ 11.20+2.91 11.92 + 17.21 + 0.093 (0.08) 0.808 0.083 (0.09)
6.20 5.36 481 4.74 (0.00)
Range sagittal angle (°) 45.14 + 44.00 + 45.74 + 50.65 + 44.35 + 46.04 + 0.323 (0.04) 0.308 0.472 (0.03)
8.764 8.19 5.30 10.38 6.00 6.27 (0.02)
Peak flexion moment (Nm/kg/m) 0.50+0.20 0.43+0.10 0.44+0.10 0.54+0.13 046+0.11 0.36+0.14 0.025* 0.893 0.118 (0.08)
n (0.13) (0.00)
Peak extension moment -163+0.35 -1.46+0.26 -1.47+0.37 -1.79+0.31 -1.65%+0.15 -1.56+0.29 0.110 (0.08) 0.067 0.860 (0.01)
(Nm/kg/m) (0.06)
Peak valgus angle (°) 7.13+3.33 516%+6.71 3.47+3.58 7.23+397 529+400 5.16+6.58 0.170 (0.06) 0.615 0.841 (0.01)
(0.01)
Peak varus angle (°) -0.68+351 -243+3.85 -2.99+295 -0.70+4.70 -3.08+5.00 -2.74+5.30 0.186 (0.06) 0.919 0.941 (0.00)
(0.00)
Range coronal angle (°) 781+166 7.59+3.01 6.46+1.76 7.85+241 837+294 7.90+238 0.533 (0.02) 0.228 0.648 (0.02)
(0.03)
Peak valgus moment (Nm/kg/m) 049+0.16 0.48+0.12 0.36+0.12 046+0.26 0.38+0.18 0.33+0.16 0.061 (0.10) 0.259 0.788
(0.02) (0.009)
Peak varus moment (Nm/kg/m) ~ -0.32+0.25 -0.19+0.08 -0.12+0.07 -0.29+0.16 -0.22+0.15 -0.21+0.12 0.014* 0.444 0.480
(0.15) (0.01) (0.101)
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Males Females EnnlUraqt WEGW2c¢caeJ

Variable Pre Mid Post Pre Mid Post Maturation Sex Interaction
Peak int rot angle (°) 989+8.63 7.89+555 691+7.15 945+565 6.13+552 7.34+452 0.341 (0.04) 0.726 (0.00) 0.868
(0.005)
Peak ext rot angle (°) -435+7.86 -3.97+7.00 -457+5.78 -215+485 -562+5.89 -7.82+5.86 0.346 (0.04) 0.588 (0.01) 0.381 (0.04)
Range transverse angle (°) 14.24 + 11.86 + 11.47 + 11.59 + 11.76 + 15.17 + 0.463 (0.03)  0.758 (0.00) 0.0417
5.19 3.60 476 2.45 3.60 2.97 (0.11)
Peak int rot moment (Nm/kg/m) 0.30+0.09 0.31+0.09 0.27+0.10 0.32+0.13 0.27+0.11 0.23+0.09 0.171 (0.06) 0.413(0.01) 0.025"
(0.13)
Peak ext rot moment (Nm/kg/m)  -0.11 £ 0.07 -0.05+0.04 -0.05+0.04 -0.09+£0.05 -0.06+0.05 -0.04+0.04 < 0.001* 0.678 (0.00) 0.747 (0.01)
(0.22)
Peak VGRF(BW) 474+071 3.87+066 3.37+059 435+059 4.02+036 3.66+0.50 <0.001* (0.36) 0.911 (0.00) 0.157 (0.07)
Time to PKF(s) 0.23+0.09 0.24+0.08 0.23+0.06 0.22+0.07 0.19+0.03 0.23+ 007 0.823 (0.01) 0.331 (0.02) 0.460 (0.03)
Stance time (s) 0.48+0.15 051+015 0.50+0.13 0.46+0.10 0.42+008 0.52+0.14 0.449 (0.03) 0.386 (0.01) 0.387 (0.03)
Jump height (cm) 7.23+3.09 12.99+ 1556+ 7.25+2.75 10.52 + 9.47+3.33 <0.001* (0.28) 0.006* 0.054 (0.10)
3.94 4.34 5.52 (0.13)

Note: * significant main effects (p < 0.05) significant interaction effect (p < 0.05) from 2x3 way analysis of variance ” log transformed metrid¢ém = newton metres,
kg = kilogram, m = metre, int rot = internal rotation, ext rot = external rotation, GRF = ground reaction force, BW = bodghtiePKF = peak knee flexion, s = seconds,
cm = centimetres
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Table 35 Pairwise comparisons for the main effects of maturation during theingle-leg
drop-land and vertical hop(VER7Jtask on the nondominant leg, where no
interactions were indicated.c 13T Ndahdkintiérpretation provided when significant

differences (p < 0.05) indicated.

Mean difference [95%

Pairwise Comparisons Cl] P value g(magnitude)
Peak flexion moment (Nm/kg/m)

Pre Mid 0.08 [0.01, 0.16] 0.088 y

Pre Post 0.12 [0.04, 0.21] 0.006*  0.791 tnedium
Mid Post 0.05 [0.04, 0.13] 0.297 y
Peakvarusmoment (Nm/kg/m)

Pre Mid -0.10 [0.20, 0.01] 0.039*  0.624 (edium
Pre Post -0.14 [0.24,-0.04] 0.005* 0.853 (arge
Mid Post -0.04 [0.14, 0.06] 0.446 y

Peak ext rot moment (Nm/kg/m)

Pre Mid -0.04 [0.08,-0.01] 0.008* 0.845 (arge
Pre Post -0.06 [0.09,-0.03] 0.001* 1.130 (arge
Mid Post -0.01 [0.05, 0.02] 0.369 y
PeakvGRKBW)

Pre Mid 0.63[0.18, 1.07] 0.001* 0.999 (arge
Pre Post 1.06 [0.61, 1.50] <0.0QL* 1.671 (arge
Mid Post 0.43 [0.01, 0.87] 0.023*  0.766 (hedium

Note: *Significant difference (p < 0.05 from pairwise comparisons). g = 0.8mall effect size; g = 0.5medium
effect size; g = 0.8large effect size. BW = body weightCl = confidence intervals ext rot = external rotation,

VGRF = vertical ground reaction force.
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Dominant (n = 62) Non-dominant (n = 60)
Jump height T in post and Jump height T in mid M and
mid M vs pre M, and T in post post M vs pre Mand T in post

M vs post F. M vs post F.
Peak flex moment T in post vs Peak flex moment | in post
pre and mid. Vs pre.

Peak ext rot moment T in ak ext rot moment T in

post vs pre. mid and post vs pre.

Peak vert GRF | in mid and
post vs pre and | in post vs

mid.

Peak vert GRF | in mij
post vs pre and | in post
mid.
Peak valgus moment | in arus moment T in mid
and post vs pre. ost vs pre.
Peak extension angle T in nge transverse angle T in
post Fvs pre F, T in mid M vs
pre M, and T in mid M vs mid F.

post F vs post M.

Figure 18 Single-leg drop-land and vertical hop(VERT task results infographic.Note: ext,
external; F, females; flex, flexion; GRF, ground reaction force; M, males; mid, early/mid

pubertal; post, late/post-pubertal; pre, pre-pubertal; rot, rotation; vert, vertical.
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5.3 Subjective task difficulty

EzaHTUHqR2UIW ¢ qRUNt WYNnWgct t W Rnn KR3YzR704t RNDUR™N
< 0.001). Posthoc analysis revealed greater levels of difficulty in ROT compared to LAND
(Z=-1.958, p < 0.001), CUTZ=-4.560, p < 0.001), and VERTZE -3.654, p < 0.001). No

significant differences were observed between the other tasks. All tasks received a

GUT ReUWeUOT WewadyYTl ywyYynwmlet ! mAWI+FHUIGqWnY! Wadé U
GUIl HOUqWYnWGe!l qRARGe Uqt WI ¢ qldT W ol IR A RFLE 6 f H KBE
relative frequencies of the subjective difficulty rankings are presented iRigure 19.
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Figure 19 Bar chart showing the subjective ratings from participantsn(= 69) of perceive:
task difficulty across the four different landing tasks.
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6.0 Chapter 6 T Discussion

It has been suggested that males and females exhibit increasingly different
biomechanics during dynamic tasks as they maturéHolden et al., 2016) Currently, high
quality original research examining landing biomechanics in males and females across
different maturational phases isscarce and the lack of consensus between studieghat

do exist limits conclusive inferences (Butcher et al., 2024) Previous studies have
focussed on the metrics of knee flexion angle, knee valgus angle, knee valgus moment,
and vVGRFas these have previously been reported to be related to ACL injuryrisk
mechanisms (Butcher et al., 2024) Therefore,the findings of these keymetrics will be
discussed before interpreting the results of each of the task§LAND, CUT, ROT, and VERT)

in more detail.

The primary aim of the experimental studies was to explore potential differences
between sex and maturation stage on biomechanics associated with risk of ACL injury
A secondary aim was toassess the reliability of knee biomechanics, VGRF, and task
specific performance metrics. The reliability results are discussed first as establishing
reliability is crucial before interpreting any differences in these metrics between

maturation stages and sexes

6.1 Reliability

The purpose of thisstudy was to assess the reliability of 3D kinematic and kinetic
variables during four different singleleg landing tasks in young athletes. Based on
previous research(Hanzlikova & HéberlLosier, 2020; Hanzlikova et al., 2021; Ortiz et al.,
2016), it was hypothesised that between session reliability would bemoderate to
excellent for coronal and sagittal plane knee biomechanics,GRF, and performance
metrics, but adequate for transverse plane metrics for all four tasks. Contrary to the
hypothesis, the findings indicated that most biomechanical and performance metrics
had moderate to excellent reliability, however, poor levels of reliability were observed

across more than one task for the metrics ofpeak knee extension moment, knee sagittal
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and transverse moment ranges, peak medial/ lateral GRF, and peak anterior/ posterior
GRF.

Furthermore, marker placement reliability of the knee markers showed no systemic bias
between trials based on paired tests values (see Appendix A). The mean difference in
position between trials ranged from-11.41 to 7.89mm and did not exceed any of their
respective TE values, suggesting no clinically meaningful differenceSimilarly, astudy
by Fonseca et al. (2023yeported that between-day marker placement precision was
within 10 mmwith intra evaluator precision rangng from 4.2 to 5.3 mm in the anterior
posterior direction, from 2.1 to 4 mm in the mediallateral direction, and from 4.5 to 5.9
mm in the proximatdistal direction. The lack of variation in marker placement

strengthens the findingsregardingassessment of change omgroup differences.

6.1.1 Reliability metrics

In partial alignmentwith our hypothesis, adequatelevels ofreliability were observedfor

all metrics across all tasks aside from peak extension moment, momentranges,
anterior/ posterior GRF, and medial/ lateral GRF when interpreting ICC values. Large CV%
values were commonly observed for most metricsAs the TEs were generally smathese
larger CV% values ardikely a reflection ofthe restricted range and low average values of
metrics, potentially inflating these C\Wes. The C\ois advantageous as a dimensionless
measure that allows direct comparison ofreliability irrespective of calibration or scaling
(Hopkins, 2000) However, it may be more appropriate to focus on the rawlrEsto
establish the meaningfulness of change in the collectednetrics. For instance, a change
exceeding 3.5° of knee flexion in the LAND task would exceed the typical tesetest

reliability and could be considered aclinically meaningful difference.

Myer et al. (2015yeported average TEs across three different testing centres for angles
and moments of knee flexion, abduction,and internal rotation on both the left and right
legs during a singleleg landing task. Similaritiesbetween the results of Myer et al. (2015)
and that of the current studywere observed for joint angle TEs fdimee abduction (L =
2.30, R = 2.17Dom = 3.0, Nondom = 3.2) and internal rotation (L = 3.32, R = 2.6lbom

= 2.9, Nondom = 3.2) respectively. Furthermore, compared to Myer et al. (2015smaller
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comparative TE values were observeith the current studyfor knee flexion angle (L =7.14,
R = 6.47 Dom = 3.5, Nondom = 3.6) The moment datafrom Myer et al. (2015)were
reported in Nm as which limits the comparison of results as our moment data were
reported in Nm/kg/m. The differencesbetween the results of our study and that ofMyer
et al. (2015)may be attributed to the differences inparticipant pool as Myer et al. (2015)
included 15 year old females onlywhereas weincluded a mixture ofmales and females

of different ages

The observedvariability is likely multifactorial, owing to potential marker placement
errors, skin or clothing artifacts,biological variability, andindividual-level familiarity with
the tasks (Colyer et al., 2018; McGinley et al., 2009; Scataglini et al., 2024urthermore,
motion capture systems are susceptible to kinematic crosstalk errors, where primary
(sagittal) calculation errors of the embedded axis affect secondary (coronal and
transverse) axis calculations (Piazza & Cavanagh, 2000)Reapplication of reflective
markers between daysor between practitioners can reduce reliability measures and
cause notable differences in knee angles and moments(Butler et al., 2021;
Ramakrishnan & Kadaba, 1991)Reduction in errors can be achieved by standardizing
marker placement and static alignment(Ford et al., 2007)and having one experienced

practitioner position all markers, as was done in the current study.

Similarly to results of the present investigation,Alenezi et al. (2014yeported between-
day kinematic metrics to exhibit fair to excellent consistency (ICCs ranging from 0.48 to
0.96) in a singleleg landing task The consistency in reliability results between the
present study and that of Alenezi et al. (2014)is likely due to the methodological
similarities of task (30cm single-leg drop height), marker placement (CAST model)and

a combination of male and female participants

6.1.2 Knee biomechanics

All knee anglemetrics displayed moderate to excellent levels of reliability, aside from
peak knee extension angle in some task€Commonly investigated knee angleghat are
related to ACL injuryinclude knee flexion (ICG =0.6841t0 0.940, TEs =2.8t0 5.3), valgus
(ICCs=0.7581t0 0.885, TEs = 2.5 t8.6) andinternal rotation (ICCs=0.796t0 0.893, TEs
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= 2.8 to 3.9. Ourresults are dmilar to that of a single-leg landingstudy by Alenezi et al.
(2014) reporting aknee flexionangle ICC of 0.96, however, they foundlower reliability
for angles ofknee valgus(ICC = 0.52and knee internal rotation (ICC = (63). Furthermore,
fitting within our range of results,Ford et al. (2007Yeported reliability in young athletes
during a doubleleg drop-vertical jump taskwith angle ICCs 0f0.616 (TE = 4.2jor flexion,
0.855 (TE = 2.3jor valgus, and 0.872(TE = 1.9) for internal rotationThe consistency in
knee angle reliability results between previous literature and the current study is
promising as similar data collection methods were undertaken including use of the CAST
model, the same researcler applying the markers between sessions, and

standardisation of equipment setup and calibration.

Additionally, knee moment reliability resultsaligned with that of Ford et al. (2007)with
moment ICCs of 0.843 (TE = 0.13pr flexion, 0.870 (TE = 0.1Gpr valgus, and 0.592 (TE =
0.05)for internal rotation compared to our results which showed CCs 0f0.702 (TE = 0.1)
for flexion, 0.691 (TE = 0.1jor valgus, and 0.638 (TE = 0.0jor internal rotation. Although
the TE values folknee angles were relatively low, knee moments show even smaller
values which are likely due to the smaller differences in meansmagnitude of the
measurements, and higher level of filtering on kinetic data that can reduce noise and
smooth out potential kinematic errors caused by marker noise.The demonstrated
reliability of these kinematic and kinetic knee variables during thefour landing tasks
indicates the potential for use to determine differences betweensex and maturation

groups inthese angle and momentmetrics associated with ACLinjury risk factors.

6.1.2.1 Peak knee extension moment

Sagittal plane metrics, mostly peak knee extension moment and rangeof sagittal
moment, and occasionally peak knee extension anglénad poorer ICC values than most
of the coronal and transverse plane metricsThe ange of sagittal moments were likely
affected by the peak knee extension momentshence the peak extension moments will
be a discussion focus.Ford et al. (2007found opposing resultsto that of our studyin a
double-leg drop vertical jump task, describing joint moment betweersession reliability

as better in the sagittal plane compared to the coronal and transverse planes
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Furthermore, Ford et al. (2007)yeported better reliability for sagittal plane joint moments
than angles. Good to excellent ICC values were observed for peak knee extension
moment during a doubleleg stop jump (Milner et al., 2011) ICC = 0.959) and a double
leg drop jump (Ford et al., 2007) ICC = 843) Although our results showed thatthe ICC
values werepoor for the peak knee extension moment and consequently range of sagittal
moment, it should be noted that transverse and coronal planeC\W6 metrics were
generally larger than sagittal planenetrics across all tasks. Whilst sagittal planemetrics
are often more reliable than transverse and coronal moments, variations in knee
extension moment reliability may be attributed to task complexitySchelin et al., 2021)
participant execution ability or strategy (Asaeda et al., 2024) or data capture or

processing (Ogura et al., 2024)

The difficulty level of the unilateral tasks in the current study and the varied skill and
maturation levels of the young athletes may haveontributed to the consistently poor
ICC values for peak knee extension moment across taskBoor-to-fair levels of reliability
have previously been foundor knee extension moments immediately following landing
during a single leg hop for distance tas(Schelin et al., 2021) Furthermore, dthough they
did not directly examine reliability metrics, it is noteworthy that mean peak knee
extension moment values reported byHass et al. (2003differed from those reportedby
Simpson and Kanter (1997)for the same task Hass et al. (2003)attributed the
divergencesbetween studies todifferent jump landing strateges and the skill level of the
participants. Landing position variance at the foot or hip can also influence how the force
vector passes through the limb resulting in disparate moment§Schelin et al., 2021) The
differences infiltering processes may alsohaveinfluenced moment data during the early
ground contact phase (Roewer et al., 2014) It has been suggested that a similar
frequency of kinematic and kinetic datalimits moment artifacts unexplained by the
dynamics of the movement but can diminish impact forces (Derrick et al., 2020) Our
filtering methods differed for kinematic and kinetic data(15 Hz and50 Hz, respectively)
based on methods ofHanzlikova et al. (2019and Harry et al. (2022who suggesteda
low-pass filter with a 58Hz cutoff can remove noisefrom kinetic data without altering
results when compared with raw data.Similarly to our study, Alenezi et al. (2014used

different kinematic and kinetic filtering methods(12 Hz and 25 Hz)however, (Myer et al.,
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2015)used 12 Hz for both kinematic and kinetic datavhich may explainthe differences

in reliability results.

6.1.2.2 Range of transverse moment

Aligning with the hypothesis, range of transverse moment had consistentlgoor ICC
values across trials. It has been suggested that transverse planknee moments have
generally poorer reliability outcomes, particularly in comparison to sagittal planenetrics
(Fernandes et al., 2016)The smaller magnitudeof the transverse metrics compared to
sagittal and coronal plane metrics, may predispose transverseknee moments to a
greater influence from noise or small measurement variations.Furthermore, transverse
plane metrics can be more significantly impacted by anatomical landmark identification
and axis alignment errorgStief et al., 2013; Thewlis et al., 2007)The results ofSzlachta
et al. (2021)found between-session reliability for knee transverse anglemetrics during
single-leg landing tasks was the most affected following marker replacement as
demonstrated by ICC values, which they attributed to possible marker replacement
errors. Previously, errors in marker r@application (Kadaba et al., 1989)have been
suggested as partially responsible for variability of betweemlay metrics. However, the
current study aimed to limit these errors by using the same investigator to attach the
markers in all of the trials and using the CAST markéased protocol (Cappozzo et al.,
1995), which offers improved anatomical relevance and reduced skin movement artifact

in comparison to previous models(Kadaba et al., 1989)

6.1.2.3 Ground reaction forces

Aligning with our hypothesisrelative peak VGRFmetrics showed consistently excellent
reliability across tasks in comparison to the greater variability seeacross many of the
knee angle and moment data. Specificallyrelative vVGRFs demonstratedexcellent
reliability over all tasks except the VERT task where the ICCs indicatgdod reliability.
These observations are consistent with previous researclAlenezi et al., 2014, 2016;

Ferber et al., 2002; Kadaba et al., 1989; Winter, 198#)at suggest greater reliability of
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VGRF data due to the combined as opposed to separated segmental masses,
accelerations, and gravitational forces(Ferber et al., 2002; Winter, 1984)Further, GRF
data do not relyon marker data hence marker placement errors are notan influential
factor (Winter, 1984) Therelative vVGRF datademonstrated better ICC reliability values

than the angle and momentvariablesin both studies.

Contrary to our hypothesis, peak anterior, posterior, medial, and lateral GRFs had
generally poor reliability based onICC values acrossall tasks. Significant differences
were found between trials on the dominant leg for lateral and posterior GRF during the
LAND task and for lateral and medial GRF during the CUT tagotentially owing tothe
typically small magnitudes of GRF within these planesthe balance component of the
LAND task, and thdateral force application required in the CUT taskTo the bestof our
knowledge, no current research existghat has explicitly examined the reliability of GRFs
in all three planes, however, there is some evidence to gigestthat similar trends exist
over different tasks and conditions. For example, higher levels of reliability fthe vVGRF
component can likely be attributed to the larger magnitudes of forcewhich are
consequently less affected by small variations(Golyski et al., 2018) In comparison,
smaller magnitudes of mediatlateral and anterior-posterior GRF components can be
more susceptible to noise and smallervariations (Munoz, 2019; Ross et al., 2005)
Furthermore, it should be considered that previous research has found poorer braking
and propulsive (anteriorposterior) reliability in singleleg countermovement jump tasks
in comparison to a doubleleg countermovement jump task(Fahey et al., 2024) 1t is
possible that dynamic tasks performed unilaterally have pooreGRFreliability outcomes

than the more commonly used but less sport specific, bilateral tasks.

6.1.2.4 Jump height

For the ROT and VERT tasks, jump height was the main performance metrhich

demonstrated moderate to excellent between-session reliability (ICC doninant VERT =
0.603, nondominant VERT = 0.61ajJominant ROT = 0.935, nosdominant ROT = 0.977).
Ford et al. (2007)similarly demonstrated excellent between session reliability (ICC =

0.936) for jump height during a drop vertical jump, an¥oung et al. (1997%howed high
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levels of reliability for both double- and single-leg vertical jumps. Jump height was also
the most reliable metric in a study examining the reliability of biomechanics in elite
female athletes during a doubleleg drop vertical jump task with a between session ICC
value of 0.900 (Mok et al., 2016) Interestingly, jump height for the VERT task had
moderate levels of reliability, yet the ROT task hadxcellent levels. Thisdifference may

be due to the higherperceived difficulty level of the ROT compared to the VERT task,
limiting the jump heights and variability of the ROT task compared to VERT, as indicates

the smaller CVs in the former.

6.1.3 Implications

The results indicate that all tasks had adequate reliability for kinematic angles and
moments aside from peakknee extension moment, range ofknee moments, anterior/
posterior GRF, and medial/ lateral GRF in terms of ICC valud3ue to thepoor levels of
reliability and the limited use of these metrics in assessment of ACL injury riskange of
moments, anterior/ posterior GRF, and medial/ lateral GR®ere not analysedfor the
purposes of group comparisonin the cross-sectional study. The poor reliability of peak
knee extension momentalso justifies its removal in the crosssectional study. However,
it is worth noting that ACL injuries often occur in the early landing phase (within 40 ms of
initial ground contact (Koga et al., 2010; Krosshaug et al., 2007and greater peak knee
extension moments have been linked to a greater risk of ACL injtyeppanen, Pasanen,
Krosshaug, et al., 2017; Tait et al., 2022Additionally, a landing without injury should
apply extensor moments to reduce downward velocity(Devita & Skelly, 1992)and
therefore the relationship between knee extension moments,eccentric control, and
force absorption highlights the importance of peak knee extension moment data in terms
of ACL injury risk Consequently, this metric has been included in thecross-sectional
study despite the poor reliability, however caution is warranted when interpreting any
significant differences identified between groups for the peak knee extension moment
metric. Althoughacceptable ICC valuesand were found for the other metrics induded in
the cross-sectional study, large CV% values were commonlpbserved; hence careful
interpretation is suggested when determining differences imll metrics between groups
and relying on differences in terms of the TE may be more appropriate
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6.2 Cross-sectional comparison

Contrary to our hypothesis, the main findings across the four landing tasks suggested
that post-pubertal participants often exhibited biomechanics that represented
protective mechanisms against ACL injury such as increased knee flexion, loweslative
VGRF, greater varus and external rotation moments and angleBurthermore, no major
differences in ACL injury risk related biomechanics were observed between males and
n 130 ¢ G 1J+pubditeE ¥re-pubertal participants commonly exhibited less knee flexion
angles and greaterrelative VGRFs, which are associated with higher ACL injury risk.
Differences were found betweenmaturation stages in frontal and transverse plane
biomechanics but not often between sexspecific maturation stages, and the trends
varied from task to task.The ROT task was ranked as the most difficult of the four landing

tasks.

6.2.1 Sex differences

It is noteworthy that very few sex differences were observedvith only the CUT task
demonstrating significant main effects of sex. Specifically, males had a greateelative
VGRF than females on the dominant leg and females had greater external rotation
moments than males on the nondominant leg. The lack of findings coincides with
previous literature suggestingno sex differences in knee biomechanics across various
tasks in prepubertal and pubertal participants (Hewett et al., 1996; Sigg et al., 2001;
Swartz et al., 2005) For example, previous research hasalso found no significant
differences between young adultmales and females in lower limb kinematics during a
netball single-leg landing task(Cowling & Steele, 2001)in vGRF in 3&m drop-landings
(McNair & Prapavessis, 1999)or in muscle activation patterns during a vertical jump
(Fagenbaum & Darling, 2003However, in studies of adults or more biologically mature
populations, sex differences in lower limb biomechanics become more apparent
suggesting differences in landing biomechanics andanding strategies between males
and females in adolescent (Holden et al., 2016) and young adult populations
(Seyedahmadi et al., 2022)For example, in a population of collegiate basketball players,

Fagenbaum and Darling (2003pund that females landed with greater knee flexion than
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males, which also aligned with the findings of the current study of greater peak knee
extension angles (i.e., more knee flexion upon landing) in pogtubertal females in a few
of the tasks examined.Nonetheless, it should be considered that some significant
interaction effects were observed,which suggeststhat there are differences between

sexes for some metrics but only when consideringmaturation stageas well.

6.2.2 Key metrics

There are four biomechanical metrics that are commonly examined in the context of ACL
injury and sex/maturation differences: knee flexion angle, knee valgus angle, knee valgus
moment, and VGRF(Butcher et al., 2024) as identified in Chapter 2. These particular

metrics are sequentially discussed in this section.

> IOz I} J+RYUWe UNG W

We hypothesised that postpubertal females would have smaller peak knee extension
and peak knee flexion angles than pospubertal males and less mature participants. The
results do not supportthis hypothesis, indicating that postpubertal females generally
exhibited greater knee flexion angles thapost-pubertal males and when compared to
females in earlier pubertal stages. Specifically, the results of the current study found that
for the LAND and VERT task on the dominant leg, peak knee extension angls gaeater
in post-pubertal females compared to males, greater in postpubertal than pre-pubertal
females, and greater in midpubertal than pre-pubertal males. For the ROT task on the
non-dominant leg, the prepubertal and post-pubertal groups had greater peak knee

flexion angles than the midpubertal group, regardless of sex.

Landing with a reduced knee flexion angle.€., with a more extended knee) has been
associated with an increased risk of ACL injurfleppanen, Pasanen, Krosshaug, et al.,
2017). As discussed inour systematic review (Butcher et al., 2024) there is conflicting
evidence for changes in knee flexion kinematics with maturation during dynamic tasks.
In contrast with our experimental results, some research has suggested that post
pubertal females land with lesser knee flexion than their male counterpartéColby et al.,

2000; Lephart et al., 2002; Malinzak et al., 2001Furthermore, literature generally
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suggests that knee flexion range of motion and knee flexion angles decrease in females
with maturation (Hewett et al., 2009; Sigurdsson et al., 2021For example, esser knee
flexion has been observed during singléeg stride jump and doubleleg stop jump tasks
in females after 12 years oldHass et al., 2003; Yu et al., 2005The results ofHass et al.
(2003) showed that, in a stride jump and land taskpost-pubertal females landed with
the same averageknee flexion angleas did the post-pubertal females during the LAND
task in the current study of 17°(17.38° in the current study) however, the prepubertal
females in their study landedwith 22° flexion whereas our prepubertal females landed
with only 10.16°. Research also exists to supportthe trends inour findings where knee
flexion angle upon initial contact and at peak vGRF increased in females with ma&ion
(Ford, Myer, et al., 2010; Swartz et al., 200550r example,Swartz et al.(2005)reported
knee flexion angles at initial contact of 10.47° in children compared to 12.65° in adulits

a bilateral vertical jump task

Similarly to the results of the current study for all tasks excluding the RODjCesare et
al. (2019)found no significantly different peak knee flexion angledetween pre-pubertal
females and post-pubertal females in a doubleleg drop jump taskwith peak angles of
83.1° (dominant) and 84.3° (nordominant) for pre-pubertal and 82.4° ({dominant) 83.8
(non-dominant) for post-pubertal females. Highlighting the conflicting results, arecent
review byRamachandran et al. (2024gxplored biomechanical changes in females with
maturation and suggestd that knee flexion angle varies at different stages of maturity,
but reported little consistency regarding the direction of change with advancing
maturation. Overall, the Ramachandranreview identified limited evidence to support
maturational phase differences in knee flexion angle at initial contact, peak knee flexion,
or knee flexion range suggesting thatany differences observed weretask specific
(Ramachandran et al., 2024)For instance, decreases in knee flexion angléend to be
observed with maturation in tasks with a horizontal component whereas increases in
knee flexion are observed inmore vertical tasks (Ramachandran et al.,, 2024) The
differences in results between previous studies and that of the current studyan
potentially be attributed to task requirements. Many previous studies have examined the
effect of maturation on knee flexion angles during doubkéeg tasks(Butcher et al., 2024)

However, research has reported dsser knee flexion anglesat initial contact during
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single-leg tasks compared to doubleleg landing tasks(Earl et al., 2007; Harty et al., 2011;
Pappas et al., 2007) Singleleg tasks are more biomechanically challenging for the knee
due to greater loading and motor control requirements, combined with a smaller base of
support (Swartz et al., 2005) More extended knee angles at initial contact appear to
occur during singleleg tasks compared to doubleleg landing tasks(Earl et al., 2007;
Harty et al., 2011; Pappas et al., 2007hence task complexity may play a role imur

findings compared to previous literature

Although post-pubertal females demonstrated greaterpeak knee flexion anglesduring
the ROT tasksuggesting potentially ACL protective biomechanicstime to PKF was not
significantly different between groups Thisfinding is important to consideras it suggests
that the time taken for females to reach a greater peak knee flexion angleas not
significantly longer thanthe time it took formales to reach a lesser peak flexion anglelt
is possible that for postpubertal females, the faster time and the largr angleincreases
loading rate on the knee possibly due toa slower recruitment of muscles to decelerate
the body. A longitudinal studyby Peek et al. (2022highlighted the differential effect of
sex and maturation on knee strength imdolescent athletes, demonstrating an increase
in knee extensor and flexostrength for males with maturation, but a lesser increase in
extensor strengthand a decrease in flexor strengthfor females with maturation (when
normalized to body weigh}. Considering these observed differences irknee flexor and
extensor strength development between sexes with maturatiorand the differences in
knee flexion angles and time to PKF obsesd in this thesis, tirther research regarding
muscle contraction upon landing would be beneficial tosupport the hypothesis that

muscle strength and activationpatterns may contribute to ACL injury risk upon landing

SOz IOIW2 ¢ dNet WeUdnNa W

It was hypothesised that greater knee valgus angles would be observed in pgaibertal
females compared to males and less mature females. The current study did not observe
any significant differencesin knee valgus angléetween males and females across any
maturation stage or between anymaturation stages with average peakknee valgus
angles ranging between3.24° and 11.06°? Partially aligning with our results, aother
systematic review found conflicting evidence for higher peak knee valgus angle in
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females post-puberty compared to prepuberty (Ramachandran et al., 2024)However,
opposingly, a systematic review byHolden et al. (2016)found that knee valgus during
landing was the only variable to exhibi&n increasedand meaningful difference between
males and females in an older compared t@younger age groupSwartz et al. (2005also
reported significantly different knee valgus angles at initial contact betweerchildren
(12.02 £ 4.77°)@nd adults (8.14 + 3.919 during abilateral vertical jump task. Again, task
demands should be considered as ncreased knee valgus angles and decreased
distance in knee separation hase generally beenobserved in females with maturation
during double-leg landing tasks(Sasaki et al., 2013; Yu et al., 2005)ence, it is possible
that differences in knee valgus angldetween groupswere not observed forthe single-

leg landing tasksused in our studydue to the task demands.

In line with our results, during a singleleg hopping task, Barber-Westin et al. (2006)
reported no effect of age on normalised knee separation distancd?letcher et al. (2021)
also reported no significant differences between prepubertal (2.48 = 7.78°)and post-
pubertal (2.95 + 4.41°¥emales for knee valgus angle at initial contact during a singkeg
vertical stop jump. Furthermore, weak associations have been observed between
bilateral and unilateral tasks for knee valgus momentsR?, 0.06-0.18; P < .05)(Taylor et
al., 2016) It is therefore possible that differences between maturational groups are not
observed as clearly in the morecomplex, sport specific tasks compared to simpler
bilateral tasks. Differences in knee valgus angle that have been identified between sexes
and maturation stages during bilateral tasks may not be reflective of biomechanics
associated with higher ACL injury risk as most nenontact ACL injuries occur when most
YI WeddwWYnwe OWRUT R2 RI e-legiHeivett, FFyrdl, etlalg 2000) FutiRe WY O LWE |
research could explore the association and relevance of singhegbiomechanics to ACL

injury incidence as speculatively more appropriate than doubleleg biomechanics.
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Contrary to the hypothesis which expected a greaterpeak knee valgus moment in post
pubertal females, no significant differences were observed betweematuration stages
in females or between sexes in the pospubertal group. The results of the current study
showed higher peak knee valgus moments in prpubertal females than males during the
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ROT task on the nordominant leg, although the effect size wassmall, the mean
difference (0.46 Nm/kg/m for females, 0.31 Nm/kg/m for males, MD =.15 N/kg/m)
exceeded the TE value of 08 N/kg/m, suggesting a meaningful differenceFurthermore,
during the VERT task on the dominant leg, no significant differences were observed
between sexes, but the prepubertal group had significantly higher peak knee valgus
moments than the mid-pubertal and postpubertal groups with a large effect and a
meaningful difference of 0.17 N/kg/mexceeding the TE value of 0.0 N/kg/m. These
findings suggest that prepubertal participants, and particularly pre-pubertal females
during the ROT task, exhibéd higher forcesacting to direct the knee inwards along the
frontal plane, which implies an increased load on the ACLPrevious researchregarding
changes to peak knee valgus moment with maturation is scarce, however one study
demonstrated no interaction between sex and maturatiorgroupin knee valgus moments
during a doubleleg drop landing task(Sigward, Pollard, & Powers, 2012Jurthermore, a
study investigatingknee biomechanics duringrunning found no significant differences
between knee valgus momentsof pre- (0.25 Nm/kg), mid (0.29 Nm/kg), and post
pubertal (0.28 Nm/kg)females (Sayer et al., 2019)The significant differencesbetween
maturation groups observed in the ROBnd VERT task the current studycould result
from the differences in task demands. Knee valgus moment ha been identified as a
significant predictor for ACL injuryrisk as it demonstrates ACL injury forecasting with 73%
sensitivity and 78% specificity(Hewett, Myer, Ford, et al., 2005)Despite the predictive
capabilities, knee valgus moment in isolation is not a standalone ACL injury risk factor
Although it is commonly used as a predictor of ACL injury risk during jump landing injury
screening tasks, other biomechanical metrics (such as knee extension angle upon
landing, knee valgus angle, knee rotation angle, and anterior tibial shean) conjunction
contribute to increased injury risk (Cronstrom et al., 2020) Nevertheless, the greater
knee valgus moments observed in prgoubertal participants suggests potential for higher
ACL injury risk biomechanics in this group. Considering the low amount of ACL injuries
that occur pre-puberty (Maniar et al., 2022) future research should explore whether this
risk factor is as relevant to less biologically mature populationsand if other
biomechanical variables pose a greater risk when combined with knee valgus moment in

these younger populations.
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Contrary to our hypothesis anticipating increases inrelative vVGRF with maturation in
females, relative vVGRFs appeaed to decrease with maturationfor both sexesduring all
tasks and on both the dominant and nordominant legs. Additionally, a main effect of
sex was observed during the CUT task on the dominant leg, where greatative vVGRFs
were found in males than females, although the effect size wasmall. In our systematic
review (Butcher et al., 2024) studies reported that relative vVGRFin females generally
remains the same (Colyer et al., 2021; Hewett, Myer, Ford, et al., 2006; Quatman et al.,
2006) or slightly decreases (Hass et al., 2005; Sigward, Pollard, Havens, et al., 2012;
Swartz et al., 2005)with maturation during dynamic tasks In males, the literature
suggests that relative VGRF tends to decrease with maturation(Colyer et al., 2021;
Hewett, Myer, Ford, et al., 2006; Quatman et al., 2006ppposingly, a review byHolden
et al. (2016)reported no differences between males and females imelative vVGRF, but a
review byRamachandran et al. (2024)eported strong evidence for higher relative peak
VGRF in prepubertal than post-pubertal females. Previous research, along with the
results of the current study, suggesta general improved ability to attenuate force with
maturation for both sexes and better force attenuation ability in males compared to
females as they mature as reflects the decrease in relative vGRRelative to body weight,
demonstrated improvements inattenuation of vVGRF during landingvith maturation have
been partially attributed to skill acquisition and physical development(Angulo-Barroso
et al.,, 2022) Additionally, in the current study, more biologically mature individuals
demonstrated greater knee flexionangles, potentially influencing vGRFattenuation and
force absorption (Devita & Skelly, 1992)Greater knee flexion during landing or cutting
can improve force absorption, consequently protecting internal knee structuregBoden

et al., 2009; Hass et al., 2005)

In the current study, peak VGRF values ranged between 3anhd 8.3-times body weight
aligning with the findings of a recent systematic reviewwhich reported peak vGRF to
range between 3.21 and 8.42times body weight. It is noteworthy that elite female
athletes who sustained an ACL injury during an igame landing had amodelled peak

VGRF between 3.2 and 4.5 times their body weight 4@s after initial ground contact
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(Koga et al., 2010)1t was beyond the scope of the study to examine the curve of VGRF
over the course of the landing and hence the exact vVGRF value at #3 post initial
contact was not attained, hencedirectly comparing our vVGRF to those when ACL injes
occur is not advisable Pre-pubertal athletes have lower rates of ACL injuries compared
to their more biologically mature peers(Maniar et al., 2022) Therdore, the findings
suggest that higherelative vVGRF forces are not a standalone risk factor unless combined
with compromising knee joint angles and moments Additionally, the timing of high
VGRFsrelative to the knee joint angles and moments may be more important than the
peak VGRFE Exploration of the benefits of teachingyoung athletes to better attenuate
VGRF upon landing may reduce the risk of ACL injury should the athlete find themselves
in a compromised position upon landing as suggesed in systematic reviews andmeta-

¢ Uc¢ 0 (PhdRd ek al., 2014; Webster & Hewett, 2018)

6.2.3 Task-specific considerations

Common trends existed regarding differences between sex and/omaturation stages
between tasks. Some of the findings of the key metrics identified from the systematic
review were previously discussed. However, each of the landing tasks had different
movement demands. Hence, the results obtained from each task are discussed
separately, focussing onfindings around other metrics and how these may influence risk
of ACL injury.The subjective difficulty results revealed that the ROT task was ranked as
the mostdifficult , with no significant differences in perceived difficulty amongst the other

three tasks.
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The motivation for incorporating the LAND task was to investigate differences in
biomechanics between sexes andmaturation stages during a simple, unilateral task that
requires force absorption without a subsequent dynamic application of forceSignificant
interaction effects for peak knee flexion momentwere observedon both the dominant
and nonrdominant legs. On both legs, postpubertal males hadlarge higher peak knee

flexion moments than postpubertal females (MD =0.12 and 0.10 Nm/kg/mfor dominant
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and non-dominant, respectively), exceeding the TE 00.09 Nm/kg/m and indicating a
meaningful difference. Furthermore, prepubertal and mid-pubertal females had greater
knee flexion moments than postpubertal females on the nordominant leg only. On the
dominant leg, amedium significant interaction effect was seenfor peak extension angle
where postpubertal females had greater levels of flexion than pospubertal males (MD

= 4.68 Nm/kg/m), exceeding the TE of 0.2&nd suggesting a meaningful difference

Post-pubertal females demonstrated smaller peak knee flexion moments compared to
post-pubertal males and compared to females in earlier stage®f maturation. Post-
pubertal females also had greater knee extension angles, meaning they were more flexed
at initial contact, compared to post-pubertal males on the dominant leg, but no
differences were observed on the nordominant leg. Larger knee flexion mments,
particularly when coupled with a reduced knee flexion angle, have been shown to
increase ACL injury sk with a hazard rate of 1.21 for every 10 Nm increagearwa et al.,
2021; Leppanen, Pasanen, Kujala, et al., 2017; Olsen et al., 2004he smaller knee
flexion moments and larger knee flexion angles observed in the pepubertal females
FenNNUt qWaé ¢ qagd 3! WeTl YGqUIT We Wt ¢ n 1I(Gtifffin et¥aln a 11 & LLC
2000; Hewett, 2000; Kirkendall & Garrett, 2000 onversely, postpubertal males landed
with a more extended knee and greater knee flexion moment than pepubertal females,
which may suggest a higher comparative ACL injury rigkue to potential for increased
anterior tibial shear (Lepp&nen, Pasanen, Krosshaug, et al., 2017Nigning with our
results, a study byWild et al. (2016)found a decrease in knee flexion moment with
maturation in females using a horizontal leap task, although the differences were not
significant. However, n contrastwith our results, a review byRamachandran et al. (2024)
found a moderate level of evidenceto suggest thatthe peak knee flexion momentwas
generally greater in postpubertal compared to pre-pubertal females, even though pre
pubertal females often had less knee flexiomange of motionduring single-leg land and
jump tasks. The LAND task does not require a reapplication of force like the jumping
tasks included in the systematic review byRamachandran et al. (2024)hence the softer
landing technique demonstrated by postpubertal females may be a result of force
absorption competence that is associated with biological maturation(Swartz et al.,

2005). Furthermore, a more flexed knee upon landing is typically accompanied with
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higher knee extensor moments to limit anterior tibial translation and protect against ACL
strain (Podraza & White, 2010)It should be noted, that all groups had peak knee
extension angles between 10 and 30Q which research suggests is high risk for ACL injury
in combination with other biomechanical factors (Beaulieu et al., 2023; Boden et al.,

2000; Olsen et al., 2004)

Thesofter landing technique in postpubertal females observed in the current studyas
indicated by themore flexed knee angle upon landing and smaller knee flexion moment
corresponds with the smaller relativevGRFand may differ from previous researchdue to
the task demands. It should be considered that relative peak vVGRF decreasd with
maturation by between 0.19 and 0.93 B\Wwith a large effect size and exceeding the TE
of 0.33(dominant) and 0.25 BW (nordominant). Aligning with the findings oSwartz et al.
(2005)during a doubleleg vertical jump study, hese resultssuggest an improved ability
to absorb force andpotential increases inlower-limb strength in the more biologically
mature participants. Considering that postpubertal females had greater knee flexion
upon landing and smaller knee flexion moments, it is possible that these mechanics
assisted in their ability to reduce VGRF ugn landing. Conversely,the more extended
landing position and greater knee flexion moments observed in the pogtubertal male
group suggests a stiffer landing strategywith meaningful mean differences exceeding
the TE values However, becausetheir relative vGRFalso decreased with maturation,
post-pubertal males may have demonstrated greater task competence andreduced
reliance on knee flexion during landing to effectively absorb force compared to post-
pubertal females. In a sporting situation, pst-pubertal males will often land from a
greater height than postpubertal females due togenerally greater jump height ability
Therefore, differences in force absorption landing strategiesfrom the standardised 30
cm box heightmay be caused bydiffering demands and familiarity. It should also be
considered that although knding with the knee in a more flexed position is considered
preventative of ACL injury as opposed to a more extendeghgle upon initial contact,
other biomechanical factors such asfrontal and transverse plane rotation angles will
influence the overall ACL injury risk when the knee is in a more extended position

(Leppénen, Pasanen, Krosshaug, et al., 2017)
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Few interaction effects were observed for the LAND task, yet the findings regarding
sagittal plane and vGRFmechanics provide valuable insighs. These results suggest that
post-pubertal females may adopt more injury preventative landing strategies in the
sagittal plane through improved knee flexion anglessmaller knee flexion moments and
lower relative vVGRFsAltered sagittal plane mechanics alone may not cause ACL injury
(McLean et al., 2005)However, it should be considered thateven whenexcluding the
contribution from coronal and transverse plane knee rotations, alterations to sagittal
plane biomechanics have been shown to reduce ACL loading significantly in a singkg
landing task (Laughlin et al., 2011) Exacerbations of the loads caused byinfavourable
sagittal plane mechanics may occur with excessive coronal and transverse plane

motions (Laughlin et al., 2011)

Significant differences in coronal and transverse plane angles and moments were
observed in the LAND task betweematuration stages irrespective of sex. Specifically,
the post-pubertal group had lower peak kneesarus and external rotation angles on the
dominant leg, but highervarusand external rotation moments on both legs, suggesting a
potential resistance to valgus and internal rotation with maturation.It should be noted
that the medium and large respective differences between groups in peak varus angl
(0.19°)and moment(0.16 and 0.19 Nm/kg/nm) on the dominant legdid not exceed the TEs
of 2.79°and 0.28, respectively, and hence&annot be considered meaningful differences.
There is limited literature examining the effects of maturation on coronal and transverse
plane mechanics during a singleleg drop landing task (Butcher et al., 2024) The
available literature in femaleelite artistic gymnastsdid not align withour results, finding
that post-menarche females displayed decreased maximum knee flexion angle, and
increased knee valgus angle, maximum internal rotation angle, maximum knee valgus
moment, and ratio of hamstringquadriceps muscle activity compared to the pre
menarche females, which they associated with increased risk of norcontact ACL injury
in the postmenarche group(Kim & Lim, 2014)Our study found no differences in knee
valgus moments, knee valgus angles, or internal rotation angles between groupshe
differences in results between the current study and that oKim and Lim (2014may be
attributed to the differences in maturation phase classification and the use of females

only. Increased knee valgus and internal tibial rotatiomnglescan increase the strain and
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force on the ACL, increasing risk of injuryHewett et al., 2012; Markolf et al., 1995)
However, n a review byYu and Garrett (2007)it was suggested that the ACL is not the
main structure that supports knee valgusvarus moment and internatexternal rotation
moment. Further, increasesthese moments alone are not likely to result in isolated ACL
injuries without injuring other knee structures(Yu & Garrett, 2007) The results of the
current study demonstrating significantly larger knee varus and external rotation
moments, alongside the decreases inrelative VGRF,in the post-pubertal group may

suggest an ACL injury preventative strategy is developed with maturation.

Themedium smaller external rotation angles observed in the pospubertal group (4.15°
smaller than pre-pubertal) may alsoillude to an injury risk reduction strategy as larger
external rotation angles have ben associated with increased ACL injury risk when the
knee is closer to full extension(Senter & Hame, 2006) A video analysis study of ACL
injuries by Boden et al. (2000)found that body position for a noncontact ACL injury
commonly displayed an externally rotated tibia, close to full knee extension, a planted
foot, and valgus collapse. The reducedrarus and external rotation angles but larger
moments observed in more biologically matureparticipants are likely resultant of a more
controlled landing strategy due to strength development.lt is possible that more
biologically mature individuals were able to resist coronal or transverse plane collapse
upon landing whilst generating forces to pull the knee towards a safe landing position.
Increased strength and muscle activity of the lateral and medial hamstrign and gluteus
medius are beneficial in inhibiting excessive internal rotation and valgus during landing
(Fujii et al., 2012) therefore, developing strength in thesareas at an earlier maturation
stage may reduce the occurrence of ACL injuryrisk biomechanics observed in less

biologically mature individuals.

The midpubertal group had asignificantly longer time to PKF than the prgubertal group
on the dominant leg As peak knee flexion angle was not significantly different between
maturation groups, the time to PKF may beeflective of increased muscular control via
concentric hamstrings contraction and eccentric quadriceps contraction with
maturation, leading to a more controlled force absorption strategyRussell et al. (2007)
found that muscle co-contraction (hamstrings and quadriceps)prior to landing was two

times greater for adults than children.Greater anticipatory muscle contraction in adults
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is likely a learned response to prepare the body to adapt to varied landing tasks asd
lesser preparatory contraction in children doesnot appear to be linked directly to ACL
injury risk (Russell et al., 2007) Furthermore, no main effects of sex were observedor
the LAND task suggesting thatmaturation primarily drives theobserved biomechanical

changes.

> 0= IDORENG ¢ t

The motivation for incorporating the CUT task was to investigate differences in
biomechanics between sexes and maturation stagesluring adynamic, sport- and ACL-
injury specific task that requires force absorption during landing and then subsequent
rapid re-application of force while changing directionin a lateral manner. No significant
interaction effects were found between sex and maturation on either legsimilar to
Sigward, Pollard, Havens, et al. (2012\ho identified no interaction effect of sex and
maturation during a 45 unanticipated cutting task. The findings of the current study
suggestno significant influence ofsex specific maturation on the biomechanics of this
CUT task. Considering the relatively small standard deviation in most metricsyithin
group variability does not appear to underpirthe lack of significant interaction effects.
Despite the lack of significant interaction effects,differences were identified between

maturation groups regardless of sex.

Significantlarge main effects of maturation were observed for peakelative vVGRF on both
legs, but the direction of the effects between legs were different. The differences
between groups excee@dthe TE (0.64and 0.26BWfor the dominant and non-dominant
legs, respectively), suggesting meaningful differences.On the dominant leg, relative
VGRF was lowest in the prepubertal group, but on the nondominant leg, the pre
pubertal group had the highestrelative vVGRFE which decreased with maturation. The
differences in trends between the dominant and nordominant leg are noteworthyas the
pre-pubertal group had similarrelative vVGRFs on both legs. The migubertal and post-
pubertal groups had greater forces than the prgubertal group on the dominant leg but
smaller forces than the pre-pubertal group on the nondominant leg. These findings
suggest that in the later maturation stages, the dominant leg was applying more force
than the non-dominant leg. A study exploring limbdominance and gender differences in
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GRF magnitude during singldeg lateral jump-landings found that peak vGRRvas not
significantly different betweenthe dominant and nondominant legs in males (roughly
3.65 times BW)or females (roughly 4.1 times BW) (Aizawa et al., 2018) Theseaverage
values correspond with the results in the current study on the nordominant leg (3.51 to
4.83 BW), but not on the dominant leg where the migpubertal and post-pubertal groups
had vGRFganging between6.15- and 8.33-times BW. The effect of limb dominance on
change of direction biomechanicshas been explored irsystematic reviewby? Y+ k E¢ OUq Yt LU
et al. (2019)who similarly observed greater peak VGRFs on the dominant leg. As this
review mostly included an adult population, it aligns with our findings shoimg higher
VGRFsin the more mature participants on the dominant leg. It is possible that with
maturation and repeated performance or training,more biologically mature athletes
develop apreferential use ofthe dominant leg during sporting manoeuvres(Virgile &
Bishop, 2021) resulting in increasedtask familiarity and confidence in producing high

levels of \VGRF

Significantsmall main effects of sex were also observed on the dominant leg with males
having a 0.99 BW (17%) higher vGRF than females exceeding the TE of 0.64 and
indicating a meaningful difference This difference was only observed on the dominant
leg, the same leg that demonstrated increases in VGRF with maturation. The greater
relative vVGRF values in males could be resultant of higher muscle mass amdnfidence

in withstanding higherforces on their dominant legcompared to females. The task may
have been more familiarfor the males as it resembles a common movement in rugby or
football, which have larger male participation rates than female(Inside FIFA, 2023;
MartinezLagunas et al., 2014; World rugby, 2025%imilarly to our results, during single
leg lateral jump-landings, Aizawa et al. (2018plso observed a significant effect of sex.
However, opposingly, they found females to have a 35% greater averagsative peak
VGRF than males. The difference in results may be partially explained by the task
requirements as participants dropped from only 2@&m and leapt 60cm laterally (Aizawa

et al., 2018)as opposed to dropping from 30 cm and leaping to 150% of leg length
(equating to anaverage distanceof 131.2 cm for males and 127.2cm for females).
Differences in kinematics can often explain differences in vVGRF. During landing, the

largest vVGRRypically occurs when the knee is between 0° and 25° of flexion and must
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withstand a sudden kinetic change(Podraza & White, 2010)Increasing knee flexion
upon landing can help to attenuate these forcegEricksen et al., 2013; Southard et al.,
2012), however, as no significant differencesn knee flexion were observedbetween
males and females, it is likely that the differences imelative vVGRF were not attributed to
knee kinematic landing strategy.It is worth considering thatankle and hip jointmotions
play a role in landing mechanicswith roughly 1320% and 15-20% contributions to
relative absorption, respectively (Norcross et al., 2013) however joint biomechanics
aside fromthe knee were beyond the scope of this studyAs our study focussed on knee
biomechanics specifically, further exploration of whole-body mechanics may further
explainthe differences vVGRF results Additionally, althoughcut distance was normalised
to account for anthropometric differences, box height was standardizedo 30 cm which
may have nfluenced vGRFresults due to the potentially greater competence and

familiarity for males in landing from greater heights.

Peak knee internal rotation moment was greater in the prpubertal group than both the
mid- and post-pubertal groups on the dominant legwith medium effect sizes, however
the group mean differences of 0.08Nm/kg/m did not exceed the TE threshold of 0.08
Nm/kg/m and therefore cannot be considered as clinically meaningful On the nonr
dominant leg, peak knee external rotation moment and peak kneearus moment were
greater in the postpubertal (0.05 and 0.19 Nm/kg/m, respectively) and mid-pubertal
(0.05and 0.24 Nm/kg/m, respectively) groups than the prepubertal groupwith medium

to large effect sizes and mean differenceghat exceeded the TE values d3.02 Nm/kg/m
and 0.05 Nm/kg/m, respectively. Considering sex differences, themedium greater knee
external rotation moment observed on the nordominant leg in the females compared to
the males suggests gpotentially ACL injury potective strategy and may be resultant of
cautious landing patterns similar to observations of the prepubertal group. The mean
difference of 0.03 exceeded the TE of 0.02, suggesting a clinically meaningful difference.
High peak knee external rotation moments have been associated with increased risk of
ACL injury when the knee is ia more extended positionwith a large knee valgus angle
and large vVGRFgSantos et al., 2023) Furthermore, the pre-pubertal group had greater

kneevarusangles than postpubertal but, the other two groups had close to neutral (only
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just in valgus) angles It is unlikely that any of the groups were demonstrating frontal

plane angles that exhibited a high risk of injury.

Sigward, Pollard, Havens, et al. (2012)eported greater knee valgus moments iran
unanticipated run and cut task in pre-pubertal athletes compared to more biologically
mature groups, suggesing that the less mature athletes adopted a strategy that
contributed to a greater frontal plane moment Conversely,no differences in knee valgus
moment were observed between groupsduring the CUT taskin the current study.
Incorporating an unanticipated component to the CUT taskmay reveal different
strategies between maturational groups, with less maturendividuals potentially less
able to respond appropriately to an unanticipated stimulus. Similarly to our results, a
study examining longitudinal kinematicchanges in males across pubertal maturation
during anunanticipated 45° cutting task found changes in hip and trunk mechanicsbut
not in any knee kinematics typically associated with knee joint loading, such as increases
in knee valgus, internal rotation, or extensior{Chia et al., 2023) Furthermore, astudy
examining females across different maturational stages duringa 90° unanticipated
cutting task found no relationship between any knee biomechanics and maturation
group or between bilateral differences in knee biomechanics and maturatiorgroup,
suggesting that factorsother thanknee biomechanics alonecould explain the higher rate

of ACL injuries in maturing femalegColyer et al., 2021)

Our results regarding maturation are similar to previous literature in that few differences
were observed regarding mechanics typically associated with increased ACL injury risk
in similar types of tasks(Butcher et al., 2024) However, the few differences that were
found between groupsdiffered from that of some othercutting type tasks (Aizawa et al.,
2018; Sigward, Pollard, Havens, et al., 2012possibly due to the task demand. Based
on the results of our pilot study we set the task requirements, so the participants were
required toleap to 150% of leg length as quickly as possiblgfter the initial drop landing
Cutting tasks require singlelimb control of momentum, impact absorption, sudden
deceleration, and rel RI DHqRY ULWY n Waq 6 (0ihddichlet ak, R00BY NndridiBa 2 G LU
Qiao, 2009) Compared to postpuberty, less biologically mature individualsadopt less
efficient steering and reorientation techniques to navigate obstacles(Vallis & McFadyen,

2005) and struggle more when performing locomotor taskghat require higher levels of
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precision (Michel et al., 2010) The more mature individuals had greaterelative vVGRE
external rotation, and varus moments on their dominant leg possibly reflecting their
ability and confidence to perform the task on thideg orindicating an increased risk of
ACL injury, which could only be examined via prospective studie§Vith maturation often
comes more years of experience in performing complex taskbhat may contribute to the
differences in performance in the more biologically mature groups. Less mature athletes
might avoid performing more complex movements during games and therefore limit their
overall exposure to potentially injurious situationsand competency in performing these
movements. Hence, it is possible that the task used in this study wasore familiar for
the more biologically mature participants who hadgreaterdeveloped perceptual motor
processes (Michel et al., 2010) It could be that if the younger participants were to
experience higher moments and vGRF situations, they would experience an ACL injury
whereas the more mature individuals would not &er being conditioned to these forces

and moments already.
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The motivation for incorporating the ROT task was to investigate differences in
biomechanics between sexes and maturation stagesduring a sport and ACL injury
specific task that requires stabilisation from stopping a rotating motion, force absorption
during landing and then quick re-application of force to jump vertically. This task was
selected as it has previously been identified as mordifficult compared to other drop

jump tasks (Hanzlikova et al., 2021jhich was also reflected in the subjective rankings
of our participants who ranked theROT task wasanked as the mostdifficult . Significant

sex and maturationinteraction effects were observed for jump height and peak knee
valgus moment. Jump height increased with maturatioron both legs(medium to large

effect size, all mean differences exceeded the T&0f 1.68 and1.00 cm for dominant and

non-dominant, respectively) and post-pubertal males jumped higher than postpubertal

females (small effect size, MD = 658 cm), with no significant sex differences in pre
pubertal or mid-pubertal groups. Peak knee valgus moment wa®8.15 Nm/kg/m lower in

pre-pubertal males thanin both mid-pubertal males (large effect size)and pre-pubertal
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females (small effect size) on the nondominant leg, with the difference exceeding the TE

value of 0.08 Nm/kg/m.

The findings of the current study are consistent with previous research exploring the
effects of jump height on maturation(Gantiraga et al., 2006; Papadopoulos et al., 1999;
Quatman et al., 2006) Quatman et al. (2006)showed significantly increased vertical
jump height with maturation in males but not females. They also described a significant
reduction in landing GRFs for males but not females with maturatigrand a decrease in
take-off force in females but not in maleg(Quatman et al., 2006) Jumping performance
differences between males and femalegeportedly become apparent around 14 years of
age (Gantiraga et al., 2006)corresponding with the significant performance differences
observed betweenpost-pubertal males and females. The nature of th®OTtask involves
the stretch-shortening cycle whereby the eccentric component(i.e., landing) directly
influences the subsequent concentric(i.e., jumping)phase (Bosco et al., 1982) Stretch-
shortening cycle ability depend on muscular and nervous system processesincluding
knee extensor muscleforce generationalongside coordination and coactivation of the
agonist-antagonist muscles (Rack & Westbury, 1974)Consequently, both strength and
coordination are important factors in more complicated motor tasks which explains the
increased jump performance in both males and females with maturation.Increases in
muscular size, strength, and power that occur with biological maturation and the larger
increases that are observed in males compared to females are likely contributing factors
to these results(Gillen et al., 2021)

A significant interaction effect was also observed for peak knee valgus moment on the
non-dominant leg. Within the pre-pubertal group, females had greater moments than
males (although the effect size wasmall); and within the males, the midpubertal group
had greater moments than the prepubertal group (arge effect size). Based on knee
valgus moments, pe-pubertal females and mid-pubertal males may be at a higher risk
of injury than prepubertal males. Our results are supportedthe results of Sigward,
Pollard and Powers (2012)who observed greater knee valgus momentg females than
males (0.06+£0.03 vs 0.01+0.02 Nm/kg m respectively; p <0.005) when averaged across
maturation stagesin a single-leg landing task Furthermore, Sigward, Pollard and Powers

(2012)suggested contrary to their hypothesis, that the biomechanical profile exhibited
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by females (including peak knee valgus momentdid not emerge postpuberty but was
already present in prepubertal athletes. To this point, dthough significant differences
between males and females in the later maturation stages were not observed in this
study, it should be noted that the knee valgus angles observed in prbertal females
did not significantly decrease with maturation, suppoting the results ofSigward, Pollard
and Powers (2012)and suggesting potential for pre-established higher ACL injury risk
movements patterns that do not significantly improve with maturationlt should also be
considered that the ROT task was ranked as the most difficult of the four tasks assessed.
Less biologically mature participants and those undergoing the adolescent
awkwardness phase, such as the migpubertal males, could havebeenless familiar with
the movementor have underdeveloped neuromuscular ability and motor contrglleading
to compromised landing mechanics during this more difficult task It should be
considered, however, that the effect oknee valgus moment on ACL strain could depend
on the knee flexion angle, which a tends to have an increasing effeah ACL injury risk
with an increasing angle(Beaulieu et al., 2023; Miyasaka et al., 2002)herefore, ACL
injury riskregarding knee valgus momentsnay be better understood by consideringhe

timing of the peakknee valgus moment in relation to knee flexion angle

Furthermore, dgnificant main effects of maturation were observed across multiple
metrics on both the dominant and nordominant legs. Relative peak VGRF was highest
in the pre-pubertal group and decreased with maturation on both legflarge effect sizes,
MDs exceeded the TEs of 0.30 for damant and 0.23 for nordominant). These results
are consistent with previous researchthat has shown decreases inrelative vVGRF with
maturation during a doubleleg vertical jump task(Swartz et al., 2005)Additionally, in a
drop jump study of female athletes, decreases in peak landing force occurred with
maturation, but these differences were notstatistically significant (Pedley et al., 2021)
The findingsof previous researchsupport that the decreasedrelative vVGRFs observed in
our study are relevant to maturation in generalbut not sexspecific maturation. Less
biologically mature individuals may have a diminished ability to absorb forced due to
reduced eccentric strength, neuromuscular control (Quatman et al., 2006) and less
familiarity with landing on one leg combined with the complexities of decelerating the

bodies rotational momentum. Decreased relative VGRFs alongside increased jump
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height as individuals progress through biological maturation demonstrates
improvements in ability to absorb impact and reapply force, concepts linked to spring
like behaviour and stretchshorten cycle ability. Pedley et al. (2021)observed small
improvements in springlike behaviour with maturationduring adrop vertical jump task,
as well as improvements in biomechanics associated with moderating GRFwith

maturation, including centre of mass displacementand increased knee flexion.

During the ROT task, the landing leg acts as a dissipater of fore@d slows both the
decent and the rotating momentum of the bod through eccentric contraction of the
knee extensors, ankle plantar flexors, and hip abductors and adductor®evita & Skelly,
1992). The same leg then acts as an actuator through rapid concentric contraction to
propel the body upwards. Often manoeuvres where an immediate jump is produced
after a landing require a greater knee flexion for an improved streteshortening cycle
effect, and therefore, a greater jump height(Hass et al., 2005) The greater jump heights
paired with the lowerrelative vGRFand the greater knee flexion angles observed in the
post-pubertal group is likely explainedoy improved stretch-shorten cycle inaddition to
strength inthe more biologically mature participants. The greaterelative vVGRF and lower
jump heights observed in the prepubertal group suggests that their landing technique
resulted in more force being lost into the ground, rather than reapplied through tendon
elasticity, resulting in poorer jump performance.Biomechanical differences observed in
different maturation stages may reflectan effect on the dynamic restrain system due to
variations in strength or neuromuscular controHass et al., 2003) Thus, further research
is required to investigate the levels of muscle contraction and timing of contractions
during the ROT task across differentnaturation stages to determine how purposeful

muscle contraction is usedto achievethe observed angles, moments and GRFs.

In addition, significant main effects of maturation were observed for peak knee flexion
moment and angle. Peak knee flexion moment was lowest in the migubertal group on
the dominant leg, but lowest in the postpubertal group on the nordominant leg (large
effect sizes, exceeded TEs 0D.08 Nm/kg/m for dominant and 0.06 Nm/kg/m for non-
dominant). Peak knee flexion angle was lowest in the migubertal group on thenon-
dominant leg only(medium to large effect sizes, MDs of 5.10 compared to pre-and 5.61°

compared to post-pubertal, exceeding TE o#1.23°). The lower knee flexion angles and
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moments observed in the midpubertal group suggest a potentially stiffer landingand
increased risk of ACL injuryn this taskduring a time of peak growthHowever, it should
be considered that larger knee flexion moments coupled with a reduced knee flexion
angle, have been shown to increase ACL injury risk with a hazard rate of 1.21 for every 10
Nm increase (Larwa et al., 2021; Leppanen, Pasanen, Kujala, et al., 2017; Olsen et al.,
2004). Hence, the lowermoments may lessen the potential risk of ACL injury influenced
by reduced knee flexion angleslt is possible that rapid growth at midpuberty combined
with performing an unfamiliar and challenging task could lead to less favourable
biomechanics. Implication of additional neuromuscular or proprioception challenges in
mid-pubertal athletes could help develop safe jumplanding strategies in new or more
challenging manoeuvres (Emery et al., 2015) We can speculate that md-pubertal
individuals may benefit from adopting more injury preventative landing strategies in the

sagittal plane through ncreasingknee flexion anglesduring landing

Furthermore, dgnificant main effects of maturation were observed for moments and
angles in the coronal and transverse planeglarge effect sizes, with all MDs exceeding
TEs of 0.08 (dormant) and 0.06 (nordominant), and 0.02 (donmnant) and 0.03 (non
dominant) Nm/kg/m for varus and external rotation moments, respectively) The varus
and external rotation moments were lowest in the prgoubertal group and increased with
maturation, which, combined with the decreased relative vVGRFould suggest that more
mature individuals employed strategies that reduced risk of ACL injurfCortes et al.,
2012; Fox, 2018)On the dominant leg, the prepubertal group had the largest peak knee
valgus angle of all groupgmedium effect size, MD = 3.00° compared to migpubertal;
large effect size, MD = 3.73° compared to pospubertal, TE of 2.47°and a larger peak
kneevarus angle than the postpubertal group (medium effects size, MD = 3.318, TE of
2.30°), suggesting that the prepubertal group went through a larger frontal plane range
of motion. Additionally, the pre-pubertal group had a greater knee external rotation angle
than the mid-pubertal group, which could contribute to an increased ACL injury risgiven
the larger relative vVGRFsDue to the difficulty of the task, more mature participants may
have been able to control the landing of the rotation betteracquire a more stable body
position, and re-apply force for an effective jump due to improved @uromuscular control

and proprioception strategies, as neuromuscular control is reported to be
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underdeveloped pre-puberty (de S& et al., 2018)The ROTtask requires a complex level
of balance and strength; therefore, the stabilisers need to stop the rotation force,
possibly leading to a larger frontal plane range of motion and larger external rotation
angle in the younger individuals. Greater frontal plane joint range of motion has been
observed during more difficult singleleg landings compared to doubleleg
landings (Yeow et al., 2011)and younger athletes tend to demonstrate greater frontal

plane ranges of motion(Sasaki et al., 2013)which supports our findings.

Only peak values between touckdown and peak knee flexion were examined as
waveform analysis was beyond the scope of this studyHowever, looking at the time
course of knee motion and moments, such as statistical parametric mapping, could
assist in identification of different strategies employed. Considering the timing of the
peak valgus angle and moments would also assist in determining higher risk of ACL injury
as a higher peak valgus values within 4@ns of initial contact have been linked to
increased injury risk (Koga et al., 2010Q) Further researchemploying waveform analysis
or focusing on alternate discretemetrics such as knee angles and moments at 40 ms
after ground contact alongside ankle and hip angles and momentsnot examinedin the
current study, could elucidate how individuals from different maturationgroup complete
the ROT task.

> IO IOEDMIWlg ¢ t t

The motivation for incorporating the VERTtask was to investigate differences in
biomechanics between sexes and maturation stagesuring adynamic, sport specific
task that requires quick force absorption and reapplication of force to jump vertically.
Significant interaction effects were reportedfor jump height, peak knee extension angle,
and transverse planeknee range of motion. Jump height increased with maturatiorior
the males. Pre-pubertal and mid-pubertal females landed with greater knee extension
angles. Transverse planekneerange of motion was greater in pospubertal females than

males.

Similarly to what was observed in the ROT task, jump height increased with maturation

in males and was higher in pospubertal males than postpubertal females (large effect
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size, all MDs exceeded'Es of 0.04 cnp These results align with the previously discussed
maturational developments ofmuscle mass, technical proficiency, strength, power, and
neuromuscular control that are greaterin males compared to females (Gillen et al.,
2021). Again, he increases in jump heightobserved in the current studyare consistent
with previous research(Gantiraga et al., 2006; Papadopoulos et al., 1999; Quatman et
al., 2006} however, unlike the ROT task, there were no significant changes in jump height
observed across maturation in females.Similarly, Quatman et al. (2006)reported a
significant maturation stage by sex interactiorreflecting longitudinal increases in jump
heightwith maturation in males, but not in females, during a bilateral drop vertical jump
task. Other research has demonstrated similar trends in jump height performance
attributed to the lack of a neuromuscular spurt in females during pubertyBeunen et al.,
1997; Malina, 2004) Quatman et al. (2006)found that as males matured, they
maintained their take-off force and increased their vertical jump height whereasas
females matured they reduced their takeoff force, demonstrating an increase in
muscular power in maleskconcomitant with biological maturation. The neuromuscular
spurt appears to naturally occur in maturing malesmore so than in matuting females,
hence incorporating neuromuscular training for young femalesould be important for
encouraging muscle strength and power developments, as well & movement

proficiency (Hewett et al., 1996; Myer et al., 2005)

Considering peak knee extension angle on the dominant legre-pubertal females
landed with a more extended knee than postpubertal females, with the difference
representing alarge effect size. Furthermore, both pre-pubertal males and mid-pubertal
females landed with a more extended knee than mighubertal males, although the effect
size wassmall. All MDs exceeded the TE of 3.35, suggesting meaningful difference and
potentially greater ACL injury risk in both prepubertal groups and the midpubertal
females. Typically, greater knee extension angles are associated with less effective force
absorption (Podraza & White, 201Q)reflected in the larger relative vGRBRIongside the
more extended knee positionapparent in the prepubertal groups. Contrastingly, Ford,
Myer, et al. (2010)observed no significant differences between sexes or maturation
groups in knee flexion angle at initial contact, however, thisbservation was during a

bilateral drop landing task.During three different singleleg drop landing tasks,Hass et
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al. (2005)found significantly greater knee flexion angles upon initial contact ipost-
compared to pre-pubertal females, aligning with the results of the current studyLanding
with a more extended knee particularly on a singleleg, has been suggested as a risk
factor for ACL injury as concentric hamstring contraction abilitybecomes limited,
leading to a greater reliance on the eccentric contraction of the quadriceps to decelerate
the body(Bennett et al., 2008) The forces from these contractions at the more extended
knee angle can pull the knee into anterior tibial sheaplacing excess strainon the ACL
(Bennett et al., 2008) Amore extendedknee angle is particularlyhigh risk during the first
40 ms of landing when ACL injuries tend to occu(Koga et al., 201Q)However, this study

is limited in that only peak values were obtained and not the time at which these peak
values were observed.However, we can reasonably assume that participants landed
with a typical pattern where the peak knee extension angle wuld occur close to the
initial contact and knee flexion anglewould increase until reaching peak knee flexion.A
recent review byBeaulieu et al. (2023)Yound consensus that the combination of knee
joint compression and a kneeflexion moment with an anterior tibial shear force, internal
tibial torque, and a knee abductionmoment, with a knee close to full extension (G 30°)
resulted in greater ACLloads. Furthermore, they reported the greatest ACL loadingo
occur between 0 and 30or various knee loading scenarios including anteridiibial shear
force, internal tibial torque, and quadriceps contraction (Beaulieu et al., 2023)Miyasaka
et al. (2002)reported that highest ACL forcesoccur in full extension and decreasewith
an increase inflexion angle leading to smaller forces from 30°. Notably, all groups had
peak knee extension angles between 10 and 30°, suggéasy a relativelyhighrisk for ACL
injury than landing with a kneein greater flexionwhen consideredin combination with
other biomechanical risk factors (Beaulieu et al., 2023; Boden et al., 2000; Olsen et al.

2004).

Post-pubertal females displayed a largerrange oftransverse planeknee motion than
post-pubertal males on the nonrdominant leg, with alarge effect sizeand a MD of 3.D°,
which exceeded the TE of 2.66and suggests a clinically meaningful difference. Whether
this increased rangeis indicative of a corrective or risky mechanism depends on the
direction of the range of motion (internal to external or external to internal) and the timing

at when these peaks occurred relative to the landing pattern. Waveform analyses were
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beyond the scope of this study and consequently, timing of the peak values was not
obtained, which partially limits our interpretation. Landing with an initially greater
internal rotation angle coupled witha greater knee extension angle within the first 4hs
would place the knee in a highACL injury risk position (Koga & Muneta, 2016)A review
by Quatman et al. (2010)eported higher ACL strain during internal tibial rotationyith
smaller increasesin ACL strain during external rotatiorcompared to a neutral position
Although the differences were not statistically significant, he post-pubertal females had
slightly largerinternal rotation angles, but much higher external rotation angles than the
post-pubertal males, suggesting that the larger range of motion was influenced by the
external rotation angle.As all groups landed with a relatively extended knee positiothis
larger transverse plane range of motioegould indicate an increased ACL injury risk in the
post-pubertal female group.Greater joint laxity in postpubertal females may have also
influenced this larger transverse range of motion as general joint laxity increases with
puberty in females(Quatman et al., 2008) potentially due to factors such as increased

pelvic width and oestrogen(Wild et al., 2012)

Similarly to the observationsfor the ROT task, decreases irelative vVGRF with maturation
suggests improved force absorption with maturational developmenimedium to large
effect sizes, all MDs exceeding the TEs d@.44 and 0.34 BW fordominant and non
dominant, respectively). Force attenuation is poorer in the less biologically mature
participants, likely due to reduced eccentric strength, neuromuscular control, and less
familiarity with landing on a single legde Sa et al., 2018)Swartz et al. (2005kxplored
maturational development and sex differences in hip and knee biomechanics during a
double-leg landing taskand observed greater relative VGRFs iness biologically mature
individuals compared to adults. They attributed the differencesin vGRF todifferent
landing strategies primarily greater hip flexion and lesser knee valgus at initial contact
and greater knee and hip flexion angles at peak vVGRi adults (Swartz et al., 2005)
Furthermore, supporting our findings of greater jump heights in postpubertal males
specifically, individuals who demonstrated better absorption of landing forces also
demonstrated improved jumping skill (Hewett et al., 1996; McNair et al., 2000)Similar
studies have reported improvements in force modulation upon and during landing with

maturation, likely resultant of physical changeso muscle strength, skill acquisition, and
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movement experiences (Ayalon et al., 1987; Sigg et al., 2001)n this study, the pre-
pubertal groups landed with a more extended knee than most other groups, a
biomechanical factor that has been associated with less effective force absorption
(Podraza & White, 2010)Landing with greater vGRFs and a more extended knee angle,
as observed in the prepubertal females, are risk factors for ACL injuryGriffin et al.,
2000). Additionally, peak knee flexion moment was highest prguberty and decreased
with maturation. Landing in a more extended position with higher knee flexion moments
and greater VGRFs can place excessive strain on the ACL throushincreasedanterior
tibial shear (Leppanen, Pasanen, Krosshaug, et al., 201,Qontributing to a higher risk of

ACL injuryin the pre-pubertal participants.

The knee varus and external rotation moments increasgwith maturation with medium

to large effects and clinically meaningful MDs(i.e., exceedingthe TE9. An increased knee
external rotation moment can place excess strain on the ACL when the knee is near full
extension (Mizuno et al., 2009) although more so for an increased internal rotation
moment (Oh et al., 2012) Aithough significantly more extended knee angles were
observed in the less biologically mature groups, the knee extension angles were still
within a higher ACL loadingrange (10 to 30°(Beaulieu et al., 2023)in the post-pubertal
groups. Greater knee exernal rotation moments alongside the more extended landing
position of the kneecould contribute to an increased ACL injury risk landing in more

biologically mature individuals for the VERT task

6.3 Practical applications
The findings of this study are novelproviding some evidence of potentially higher ACL
injury risk biomechanics in prepubertal athletes and potentially lower ACL injury risk
biomechanics with maturation for some metrics. Few significant differences were
identified between sex specificmaturation stages and even fewer between sexesilt is
widely acceptedthat sporting demands increase as children ageWith anincreasedlevel
of competition comes andincreased number offactors to consider, and furthermore, the
sporting manoeuvres requiredat these higher leveldbecome exceedingly more complex
and challenging. It is possible that although some of the biomechanical metrics
associated with risk of ACL injuryappear to improve with maturation, they may not
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improve atthe samerate as the sporting demands, leading to the increasedumber of
ACL injuries observed in lateo-post pubertal populations (Maniar et al., 2022)Although
the'n 13 0 ¢ ACQLlinfury riskbiomechanics appear to improve in a labratory setting with
pubertal maturation, biomechanics may be compromisedwhen performing similar tasks
in a competitive setting Based on the findings of our study, we are able to recommend

the following practical applications.

Training interventions are important to be implemented in younger (prpubertal)
athletes and sexspecificity of these programmesis not particularly important based on
the lack of significant sexand-maturation interaction effects and main effects of sex
Previous research has shown that neuromuscular training programmes could effectively
reduce the risk of ACL injury by 72% ifemales in their early- to mid-teens (Myer et al.,
2013), however further research is required in malesTraining interventions including
components of strength, plyometrics, balance, speed, and agility are recommended as
beneficial to reduce ACL injuries, particularly in females under the age of }@ars(Mattu
et al., 2022) A recent study byFord et al. (2025demonstrated effective modification of
knee abduction moment inadolescent female athletes during a DVJ task following an
intervention using neuromuscular training with biofeedback. Further, in a recent meta
analysis, Ramachandran et al. (20255uggest that neuromuscular training interventions
can effectively increase peak knee flexion angle and reduce knee valgus motion during
landing tasks in young females. Despite these promising finding®amachandran et al.
(2025)found no significant improvements for other biomechanical risk factors and the
certainty of evidence for many included studies was low, primarily due to risk of bias and
imprecision, highlighting the need for more higkguality intervention studies and
inclusion of males and specific maturation groups.The results of this thesis, along with
the aforementioned findings of previous research, suggestthat exposure to
neuromuscular training interventions should start in the prepubertal years to improve
jump-landing biomechanicsand nurture fundamental movement habits. Teaching good
landing techniques early affords time for positive movement patterns to be engrained so
that when an individual § excessively fatigued, distracted, or reacting to a stimulus and
finds themselves in a potentially injurious situation, theycan adjust their body position

safely and with less conscious effort to reduce their injury risk. Neuromuscular training
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programmes can not only improve landing kinematicsbut can also reduce vGRFs
(Ramachandran et al., 2024) Reduction in VGRF of up to 1.2mes BW have been
demonstrated in studies which employed a neuromuscular training programme
incorporating aspects of strength and plyometrics inmid- to late-pubertal females
(Hewett et al., 1996; Hopper et al., 2017)}urthermore, Rogalski et al. (2025jound that
implementing unilateral strength training can target asymmetries and improve singieg
balance, enhancing neuromuscular abilities and resulting in better change of direction

and landingmechanics in females.

Future research should explore the possibilities of starting these training programmes
from a young age to determine the potential for strength and landing technique
development to meet the progressive physical demands of sporting participation that
occurs with increasing maturation. A focus onfamiliarity with different landing styles,
knee flexion, force absorption, and control of knee angles in the coronal and transverse
planes is recommended. Interventions should be progressive to meet maturation
changes. Development of neuromuscular control and proprioception is important in the
early- to mid-pubertal stages where rapid development is occurring, particularly in terms
of anatomical changes to height and limb lengthThe observations ofreduced relative
VGRE, greaterknee flexionangles, and greater kneevarus momentswithout alargerknee
varus anglein the more biologically mature groupsaltogether suggest a decreased risk
of ACL injury with maturation However, all groups exhibiteda relatively extended knee
upon landing, the late-pubertal groups demonstrated larger knee external rotation
moments, and there were few significant differences in knee valgus angles and moments
between groups. Thereforedespite somepotentially protective mechanisms, the lack of
significant improvements in key metrics suggestamore biologically mature groups may
still be at risk of ACL injury Although not assessed, 6ot placement may impact knee
moments. Therefore, incorporating foot positioning whenteaching proper landing
technigues acrossage groups may assist imitigating ACL injuryrisk. Additionally, inthe
early- and mid-pubertal stages, strengthening muscles that control coronal and
transverse plane morements should be considered Thisstrengthening could target the

gluteus medius, adductors, and abductors. Hip abductor and hamstring strength is
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particularly recommended to assist in limiting femur adduction, tibial external rotation

moments, and the possible anterior tibial shearin the mid- to post-pubertal stages.

It is possible that thebiomechanical results in the current studyare not diredly reflective
ACL injury occurrence trends due to theimposed task demands. Screening and
movement pattern analysis should implement tasks that are challenging and sporr
injury specific to identify risk of ACL injury. Furthermore, it could be beneficial to examine
injury risk in the field from camera footage ovialive in-person analysis from a specialist
to determine if higher risk biomechanics are observed in certain scemios to provide
more specific programmes to meet the needs ofindividual athletes. In amore controlled
environment, practitioners can consider implementing cognitive challenge or fatigue

alongside challenging landinggo increase sport relevancy

Development of general sportsrelated skills should be implemented from a young age
and children should be encouraged to perform progressively challenging manoeuvres to
improve their physical competency so that when the performance demands of sport
increase, they are better able to adpt their performance andremain injury free There
are multiple independent movement variables involved in learning a new skill, referred to
as degrees of freedom(Gray, 2020) Coordination of these movement possibilities to
effectively execute a skill can be challenging in maturing athletes or when a skill is new.
cHURDAWE q6aW0qlt WYnagqRBUWh ! WIARK W YGIWT 3N 13134 1
movement pattern (Bernstein, 1967; Gray, 2020) Knee muscle (hamstrings and
guadriceps) co-contraction during sports related skills requires coordination of the
agonistic and antagonistic muscles to optimise degrees of freedom and force output
whilst employing the necessary dynamic constraints for joint stability(Davids et al.,
2000). Inhibition of an antagonist muscle group is learnt progressively during maturation
and skill development (Basmajian, 1977)and excessive antagonistic contribution can
reduce the degrees of freedom during skill acquisitionSchmidt et al., 2018) After a
progressive increase, optimisation of the degrees of freedom occurs when muscular €o
contraction is proficient and the skill is performed as efficiently as possiblgSchmidt et
al.,, 2018) However, when learning a new skill or during times oéarly pubertal
development, the increased activation of the antagonist muscle group can cause greater

joint stiffness, alongside reducing the joint moment and the agonist force output,
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resulting in decreased performance (eg., lower jump heights and greater vGRFgWinter,
2009). It is recommended that practitioners consider this theory of cecontraction and
motor performance when introducing new skills to developing athletes. Encouraging an
increased power output before the athlete is competent in the movements not
recommended as it canlead to a decreased cecontraction and therefore compromise
the dynamic stability of a joint, leading to potential injuryFord et al., 2008) Knee joint
stability via muscle co-contraction is required when excessive shear forces and/or
rotational moments are experienced to limit the potential compromise of passive
ligament or meniscal structures (Ford et al., 2008) It is also recommended that
hamstring muscle strength and activation is adevelopmentfocus in maturing athletes to
reduce the requirement for passive restraintto coronal plane rotations, anterior shear
forces, and ACL load(Lloyd & Buchanan, 2001; MacWilliams et al., 1999Wwhich can

improve knee joint stability without compromising movement efficiency.

6.4 Strengths and limitations

> IOMAIONILR dLFRdl R q !

The experimentalstudies in this thesis included in-house between sessionreliability,
using a sample of participants from the cross-sectional data collection, to inform
confidence in the differences identified between groups for each of the metricsThe
reliability findings are limited in that, despite consistencies in settings, models, and
marker placement with previously reported studies, they are specific to our laboratory
conditions and our included participants, hence the ability to generalise to a wider
population is limited (Alenezi et al., 2014) Additionally, there are likely differences
between performing these tasks in a laboratory environment compared to sporting
situation performance (Alenezi et al., 2016)Furthermore, data from some participants
displayed marker dropout which was not picked up during testing, and hence some trials
were removed due to sizeable gaps in the data set. Employing retaine marker tracking
in the future may help overcome this limitation(Myer et al., 2015)as marker drop out
could be identified and amendedduring data collection. TheTEvaluesincorporate some
biological variability (i.e., differences in participant performance between days) and also

some data collection variability (i.e., potential error in marker placement and in 3D
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motion capture). The generally smallerTEssuggests thatlarger CV% values likely reflec
the restricted range and low average values tfie metrics. As a dimensionless measure,
the CV% is advantageouss it allows a direct comparison of reliability irrespective of
calibration or scaling (Hopkins, 2000) Hence, the large CV% values were possibly a
result of the magnitude of theconsidered metrics, suggesting he raw TEvalues may be
more appropriate in this thesisto establish the meaningfulness of change in the

collected metrics.

S IO BHqRYUOc oW qal!

A standardised method was used fothe box height of 30 cmfor all of the tasks, which
reflected that of previous literature(Kim & Lim, 2014; Nasseri et al., 2028nd has been
recommended for singleleg drop landing tasks(Wang & Peng, 2014)During the CUT
task, the cutting distance was normalised to the leg length of participants to account for
differences in anthropometrics between groups,based on the results of the pilot study.
A limitation of the current study is that all participants performed the task froma
standardised box heightof 30 cm, rather thana height normalised to a percentage of leg
length or maximal jump height This effectively representedan averageheight of 39.89%,
33.37%, and 33.56%o0f leg lengthin pre-, mid-, and post-pubertal females and 41.25%,
32.80%, and 30.68%of leg lengthin pre-, mid-, and post-pubertal males, respectively. In
a group of male college studentsduring a singleleg drop jump task,Wang and Peng
(2014) found that increasing drop heightfrom 30 cm to 40 cm and 50 cmlead to
increased peak impact forces smaller jump heights and lesser stiffness in the ankle,
knee, and hip. Further, Weinhandl et al. (2015)found increased peak knee adductor
moments in females and decreased peak hip abductor momens in males as landing
height increased. It is possible thatusingaH Y # W6 WRNG6 qWUY ! G ¢ G RdgldT Wa VL
length or based on maximal jump heightmight make the biomechanical demands more
comparable between groups, revealingdifferences that are associated to sex and
maturation stages independent of relative task challenge.However, it should be
considered that the subjective measures of task difficultyreported in this thesis found
UYLWh 2131 ! W RsupggRstng thatall tiskswaprk helow the threshold of physical

abilities for all participants. Further regardinganthropometric considerations, this study
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was limited in that males and females were not height and mass matched which is not
favourable for statistical comparison. The physical changes that accompany maturation
make height and weight matching difficult; however, this limitation was minimised by
normalizing the moment data to height and weight and normalising the GRF data to

weight.

Participant inclusion criteria required participation in court and field sports, whichhave
a high rate of noncontact ACL injuries(Chia et al., 2022) However, ths thesisis limited
in that diversification of sports was not a variable considered within the statistical model
which may haveinfluenced our results. Research has suggested that kildren who train
in specific jump sports (e.g, volleyball) have lower impact forces and higker knee flexion
angles during landingthan those who participate in sports that involve less singldeg
landing tasks (e.g., gymnastics) (Estevan et al., 2020) Although all the participants
recruited in the current study were regularly participating in a court or field sport, some
of the included sports require more singleleg landings than others, and some
participants also participated in additional sports that were not classified as court or
field, which could impact the results. DiCesare et al. (2019Qemonstrated higher knee
2ciNeat WeUNG W WR U Lpubdidycdmpadted tp drépdiloptiy akdlbliséfveds
higher valgus angles in females who were more spesgpecialised compared to those
who played multiple sports(DiCesare et al., 2019) In this thesis, no differences in knee
valgus angles were observedhowever, it is possible that sports specialisation or
generalisation at different maturational stages for males and females could impact
employed landing strategiesand the potential corresponding risk of ACL injuryFurther
research regarding the influence of sporspecialisation in the context of maturational
developmentand ACL injury riskcould assist in providingtraining recommendations for

maturing athletesto help reduce their irfjury risk.

This thesis inorporated a systematic review reliability study, and large crosssectional
study that incorporated three defined maturation groups and both males and females
adding to areas of evidence that are limited in existing literature. However, an
intervention study was not undertakento inform incorporation of preventative training
programmes specific to maturation phases, however this would be the next logical step.

As the current study demonstrated that higher risk movement patterns were observed in
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pre-pubertal groups, incorporation of training programmes aimed at developing safe
movement competency in various landing and change of direction tasks prior to puberty
may help in reducing overall injury riskOur study was limited as specifics regarding
previous strength and neuromuscular training experience were not disclosed prior to
study participation, which may have influenced the results. Furthermore, it was beyond
the scope of thisthesis to explore the benefits of training interventionsor modulating
biomechanics relevant to ACL injury risk reduction across thalifferent maturation
stages, however, there is evidence to suggest thathis could be beneficial for ACL injury
prevention (Emery et al., 2015) Future research should explore the possibilities of
starting these training programmes frompre-puberty to determine the potential for
strength and landing technique development to meet the progressive physical demands
of sporting participation that occurs with increasing maturation.Additionally, the main
study was crosssectional which limits true interpretation of the changes that occur for
a given individual at different stages of maturation. Further studies that are longitudinal
in nature are required to better understand the complexities of biomechawcal and
performance changes with biological maturaton and to link potential ACL injury

incidence to biomechanical observations.

A systematic review of the literature was conducted to infornthe relevance oftasks and
biomechanical metrics for examination in the context of sex and maturation.
Nonetheless, few studies exist in tle biologically maturing athletespace and the tasks
that were usedin the experimental portionof this thesis are not as common as in adults
limiting the potential for large inferences from the results.Therefore,a limitation of this
research is that the tasks included have not been commonly assessed in défent
maturation stages or sexesand the tasks have not been previously assessed faheir
refection of sport specific maneuverers in this population. Considering that post-
pubertal females sustain more ACL injuries in comparison to their male counterparts
and other females at earlier stages of maturatioriManiar et al., 2022) our results did not
detect higher risk knee biomechanics in posfpubertal females compared to the other
groups assessed. In fact, the posfpubertal female group often displayed knee
biomechanics that were suggestive of ACL protective strategieglower VGRFs and

greater knee flexion angles)Although thisresult contradicted our hypothesis, ACL injury

226



occurrence in post-pubertal females may not be linked to their general landing
mechanics assessedin a controlled, laboratory environment. The metrics we obtained
likely do notdirectly reflect typical mechanics during a game or training situationAs this
study was limited to the results obtained in a laboratory setting, future research is
warranted to explore ithigher levels ofACL occurrence inpost-pubertal femalesis more
dependent onother factors, inclusive of biomechanical ones in a more ecologicdly valid

environment.

Both the dominant and nordominant legs wereexamined in this thesis as there is no
clear consensus in the research to suggest that one leg is at a greater risk of ACL injury
compared to the other, and differences ininjury risk regarding limb dominance are
apparent, but findings vary,for males and females(Brophy et al., 2010; DeLang et al.,
2021; Mokhtarzadeh et al., 2017)Furthermore, a potential limitation to this study is that
dominant leg was defined based on the leg used for kickirtg align with similar research
within a similar scope (Aizawa et al., 2018; Meylan et al., 2009However, previous
studies have defined the dominant leg as the stronger le@mpellizzeri et al., 2007) leg
which produced the highest jump height(Stephens et al., 2007) the foot used to start
stair climbing (Ceroni et al., 2012) orthe foot used to steady oneself after an unexpected
loss of balance (Hewit et al., 2012) The results between studies may have limited
comparability due to the differences in leg dominance definitionhence, future research

should aim to define a standardised method for determining leg dominance.

The scope of this study was limited to knee biomechanics, however, ankle, hip, and trunk
mechanics have also been associated with increased risk of ACL injufBlackburn &
Padua, 2008; Frank et al., 2013; Hewett & Myer, 2011; Hughes, 2014; Leppanen, Pasanen,
Krosshaug, et al., 2017)It could be that the increased occurrence of ACL injury in post
pubertal females is influenced by the movements of the adjoining segments and how
these impact relative knee positioning and ACL loading. A recent review by
Ramachandran et al. (2024}hat examined ACL injury risk in female athletes reported
only three studies that examined hip and ankle biomechanics across different stages of
maturation. Further research iswarranted given the key role of the hip and anklgints in

the deceleration phase of landing tasks(Kotsifaki et al., 2021; Podraza et al., 2018)

Developing a better understanding of thewhole bodies system mechanics during
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different maturation stages could assist in informing the development of effective

preventative training programmes that are targeted to differeniaturation stages.

The current study used seHreported Tanner staging, the PMOS, and PHV calculations to
determine and confirm maturation stage improving the robustness of grouping.These
methods have beendetermined valid and reliable in the researctfMcEachan et al., 2014;
Rasmussen et al., 2015) however, a limitation to this and all research regarding
maturation phases is that, airrently, there is no one commonly accepted measurement
for determining maturational group, and the tools used often vary between studies
(Butcher et al., 2024) A singular tool which combines aspects of these measureto

create one robust tool would reduce this limitation and be beneficial for future research.

The experimentalstudy used research grade gold standard tools including 3D motion
capture and force plate technology,to assess the movement of participants.Muscle
contraction data were not collected as part of this research. Considering the influence
of knee musculature co-contraction on joint stability and movement efficiency during
landing tasks (Kellis et al., 2003) comparison of hamstring and quadriceps ce
contraction levels in different landing tasks considering maturation stage and skill level
may help to further explain the knee joint angle and moment results obtained in the
current study. The addition of electromyography (EMG) and specific strength
assessment profiles {.e., agonist and antagonistisokinetics) could provide better
understanding of the influence of muscle strength and contractioron the differences in
landing mechanics observed, especially consi@ring the likely influence of variations in
neuromuscular development. The mmpromise to adding EMGs the extension of the
already lengthy data collectiontime. Future researchcould explore the potential of using
markerless 3D motion capture systemsto improve time efficiency of data collection and
lead to the incorporation of more tools, more participants, and overall larger more

comprehensive studies.

The scope of this study was limited to exploring biological sex differences rather than
gender differences.Boerner et al. (2024kuggest that many sex differences in areas of
adult health are not observed until after pubertal onset primarily due to changes
influenced by hormones. However, contributions of and interactions between factors
including early developmental influences, pgchosocial factors, and gender are often
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overlooked in literature (Boerner et al., 2024) It is possible that biomechanical
differences observed between groups are influenced by gender considerations such as
societal constructs for type of sporting participation (eg., netball is female dominated,
yet rugby is male dominated), opportunities for training and coaching, sports funding,
and exposure to sporting rolemodels. Incorporation of gender in ACL injuryresearch
may reveal potential influences beyond traditional biological considerations and inform
effective approaches to ACL injuryrisk identification and injury prevention methods
(Parsons et al., 2021) Future research should explore both sex and gender from a
biopsychosocial-developmental perspective to better understand how key
developmental stages for both sex and gender can affect loagrm injury risk outcomes.
The heighted ACL injury occurrence in pogpubertal females (Maniar et al., 2022)might
be moreover linked to the gendered environmental bias experienced by females rather

than specific biomechanical considerations or differences.

Regardless of the limitations, this study accurately portrays the sex and maturation
differences in knee biomechanics,relative vVGRF and performance that occurred during

various sport reflective single-leg landing tasks.

6.5 Conclusion
Previous research suggests that throughout puberty, males and females exhibit
increasingly different biomechanics during sporting taskgHolden et al., 2016) Thee is
paucity of high-quality original research examining landing biomechanics in males and
females across different maturational phases and drawing conclusions from these few
studies is limited by their disagreement, as identified in the systematic review (Butcher
et al.,, 2024) The aims of the experimentalstudies in this thesis were to identify
differences between groups defined by sex and maturation stageA sub-aim was to
explore the reliability of knee biomechanics, VGRF, and task specific performance
metrics within a young athlete population We hypothesised thatbiomechanical metrics
associated with higher ACL injury risk would be observed in female athletes who were
late- to post-pubertal in maturational stageand, secondly, thatbiomechanical metrics
in the coronal and sagittal plane, and GRFs recorded from all the tasks would
demonstrate high betweensession reliability.
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The sub-aim, regarding reliability, was firstly required to ensure reliable merics were
used to assess theprimary aim. In partial alignment of our hypothesis, across all tasks
the results indicated adequate reliability for kinematic angles and moments aside from
peak extension moment, range of moments, anterior/ posterior GRF, and medial/ lateral
GRF when interpreting ICC values. Large CV% values were commonly observed for most
metrics, however, the generally smaller TEs suggest thahese larger CV% values likely

reflect the restricted range and low averagenagnitude of thevalues of the metrics.

Considering the first aim, he findingsindicate that pre-pubertal participants, particularly
females, commonly exhibited lesser knee flexion angles, greaterelative vVGRFs, and
lesser jump heights. Differences in coronal and transverse plane mechanics were
apparent between maturation stages, but not often between sexspecific maturation
stages, and thedirection of the differencein non-sagittal plane biomechanics between
maturation stages varied from task to task. Biomechanics that representedower ACL
injury risk such as increased knee flexion, lower vVGRF, and greater varus moments and
angles were frequently observed for the pospubertal participants, particularly females,
and sometimes also for the midpubertal participants. A summary ofresults for the

cross-sectional portion of the thesis is presented irifable 35.

Relative ppak vGRRypically decreased with maturation across all tasks and on both legs
demonstrating improved force attenuation. Peak extensionangle was greater in post
pubertal females and midpubertal males on the dominant leg for the LAND and VERT
tasks, suggesting greater knee flexion upon landing in these groupBeak coronal plane
and transverse plane angles were greater in prpubertal groups across most tasks, and
peak varus moment was higher in the midand post-pubertal groups. Tlese results
suggest that, although the knee may not be physically angleth a varus and externally
rotated position during landing as athletes mature, the forces acting to pull the knemm
this direction are greater The presence of theseresults indicates a potentially higher
load on the lateral component of the knee jointhat may reduce the load on the medial
aspect of the knee and the ACL itselby reducing the valgus and internal rotation forces
During the LAND task, peak knee flexion moment wasignificantly higher in the post
pubertal males than females and higher in pospubertal females than mid- and pre-

pubertal females. Peak knee flexion moment waslso significantly different between
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maturation stages for the ROTtask, but the moments were smaller within the more
biologically mature groups Thisresult suggests different landing strategies were used in
the more subjectively difficult task. For all tasks, peak external rotation moment was
larger in either the mid or post-pubertal groups and was larger in females than males on
the non-dominant leg in the LAND and CUT taskd his findingcould indicate a higher ACL
injury risk when combined with greater knee extension angledNo interaction effects
were observed during the CUT task and this task had the fewest significant differences
between maturation stages and between sexes. It is possible that this task was not
challenging enough for all participants to elicit injury specific biomechanics. It is
noteworthy that the cutting distance of this taskwas normalised to leg length,and the
instructions wereto leap as quickly as possiblerather than aiming for a maximal distance

as informed by the findings of the pilot study.

Pre-pubertal individuals have reduced levels of neuromuscular control, proprioception,
and strengththat may explain their different biomechanics compared to more mature
individuals (Tumkur Anil Kumar et al., 2021)However, as ACL injuries are not often
observed prepuberty, it is unlikely that the biomechanical metrics reported in the
current study are reflective of a higher injury risk in this group. Rather, the lack of a
neuromuscular spurt, in femalesin particular, as they progress through pubertyWild et
al., 2016)means that some aspects of their biomechanics may nosufficiently improve
to meet the increased movement challengesand sporting demands Additionally,
changes intheir rate of fatigue and recoveryWild et al., 2013)alongside physical and
hormonal adaptations may intensify the effects othigh ACL injury riskbiomechanics. The
lack of significant results regarding main effects of sex suggests that maturation is a
more influential factor for changes in biomechanics and task performanceTherefore
injury prevention interventions should start early and benaturation stage specific rather

than sex specific

To conclude, pre-pubertal participants exhibited greater differences in some landing
mechanics associated with increased ACL injury riskhowever, many mdérics that are
commonly associated with ACL injury risk @l not appear to significantly changewith

maturation. As sporting demand typically increases with maturation the lack of

significant changes in some metrics could indicate a lack oinjury preventative landing
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strategies. Further research is necessary to explore the effects of sex specific maturation
on whole body biomechanics associated with ACL injury during different movement
sequences specific to what is commonly observed innjurious situations of different
maturation stages. Furthermore, prospective researchis needed to confirm that the

metrics examined are (or are not) linked to ACL injury incidence.
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Table 36 Summary ofsignificantly different results regarding biomechanics associated with higheanterior cruciate ligament (ACL) injury
risk between maturational groups and sexe$rom the four landing tasks

Males Females
Pre Mid Post Pre Mid Post
LAND olW2] A[ W? aWlFqWl Ucl oWniWN*FxRYU alW2] Al W? s Wl+Fqll Ucl aWI+aqldl Uci
W3+ qUt R ¥ WI+qUt R slWnaW+RYU osWnaW+EFRYU D/ND
a W+ gl Uc i extension ang D
D/ND
aW+ql UcdWl Yagc¢cqRYULWGY
CcuT all2] A[ W all2] A[ W alW2] A[ wr alI2] A[ W all2] A[ W alI2] A[ W
dWRUqWI Uct aWRUqWI Uc¢ i dWRUqWI Uct aWRUqWI Uc¢
oW+ ql Uci oW+ ql Uce i
ND ND
all2] A[ Ww? oW+ ql UcdWwl YaqWdyYohLw
ROT alW2] A[ W? @& flexion mom D salWndaW+ERYU alW2] A[ W? @ flexion mom D alWnaW+ERYU
slWnGN+RYULU g flexionang ND sWN#qUl U¢ci aWntdW*+*RYUU g flexion ang ND oW+ ql Uc i
sWz2cidNetl gweeidneat W D/ND QUJZCGDZ*IGLUIJ#G]IJIUCE D/ND
oW+ aqll Ued gwy+qul Uei aW2cinet W D/ND
D/ND oW+ aqll Uc¢ i
VERT alW2] Al W? aWUFqWl Uci aWniW+ERYU slW2] Al W? %WI+qUWUI R oaWnalfFRYU

oW+ aql Uci
D/ND

alWndNEFRYU ND
KW+ quU0t R
all2zcidnNet U

oW+ qll Uci aWI+qlll Uci
ND D/ND

alndW+RYU
KW+ quU0t R
alz2¢idnNet U

Note: ang, angle;CUT,single-leg drop-land and cut; D, dominant; LAND,single-leg drop-land; mom, moment; ND, non-dominant; ROT,

single-leg rotating land and vertical jumprot, rotation; VERTsingle-leg land and vertical jump



7.0 Chapter 7 1 Thesis conclusion

Theoverarchingaim of this PhDthesis was to assess the effect of sex and maturation on
biomechanics associated with risk of ACL injury. This main aim was addressed by

providing the scope and background of the topic area and introdueg the direction of the
experimental studies within qq 6 JWaq 6 It Rt W2 R¢ We Wt !+ qllDoess RA WG R«
maturation affect the biomechanical risk factors associated with ACL injury® FOLI N 6 1J LU
systematic review examinedstudies that explored ACL related biomechanics during

defined maturational phases in dynamic tasks to determine gaps inthe current

knowledge base, and to guide the methoalogy of the experimentalstudies included in

this the thesis. Additionally, movement tasks that were deemed appropriate for

assessing risk of ACL injury in young athletes were selected.

Apilot study was conducted to inform the method to be used in the experimentaktudies
of this thesis for the CUTtask by comparinga maximisedand anormalised version of the
task due to variedtask requirementsin previous research The experimentalstudies of
this thesis included in-house test-retest reliability and cross-sectional experiments for
the four different single-leg droplanding tasks. Analysis forthe reliability of the metrics
was assessedalongside thecross-sectional comparison which utilisedan ANOVA (2 x 3
way) statistical method to compare pre-pubertal, early-/mid-pubertal, and late-/post-
pubertal maturation stages and males and females. Thus, domechanical and
performance outcomes for males and females acrossthese three specific maturation
stages were compared for the four different sport specific landing tasks. The main
findings from the experimental studieshave been presentedifstly, in relation to the main
metrics identified in the previously reported systematic reviewthen for each landing
task separately,then the practical applications, limitations, recommendations for future
research and conclusions specific to the experimental portion of the thesis. Tk final
chapter aimed to summarisethe findings of the thesis overall provide relevant practical
applications and direct future research. It also ained to address the strengths and

limitations of the thesis and draw conclusions regarding the main findings.

A disproportionate increase in ACL injuries has been identified in lat®-post pubertal

females compared to other sex and maturation specific groupgManiar et al., 2022)

234



Although the systematic reviewsupported higher ACL injury risk biomechanics in the
late-to-post pubertal female population, this was equivocal between studies.
Furthermore, this review reported that the tasks used to assess ACL injury risk were
neither sport or injury risk specific, and methods fomaturation stageidentification were
not consistent. The experimental study used a range of sport and injury specific tasks
and multiple valid and reliable methods to determine and then confirnrmaturation stage.
We aimed to address the gaps which were identified in the systematic review and assess
biomechanics associated with ACL injury across different sexes andhaturation stages

using metrics that were deemed reliabldn these tasks and population

Results from the experimental studiesindicated that all tasks had adequatelevels of
reliability for kinematic angles and moments aside from peaknee extension moment,
range of moments, anterior/ posterior GRF, and medial/ lateral GRF in terms of ICC
values. However, large CV% values were commonly observed, hence careful
interpretation is suggested when determining differences in metrics between group¥Ve
found very few differences between males and femaleswithout accounting for
maturation stage, suggedive that knee biomechanics are not significantly different
between males and females (7 and 20 years old). Most differences were observed
between maturation stages, where the pre-pubertal participants demonstrated high
relative VGRFs, more extended knee positions, and greater variability in coronal and
transverse plane angle and moments. Pospubertal males occasionally exhibited some
mechanics typically associated with increased risk of ACL injurysuch as increased knee
extension angle. However, it is pssible that these more extended positions were
associated with improved jump performance and not directly associated with an
increased ACL injury risk, particularly considering the absence of highsk mechanics in

the other planes of motion.

It is important to consider that, although the results of the currenexperimental studies
suggesied that pre-pubertal participants exhibited biomechanics associated with
potentially higher ACL injury risk, it isrelatively rare that ACL injuries occur in this
population (Maniar et al., 2022) Some of he tasks included in theexperimental study
were reflective of the more challenging maneuverers that are typically seen in sporting

and injury situations n more biologically mature individuals Therefore,the mechanics
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observed in our less mature groups may natypically happen insporting situations of

less biologically mature individuals as they may usually avoid these more challenging

types of sporting manoeuvres.Increased injury occurrence in postpubertal females

could be a result of the limited significant differences in high-risk biomechanics
observed with sexspecific maturation. Specifically, post-pubertal n 130 ¢ G It K
biomechanics did not change significantlyacross most metrics examined compared to
pre-puberty. Ths observed lack of improvenent could be an influential factor for
increased ACL injury riskconsidering the increased demands of sport(i.e. physicality,

and technical complexity) with age and the higher frequency of more challenging

movements.

An increased requirement to read the play and pay more attention to othgron the court
or field can also influence the risk of ron-contact ACL injuriesdue to divided attention.
Changes in neurocognitive abilitiesvith maturation alongsidemore situations of divided
attention, could lead to higher injury risk situationsas biomechanics may faulter with
additional pressure, fatigue or cognitive demand (Grinberg et al., 2024) As
demonstrated in the experimental studies, the prepubertal individuals demonstrated
some biomechanical movement patterns associated with higher ACL injury risk
Grinberg et al. (2024)suggested that the slower reaction times, lower attentional
capacities and reduced physical capabilities demonstrated in prepubertal individuals
may limit competency within the oftenrcomplex scenarios occurring in sport, that can
lead to ACL injury.Post-pubertal females may perform higher risk movement patterns in
some sporting situations and potentially be more greatly affected bydelays in
neuromuscular development compared to males or their prepubertal counterparts
(Pletcher et al., 2021) For example Grinberg et al. (2024)found better information
processing and visual attentionin late-pubertal compared to early-pubertal females, but
no differences in response inhibition. Future researchis required to determineif the
biomechanics observed in the prepubertal groups are still observed or even
exacerbated in postpubertal groups under more sport specific and challenging
conditions, such as fatigue, cognitive load, or diverted attentiomnd whether this differs

between males and females

236



Although knee valgus, internal rotation, and extension angles have beemeported to
influence ACL strain and consequently risk of injurfQuatman et al., 2010) we observed
few differences in these angles between groupacross the tasks In contrast to the pre
pubertal participants, more biologically mature participants demonstrated a tendency
towards less valgus, and sometimes more varus, momentsalongside greater knee
flexion moments, and reduced peak vGRFduring the landing tasks suggesting alower
risk for ACL injury (Hewett et al.,, 2015) Despite this observation a much larger
comparative number of late to postpubertal females and males sustain ACL injuries,
with a greater incidence in females(Comstock et al., 2013; Stracciolini et al., 2015)
Differences in landing mechanics between males and females, and particularlywith
consideration for developmental stages, may mean that the tasks used for injury risk
screening should have different foci based on potential differences in primary injury

mechanisms identified for sex and maturationgroups (Steffensmeier et al., 2020)

Previous literature has highlighted the influence of coronal plane loading as a
mechanism for ACL injuries(Bates et al., 2020)6 Y5 1J2 1IJ| AWcét Waq6 W 9x Kkt WG
limit anterior tibial translation, increased loads in the sagittal plane may be more
important for ACL injury risk in some populationgLeppanen, Pasanen, Krosshaug, et al.,
2017; Quatman et al., 2010)Tasks which challenge sagittal plane loading mechanisma
may be better suited for the more biologically mature participantas high sagittal plane
loads are associated with greater quadriceps contractions,greater knee extension
moments, and kneeextension angles within 30° of full extension(DeMorat et al., 2004;
Leppanen, Pasanen, Krosshaug, et al., 2017; Mizuno et al., 2009; Taylor et al., 2011)
Another important consideration relates to the use ofbilateral jump landing or drop
landing tasks are commonly performed as tests of assessing ACL injury ridgahr, 2016;
Butcher et al., 2024; Ramachandran et al., 2024 Although, sngle-leg tasks are more
sport and injury specific (Donohue et al., 2015; Xu et al., 2020these may be more
difficult for younger or less practiced individuals. Task constraints (i.e. strength,
coordination, stability requirements) can significantly influence the biomechanical
demands of a task and constraints are further influenced by individual abilittEmamian

et al., 2022) Further exploration of the effects of individual training history on task

performance and biomechanical outcomes may assist in determining appropriate
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screening tests or interpretatirg results for athletes of different maturation phases or

movement competence levels (Ramachandran et al., 2024)

Contrary to our hypothesis and recent systematic reviews (Butcher et al., 2024;
Ramachandran et al., 2024)we did not observe lesser knee flexion, higheelative vVGRE
greaterknee valgus angleor moments in post-pubertal females. In fact, we found these
higher ACL injury risk mechanics were more commonly observed in prgubertal
individuals regardless of sex In addition, post-pubertal individuals often exhibited
greater knee external rotationand flexion moments which could contribute to an
increased ACL injury risk when the kne&as in close to full extension (less than 30y
(Beaulieu et al., 2023) However, the pst-pubertal individuals more commonly exhibited
biomechanics that resembledreduced ACLinjury riskmechanisms, such as largewvarus
moments, smaller relative vVGREand larger knee flexion anglesWe can speculate that
the higher occurrence of ACL injuries in pospubertal females (Maniar et al., 2022)are
likely not attributed to their regular knee biomechanics observed duringingle-leg
landing tasks in a laboratory environment. Furthermore, the greater number of ACL
injuries in more biologically mature femalesmay be due to an absence ofmproved
biomechanics and neuromuscular abilities during puberty and subsequent challenges
keeping up with the sporting demandsIn a game situation factors such as fatigue,
divided attention, increased cognitive load, and reactive movementsgould lead post-
pubertal females to resort to movement patterns that more closely resemble those
observed inthe pre-pubertal group. Therefore, it is possible that the increased demands
of sport thattypically progresswith maturation have a greateinfluence on ACL injury risk

than the biomechanics observed in individuals in a controlled laboratory environment.

This thesis focused on identifyinghe influence ofsexon landing mechanics specifically

the biological differences between males and femalegNational Academies of Sciences

& Medicine, 2022) Gender considerations are important for developing greater
understanding of the societal influence of changes acrosshe lifespan (Boerner et al.,

2024), including in the context of ACL injuryrisk (Parsons et al., 2021)With increasing

participation rates, viewership and compensationfor wY G IJUKk t WGI YnIJthe RYU¢ @ L
opportunities for more women to perform at a higher levekare growing(Thomson et al.,

2023). Whilst all these factors are pivotal for women and sport, there is an increased
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to encourage more spectators, viewers, media, sponsors, and money. Thesecreased

demands on women are likely tobe consequently placed on younger girls who aspire to

stand out early to get selected for higher teams angrogress towards aprofessional

sporting career.Opportunities for women to engage with specialist coaches and trainers

be embedded in ahigh-performance setting, or have sudden increases irtraining load

when entering ahigh-performance setting should be consideredfor the impact on injury

risk.

During a game or training, factors that may influence increased injury risk include
landing whilst looking elsewhere(which may affect neuromuscular control and lead to
compromised biomechanics) (Belcher et al., 2022) unanticipated movement that
involves reaction in response to a stimulugBrown et al., 2009) distraction or cognitive
load and fatigue (JiménezMartinez et al., 2024) physical fatigue or poor activation
patterns of muscles which prevent risky biomechanics(McLean & Samorezov, 2009;
Steffen et al., 2016) or physical and psychological effects of differing hormonal
fluctuations (Shultz & Fegley, 2023) Further research is required to support the
speculation that these factors may influence postpubertal females and alter their
biomechanics from baseline, possibly more than the other groups. Training programes
should aim to build robustness in female athletes as they progress through maturation
by frequently exposing them to more biomechanically challenging tasks and encouraging
them to practice good movement mechanics under fatigued or cognitively loaded
conditions. It is also important to consider thd training programmes are implemented in
a way that is beneficial for both injury prevention are not at the expense of performance
(Fox, 2018)

Implementation of preventative training programmes in prgpubertal individuals should

nYfet WYUWLqWeHSRUNWARY YnaqWdeUT RUNK W ql ¢ qNRIJY
angle upon landing(Powers & Fisher, 2010)Programmesshould also consider focusing

on strengthening the abductor, adductor, glutes, and hamstring muscles to reduce
excessive coronal and transverse plane motion and anterior tibial translatio(Herman et

al., 2022) As individuals progress towards a period of peak growth (aka PHV),

proprioception and neuromuscular control can be compromised with sudden changes
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to height and mass alongside concomitant hormonal and nervous system alterations
(Quatman-Yates et al., 2012) Training programmes should consider these factors and
adjust with maturation in a way that allows developing individuals to try new skills and
movements frequently in a safe and controlled manner Implementation of these

strategies during a time where their bodies are evolving rapidiwill likely encourage

movement awareness, proprioceptive ability, and confidence. Preventative training
programmes should bematuration stage specific and start from a young age as higher

risk biomechanics are often observedn the pre-pubertal groups.

Based on the findings from this thesis,tiappears less important for injury preventative
programmesthat target safe landing strategies are developed to be sex specifiRather,
it is more important that these programmes are implemented prior to the onset of
puberty. That said, t may be beneficial for preventativgprogrammes to become more sex
specific in the mid- to late-pubertal stages, asnon-contact ACL injury occurrence rates
begin to differ between males and females In this case, the focus could be on
neuromuscular control and safe task performance with an increased cognitive loado
match the increasing demands of sports Although reducing injury risk is paramountit is
also important that injury prevention programmes do not decrease performancéFox,
2018). Incorporating performance-based outcome metrics into these programmes can
be beneficial for athletes and coaches to demonstrate that safer movement strategies
can also be beneficial for sporting performanceAsystematic review byDrew et al. (2017)
suggested that injuries impair the long-term chances of athletes achieving successful
performances. Therefore, a athlete that can move safely and effectively is less likely to
sustain serious injury andconsequently play for longer. Performance is an important
factor in sport, but athlete wellbeing and preventing injuryare crucial in enabling

performance.

This thesis has contributed to the literature by providing novel information that suggests
knee biomechanics during singleleg landing tasksperformed in laboratorymay not be
able to highlightdifferences in biomechanics related torisk of ACL injury in pos{ubertal
females compared to other sex and maturation groups Instead, this thesis identified
that higher risk biomechanics for ACL injury are more prevalent in prepubertal

participants during these tasks. These results ar@oteworthy as many previous studies
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assessingACL injury riskusing biomechanicsin the maturating athlete used double-leg
landing tasks, which are less commonly linked to ACL injury occurrence. Additionally,
this thesis included both males and females of three definednaturation stages, which
allowed for a comprehensive view of sex and maturatignwhereas pevious studies have

predominantly focussed on young females.

7.1 Strengths and limitations

The strengths and limitations of eachchapter of this thesis have beenpreviously

addressed and are summarised inTable 36. This thesis offers novel information and
contributes to the existing literature as a wide range of differentresearch desigrs and

methodologies were used, including a systematic review, pilot study, reliability, and
cross-sectional experimental designto progressively inform the different sections of the
thesis. Each section of the thesis is structured in a progressivenanner andinforms the

subsequent section (i.e. the systematic review informed the pilot study and the
experimental studies, and the pilot study also informed theask design of a task in the
experimental studies). The studies in the thesis included data from close to 100
participants and were sufficiently powered as informed bysample size calculations.

Despite many strengths, his thesis is not without limitations. The experimental stdies

examined biomechanical risk factors obtained in a laboratory environmentand did not
include assessment of other potentially influencing factors, such as fatigue, divided
attention, or task complexity. Furthermore, between group comparison from a

longitudinal design could allow ACL injury incidence trackinghowever, a longitudinal

design was beyond the timeconstraints of this thesis. Finally, dthough our studies were
sufficiently powered, alarger participant pool would increase the confidence in results

by allowing for stronger statistical inferences.

7.2 Practical applications

A series of practical applications can be drawn from this body of work.
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There does not appear to be a need to makescreening tools or training
interventions sex specific, based on the lack ofsignificant differences found
between sexesfor landing mechanics.

Screening and injury prevention should beimplemented in younger athletes
(starting pre-puberty) with an aim to teach safe landing strategies and develop
proprioception and neuromuscular control, as higher ACL injury risk
biomechanics were observed in the prepubertal groups.

Afocus on teaching force absorption, knee flexion and control of range of motion
in the coronal and transverse planescould be beneficial for reducing high risk
manoeuvres, based on the metrics associated with ACL injury risk that were more
commonly observed in the prepubertal group. Specifically, in the pre- to early-
pubertal stages, training programmes which consider the development of
muscles that limit excess coronal and transverse plane momentgi.e., gluteus
medius and hipadductors and abductors) maylimit the potential effects of higher
coronal plane moments.

Encouraginga more flexed knee position upon landings recommended, given the
generally large peak knee extension angles across all groups and the observed
larger peak knee flexion moments in the pospubertal groups. Furthermore,
developing hamstring strength to reducepeak knee flexion momentsand the
potential impact of the larger peak external rotation momentsin the more
extended positions on ACL injury risk,should be incorporated into training
programmes as athletes progress through puberty.Additionally, teaching
appropriate foot placement and developing balance and stabilitywith pubertal
maturation, may reduce the observed greaterpeak knee external rotation
moment.

Development of general sports related skills and incorporating multiplanar
movements, should be implemented fom the early stages of pubety as the
subjective findings regarding perceived difficulty of the tasks showed greater
levels of difficulty were experienced during the ROT taskFurthermore,

progressively challenging manoeuvres to improve physical competencyn
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alignment with increasing performance demands should be implemented to

improve adaptation to performance and injury prevention strategies.

7.3 Future research recommendations and research questions to explore
Based on thework conducted, the following areas of research are deemed worthy of

exploring.

1 Exploring tasks different to those examinedcould identify risk factors linked with
ACL injury across maturation, considering few sex by maturation interaction
effects were found in the tasks used this thesisThese new tasks could include
components of fatigue, cognitive load, or reactive factors. Assessing if
biomechanical risk factors of ACL injury differ for differentmaturation stages in
different landing taskswould broaden our understanding ofinfluencing factors for
increased ACL injury risk and agst in informing effective preventative measures
for specific maturation groups.

1 Although commonly used and recommended in previous research the
standardised box height of 3@cm may havelimited interpretation as the level of
challengelikely varied in this heterogenous sampleResearchshould examine the
potential for landing from normalised height based on percentage dég length or
maximal jump height to help in developing a method in heterogenous samples
that could better match individual anthropometrics and challenge.

1 Future research should eplore theaetiology of ACL injury irbiologically maturing
populations as the systematic review identified that most research regarding ACL
injury risk and maturation has been conducted in female cohortslimiting our
interpretation of the results regarding the male participants. Furthermore, rost
injury incidence data arein older/ elite/ specialised athletes. Such an exploration
would determine whetherthe mechanisms linked with ACL injuriesdiffer across
maturational groups and wth sport specialisation.

1 Future research should explore whetherbiomechanics in post-pubertal female
athletes differ in a game situation compared to iHaboratory testing to ascertain
the relevance of laboratorybased mechanics to ecologically valid settings as

there is agreater relative number of ACL injuries that occur in pogpubertal
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females and few sex x maturation interaction effects were observegdsuggesting
that post-pubertal females displayed higher risk biomechanics than any other
groups.

Longitudinal studies are required to better understand the complexities of
biomechanical and performance changesand any potential link to ACL injury
incidence in individuals as they progress throughbiological maturation. The
experimental portion of this study was crosssectional in nature and allowed
comparison between different maturation groups and males and females,
however, longitudinal research is needed to inform population-specific
management and interventions.

Exploration of both sex and gender from a biopsychosociatevelopmental
perspective could improve understanding of how key developmental stages for
both sex and gender can affect longerm injury risk outcomesas this thesis was
primarily concerned with differences between sexes rather than genders.
Muscle contraction data in different landing tasks consideringsex, maturation
stage, and skill level, particularly of the hamstring and quadriceps cacontraction
levels, should be exploredto further explain ther influence on knee joint angles
and moments and evolution with maturation as it is likely that neuromuscular
control was a contributing factor to ACL injury risk and potentially some of the
differences in metrics observed between groups.

Research to aevelop a standardised method for determining pubertamaturation
stage will allow larger inferences to be made and consistencies in interpretation.
Inconsistency in methods used for determining pubertal maturation stage in
previous research limits results interpretation, dthough this thesis used three
commonly used, reliable, and valid tools

Defining a standardised method for determining leg dominancewill allow larger
inferences to be made and consistencies in interpretatioras this thesis used a
common method for determining legdominance that has been previously used

in research of a similar scopebut inconsistency exists in the literature.
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Table 37 Strengths and limitations of the thesis.

Section Strengths Limitations

Systematic review n The PRISMA method was followed to ensure the § No meta-analysis was conducted due to
recommended standards of searching and limitations regarding the differences in
reporting were met. definitions of maturation stages, the differences

in tasks assessed, and the differences in
n Risk of bias and quality of evidencéusing the

NOS and GRADE toolg)f each of the included

biomechanical metrics examined.

studies and the commonly observed metrics 1 Limited data were available regarding males so

5101 DWU+¢GRUNT WaqVYWNR2 I comparisons between sexes were limited.
the findings in the literature.

n The search criteriawere not limited to males or
females whereas most previous research

focusses on females only
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Section

Strengths

Limitations

Pilot study

n The first study to examine the distances
achieved between a maximal vs normalised

method of the land and cut task.

n Included a range of participants at different

stages of pubertal development.

n Provided informative data regarding the
importance of selecting the appropriate method
of a task when looking to compare groups of

different maturation stages.

n This study did not include3D or force

biomechanical metrics.

n Metrics were obtained using 2D video analysis.

n A small group participated and consequently
specific maturation stages were not defined
Differences betweenmaturation stages were

hence not assessed.
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Section

Strengths

Limitations

Experimental study

n

In house between session reliability was
conducted to inform confidence in the
differences identified between groups for each

of the metrics.

The sample size was relatively large in
comparison to previous research and meta

priori sample size calculations

Both males and females across three different

maturation stages were considered.

Numerous single-leg landing tasks were
included to provide different sport specific

challenges.

Thematuration stages were clearly identified

and confirmed using multiple validated tools.

Moment datawere normalisedto height and
mass weightand GRF datavere normalisedto

weight.

Only knee biomechanics, vGRFand
performance metrics were assessed, full body
kinematics could provide a more holistic view

regarding sexspecific maturational changes.

Sport specificity and previous strength training
history of the participants were not examined,

which may have affected the outcomes.

All participants dropped from a standardised
box height. Performing the tasks from a height
normalised to a percentage of leg lengtlor
maximal jump heightmay change the

outcomes.

Males and females were not height and mass
matched, which means comparisons are
affected by differences in anthropometrics The
physical changes that accompany maturation

make height andmass matching difficult.
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Section Strengths Limitations

n The potential influence of menstrual cycle n Other potentially influencing factors (not
phase on movement mechanics aimed to be biomechanical factors), such as muscle
controlled for by testing all eumenorrheic contraction, cognitive ability, and balance
females in the same menstrual cycle phase. would enhance understanding of ACL injury risk
factors.

n Menstrual cycle phase was based on selfeport
and symptomology likely differed between

participants.
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Section Strengths Limitations

Overall thesis n The findings are novel and add to the literature. ©n The thesis was limited to biomechanical risk

W The experimental study was informed by the factors obtained in laboratory environments and

gapsidentified by the systematic review did not assess other influencing factors such as

fatigue, divided attention, or task complexity.
n A range of different methodologies and researct

designs were used, including a systematic n A longitudinal research design was beyond the

review, pilot study, reliability, and cross constraints of this thesis, however, between

sectional experimental design group comparison from a longitudinal design

could allow tracking of actual ACL injury

n The thesis progressively informed different o
incidence.

sections as the systematic review informed the

pilot study and the experimental studies, and n A larger pool of participants would increase the

the pilot study also informed the methodology confidence in results and allow for stronger

for one of the tasks in the experimental study. statistical inferences.

n Across the studies, close to 100 participants

were included in the data for this thesis.

n Sample size calculations were conducted for
the pilot and experimental studies and were

sufficiently powered.
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Note: 2D, 2dimensional; 3D, 3dimensional; ACL, Anterior cruciate ligament; GRF, ground reaction forc®RISMApreferred reporting
items for systematic reviews NOS, Newcastle Ottawa scale; GRADEGrading ofrecommendations assessment, development, and

evaluation; vGRF, vertical ground reaction force.
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Oh) To establish the p 1 link b sex-specific and blomech | factors assoctated
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Design: Systematic review.

Literarure search: Five databases (CINHALX, Coch Library, PubMed pusk, and SPORTDIscus) were
searched and monitored until 27 May 2024,

Study sdection criteria: Cross-sectional, cohort, casecootrol, oc inter 1 studies rep g ane of more
blomechandcal variable Hnked with ACL injury and which assessed participants across two or mare maturation
phases were considered eligible.

Dara synthesis: Studies were d for risk of blas using a modified version of the Newcastle Ottawa Scale and
mmnmuydev&xemrmmgcmﬂumuandeﬂmmmmdMwnniﬂah‘c
Resulis: cduded studies d 400 males, 1377 females, and 315 participants of undefined sex
across various phases. The methodalogical quality of maost studies (n = 16) was considered good, and
satisfactory for two. Kxne:b&uﬂmm;k,hcenb&mlmmkmﬂmmmmdgmmdmnm
foeces were most d. Knee abdy angles and and knee flexion angles were greater
lnhteandpon-pabunl&mﬂshnmﬂsmdpt&pwhnaludumgmhmmgandmmnguﬁx
When normalised for body mass, ground reaction forces were generally greater in males compared to females
averall and for less mature participants for both sexes. Overall quality of evidence was low or medium across the
four béomechanical measures.

Conclusion: Sex-specific d are imp in the targeted develop and Imple-
mentation of ACL Injury risk identifi and pe

1. Background

(5-14 years) has also increased over the kst 20 years in Australia, rising
10.4% in females and 7.3% in males (Manias, Verhagen, Bryant, & Opar,

Anterior cruciate ligament (ACL) injury is one of the most common
and debilitating injuries amoag young athletes (Renstrom et al, 2008).
Following the onset of puberty, ACL injury incidence rate in females
appears to peak between the ages of 15-19 (Mamiar et al, 2022
Renstrom et al., 2008; Shea et al., 2004; Zbhrajkiewicz et al., 2018). The
annual incidence of ACL rupture in those under 25 years in Australia has
increased by 74% over a 15.year period (Zbrojklewicz, Vertullo, &
Grayson, 2018). Annual rates of ACL injuries at an even younger age
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2022). Although increases are apparent for both sexes, female athletes
demonstrate a two-to-four times greater incidence of non-contact ACL
injury and a younger average age of ACL injury than males across
multiple sparts and competition levels (Prodromos, Han, Rogowski,
Joyce, & Shi, 2007; Wakién, Hagglund, Wemner, & Blstrand, 2011)
Experts have suggested that prior to puberty, ACL injury rates are
similar between sexes (Shea, Pleaffer, Wang, Curtin, & Aped, 2004) and
lower than post-puberty (Shea et al. 2004; Slauterbeck, Hickox,
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Beynnon, & Hardy, 2006; Wikl, Steele, & Munra, 2012). Furthermorne,
pre-puberty, lower-extremity biomechanics (Wild et al., 2012), neuro-
muscular function (DiStefano et al, 2015), and ACL morphology [eg.,
size, length, and cross-sectional area (Hosssirmsdeh & Eiapour, 2021)]
are similar betwesn sexes. Fapid skeletal growth; changes in body mass,
anabomy, and posture; and a lack of sufficient concomitant neuromus-
cular adaptations all likely contribute to the development of movement
patterns associated with incressed ACL injury risk with maturation
(Hewett et al, 2004; Halden, Boreham, & Delabunt, 2006; Benstrom
et al, 2008; Shulkz, Nguyen, & Schmitz, 200E)L The development of
neuromuscular function in maturing individuals often does not progress
lineardy (DiStefane et al, 200 5], likely contributing to variance in ability
to effectively mitigate forces 10 reduce ACL loading.

ACL injuries are more common from non-contact than contact
mechanisms and often non-contact injury risk can be reduced with tar-
geted interventions (Hewett, Lynch, et al., 2010; Webster & Hewett,
2018). Investigating potentially modifiable factors for reducing
man-contact ACL injury risk, specifically in maturing individuals, &
crucial for rsk mitigation. Non-contact ACL injuries typically result
from multiplanar loading during landing or catting manceuvres, which
can involve large knee abduction angles and moments, internal tibial
rotation, anterior tibial translation, and reduced knes fexion (Fewett,
Ford, Xu, Khoury, & Myer, 2016; Kiapour et al., 2016; Koga et al., 2000;
Levine et al., 20013 Olsen, Myklebust, Engebretsen, & Bahr, 2004;
Quatman, Ford, Myer, & Hewett, 2006) Dependent on maturation
phase, ex, and training history (Hewett, Myer, & Ford, 2005; Quat
man-Yates, CQuatman, Meszaros, Patermo, & Hewett, 2012), these
neuromuscular vardations can result in altered proprioceptive aoity
(Lese, R, B & fhang, 2015) and muscle activation patberns
(Del Bel et a xman, Smith, & Benoit, 2014], which may be
detrimental to sporting performance and safe banding and cutting
biomechanics.

Research exploring the association betwesn sex-specific maturation
and lower-exiremity biomechanics has  highlighted deviations in
movement mechanics and postural controd across maturation (or be-
tween different maturational groups), typically during landing or cut-
ting tagks (Chia et al., 2021; Ford, Myer, & Hewett, 2000, Sigward
et al, 20012a, 2013 Westbrook, Taylor, Nguyen, Paterno, & Fard,
2020). Biomechanical variables potentially associated with ACL injury
inchude; increased knee abduction angle and moment, decreased knee
fexion, and increased ground reaction forces (GRFs) (Hewett, Myer, &
Ford, 2005; Paterno et al., 2010} A recent review highlighted changes in
biomechanical risk factors associated with ACL injuries  during
jump-landing tasks in female athletes at various stages of maturity
(Ramachandran et al., 2024 They reparted strong evidence for higher
peak knee abduction angle, external knee abduction moment and in-
termal rotation moment, and lower relative peak wvertical GRF in
past-pubertal female individuals compared with pre-pubertal girks
(Ramachandran et al_, 2024). While this review indicstes maturation in
females can influence biomechanical risk factors related to ACL, it did
ot consider maturation in makes and tasks other jump landing.

Confidence in the understanding of biomechanical differences asso-
ciated with ACL injury across maturational phases regquires a critical
evaluation and synthesis of the research, which must also consider sex
and tazsk differences. Such an examination would aid in the development
of athlete monitoring and injury risk reduction tooks specific to matu-
ration phase and sex. This systematic review aimed to establish the
patential link betwesn maturation and biomechanical factors associated
with ACL injury during dynamic tasks, while accounting for potential
sex-specific differences.

2. Methods

This systematic review was designed to mest the 3020 Preferred
Repaorting [bems for Systematic Reviews and Meta-Analysis (PRISMA)
statement (Page e al, 2021). Pre-registration was completed with the

a2
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International Prospective Register of Systematic Reviews (PROSPERC;
registration [ CRD4MN2XI45637).

2. Srorches

The electronic databases CINHAL®, Cochrane Libeary, PubMed®,
ScopusE, and SPORTDiscus were searched on 13 July 2022, These da-
tabases were alko monitored for eligible stodies up to 27 May 2024, The
search included the Following search terms: (ACL or anterior cruciate
ligament) AND (matur* OR pubert*) AND (biomechanic® or kinematic®
or kinetic*) and were Gltered for English language. The suppl ary
material contaings a detyiled description of the search syntax for each
database (Supplement 1), References from identifisd papers were
mamually checked to ensure inclusion of all redevant articles.

22 Enedy inclusion and exclusion criterio

Eligible studies included those published between journal inception
and 27 May 2024. Inclusion criteria of individual studies was based on
the PICOS frameworks Participants, Interventions, Comparisons, Out-
comes, and Study Type (Eriksen & Framdsen, 2015).

Porticipants:  Studies  that iocluded uninjured  adolescent/pre-
pubertal/pubertal /post-pubertal males or females were included. No
resiriction was placed on participangs’ level of physical activity or
performance.

Inderventions: Studses using a dymamic task relevant to the assessment
of ACL injury risk, such as landing or cutting, were eligible for inclusion.

Comparisons: The associations between sex-specific maturation and
bivmechanical risk factors for ACL injury were of interest. Therefore,
studies needed to operationally define maturational groups and assess-
ment methods; otherwise, studies were excluded. For an inclusive re-
view, we did not set the operational definition for maturational states
although, studies needed to assess af least two maturational phases
either at two different points in ime where the maturation stage of the
participant changed (longitodinal) or at the same podnt in time but
comparing different maturational growps (cross-sectional).

Curcomes: Studies needed to repart one or more kinematic or kinetic
variable linked with ACL injuries.

Smudy type: Peer-reviewed ariginal reseanch that were cross-sectional,
cobort, case-control, or interventional studies published in English were
eligible. These study designs reflect observational, analytical study de-
signs according to the Centre for  Bvidence-Based Medicine
(https:/Awww . cebm. ox.ac.uk,resources/ebhm-tools,study-design=)L
Only the baseline values from the inferventional studies were included
in the formal review process as these studies examined different matu-
rational groups before and after an intervention aimed at altering their
biomechanics. Qualitative studies, review articles, commentaries, case
reports, profoools, conference proceedings, and full-text artickes in lan-
puages other than English were exclsded.

All search results were imported into Endbote (EndNote 20041,
Clarivate™, Philadelphia, PA, USA) and duplicates were removed. The
remadining studies were imported into Rayyan, an online eligibility
srresening and reviewer hlinding tool (Ouzzani, Hammady, Fedarowice,
& Elmagarmid, 2016) (hitp:/ frayyan.geriorg). Two reviewers (AB and
SW) independently screened titles and abstracts in Rayyan. The same
two reviewers independently soreened the full-text articles. Studies that
did not meet eligibility criteria at either step were excluded. At each
steq, the two independent reviewers met 1o resolve disagreements in the
screening process. A third reviewer (KHL ) was available when consensus
was not reached, but not reguired.

23, ESnedy quality ossessment
Two independent reviewers (AB and KHL) assessed the methodo-

logical quality and risk of bias of studies meeting inchsion wsing a
muodified version of the Newcastle Ottawa Scale (NOS) (Modesti ot al_,
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2016]), shown in the supplementary material (Supplement 2). A third
reviewer (W) was available if oo was oo blished, but ot
required. The modified BOS tool was selected as most studies were
ohservational (Modesti et al., 2016) and the NOS is deemed a suitable
alternative to the ROBINS-I (Sterne, Heman, McAleenan, Beeves, &
Higgins, 20190 The NOS uses a star system, with a maximum of five
stars for selection. A star was awarded if the item was deemed low risk of
bias and not awarded if deemed high risk of bias. The overall soore is 10
stars, whene a greater number indicates lower risk of bias and superior
methodalogical quality. The overall quality of stsdies was qualitatively
evaluated as very good, good, satsfwctory, and unsatisfactory when
correspondingly allocated 9-10, 7-8, 5-6, and 4 or less stars besed on
prior reviews (Maafs et al, 2020; Ortolan, Lorenrin, Felicetti, &
Ramonda, 2021).

The semiguantitative synthesis (Hogoet et al., 2013) undertaken
involved evaluating and rating the certainty of evidence for differences
in risk factors between maturation groups using a modified Grading of
Rex d, Development and Evaluation (GRADE)
approasch {Group, 20040 All domain ratings were considersd when
assigning the overall GRADE rating. Where an equal number of studies
were ranked as having no limitations and seriows limitations for a spe-
cific domain, the overall GRADE rating was lowered. Risk of bias

level of evidence, or study design ratings did not constitute
study exclusion.

s A

24, Dotn extrachion strategy

One reviewer (AB) extracted variables of inferest from the inchuded
studies nging a standardised data extraction template. A second reviewer
[(5W) wverified the accuracy and completeness of data extradion. The
following data were extracted from stodies: study charmacteristics,
participant charmcteristics, participant maturation phases, maturational
asseszment method, dynamic task, relevant kinematic and kinetic vari-
ables assessed, and key resubts. When not explicitly stated in text, the
country of investigation was based on the institution granting ethical
approval, followed by the affiliation of the first author. We attemnpted to
contact the first awthors of papers that appearsd to involve the same
participants for confirmation, as it could introduce bias in the findings of

our review.
25, Data syrthesis and presemintion

Data extracted were compiled and analysed using Microsoft Excel
2019 (Micrasoft Corp., Redmond, WA, USA)L Due to the variation in
tasks nsed, maturation phases asessed, and biomechanical outcome
variables reparted, there was an insufficient amount of comparable data
to perform a meta-analysis. Therefore, a systematic narrative synthess
of the incloded studies was conducted, organising the results based on
tasks and narratively synthesizing how maturation was associated with
biomechanical variables when reported in at beast two stsdies. Double
and single leg performances of the same type of task were not grouped
together given the significant differences in biomechanics between
double leg and singhe leg dynamic tasks (Taylor, Fond, Nguyen, & Shultz,
2016). Hedges g effect size differences were caloakated to quantify be-
tween group differences when data were provided in sufficient detail
wming hitps:/effect-size-caloulator. herokuapp.com/. Paired effect cize
differences were used when data were longitudinal in nature. Effect size
inferences were determined using the thresholds <0.2, 0.2, 0.5, and 0.8
for triviel, small, medium, and lege, respectively (Cohen, 200135; E
2010).

The author group consists of four females and one make of whom are
junior, eardy-career, and senior researchers from different disciplines,
based in two countries. Our systematic review population included both

k]
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mabes and females with no inclsion restrictions regarding marginalsed
groups. The influence of data availability regarding sexes and cultural
diversity on maturation and biomechanics associated with ACL injury is
considered in the discussion.

3. Results
3.1, Review stotistics

The initial databage search yielded 673 results, with 17 studies ul-
timately meeting inclusion. The search was monitored whilst the review
was undertaken, and an additional study was inchided. The PRISMA
flow diagram is presented in Fig. 1. Many biomechanical metrics were

ined across studies; b r, & minimum of three studies reporting
the same metric were required for inclusion in the narmtive symthesis,
Enee abduction angle, knee abduction moment, knee fexion, and GRFs
were the four most common metrics and were reported across at least
three studies; therefore, these metrics were incloded in the namative
synthesis.

3.2 Enedy quality ossessment

The quality soore and design for each study are reported in Table 1.
The methodological quality of most studies was considered good (n =
16, 89 %), and satisfactory for the remaining (n = 2, 11 %) based on the
MOS8 adapted for cross sectional stodies (10-point scale: mean 7.2 = 0.8
stars; range 5-B stars). Reductions in stdy quality were commonly
caused by lack of selecting a representative sample, no presentation of
sample sive calculations, poor description of non-respondents, and
incomplete statistical reporting. The individuoal NOS ftem scores are
detailed for individual studies in Table 2

2.3 Semiquantitative analysis (evidence of effectivensss)

When considering phase of studies, sample sives, risk of bias, preci-
sion levels, and consistency in findings, the GRADE ratings indicyte low-
to-moderate certainty of evidence regarding the link befween matura-
tion and potential ACL injury biomechanical risk factors during dynamic
tasks, as summarised in Tables 5.5, respectively. For drop vertical jump
(DWV) tasks, GRADE ratings indicate moderate certainty of evidence for
knee fexion angle and low certainty of evidence for knee abduction
angle, knee abduction moment, and GRF. Por cutting tasks, certainty of
evidence was moderate for knee abduction angle and low for the other
three factors. For other dymamic tasks, certainty of evidence was mod-
erate for knee abduction angles but low for knes flexion angles, knee
abduction moment, and GRF. It should be considered that the partici-
pants invaolved in both of the studies by Sigward and colbeagues (Sigward
et al, 2012, 20120) were the same (confirmed via personal commus
mications), which may introduce bias, although the studies assessed
different tagks. Similarly, it is fair to assume that the participants were
the same in both studies by Ford and colleagues (Ford et al, 2010,
2010k} given the reported sample size and participant demographics
(unwonfirmed), although the swodies report different metrics for the
same dymamic task.

3.4, Snedy chorecteristics

Sample size ranged from 22 to 315 participants. A fotal of 3092
participants were represented across the 18 studies. Sex distribution was
described acroes all studies except for one (Ford et al., 2000a) with a
total of 400 males {19.1 %), 1377 females (658 %), and 315 participants
of undefined sex (15.1 %6). Nine of the 18 studies {50 %) nsed a DV task
(Ford et al, 2000w, 2010k; Hass et al., 2005 Hewett ef al_, 2004, 2006
Otwuki et al., 2021; Quatman ef al., 2006; Sigward, Pollard, & Powers,
2012 Westhrook et 2020), four (22.2 %) used a cutting task (Chia
et al, 2021, 202%; Colyer et al, 2021; Sigward, Pollard, Havens, &
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Records identified from database
searching.
Total (n = 673)
CINHAL® (n = 102)
Cocheane Lbeary (n = 14)
Pubhed® (n = 208)
Scopus® {n = 253
SPORTDiscus ™ (n - 92}

Racords removed befora

A4

screening:
Duglicate records (n » 358)

!

medswm tifles and abstracts || Records excluded
{n = 316) (n=288)
::egoz': assessed for eligivility Re‘:x emchde:;“ o
=, ration pl
‘ g identified (n = 5)
Did not compare maturation
l phases (n = 3}
Ineligible study design (n = 2)

Studies included in review
(n=18)

Fig. 1. PRISMA flow dlagram of the search strategy and study selection process.

Powers, 2012), two (11.1 %) assessed a single-leg drop landing (Kim and
Lim, 2014; Nasseri et al,, 2021), and one study each (5.5 %) examined a
drop and cut (Sayes et al, 2019), standing vertical jump (Swartz et al,
2005), and horizoatal beap (Wilkd et ol 2016) task. Most studies (61.1 %,
n = 11) were cross-sectional (Colyer et al, 2021; Hass et al, 2005
Hewett et al., 2004, 2006; Kim & Lim, 2014; Nasseri et al., 2021; Sig-
ward, Pollard, & Powers, 2012; Swartx et al., 2005 Westbrook et al,
2020), followed by longitudinal prospective cobort (33.3 %, n < 6) ((his
et al., 2021; Ford et al., 2010a, 2010l; Quatman et al., 2006; Sayeret al,|
2019; Wild et al, 2016), and interventional (5.6 %, n « 1) (Otsuki et al,
2021).

3.5. Narrative synthesis

A y of the pr d links b the i d
Mmhninlmarb&nuabdmﬁmqh.huammmL
knee flexion, and GRFs) and p l is p din Fig 2

3.5.1. Knee chduction angle

Amongst the four DVJ studies regarding knee abduction angle,
Hewett et al. (Hewest et al., 200|).FonletaL(FordeluI 2010b), and
Westbrook et al. (Westhrook et al., 2020) reported significantly greater
peak knee abduction angles with jon in females and significantly
greater angles in females than males following the onset of puberty, with
large, smail, and medium effect sizes observed, respectively. Hass et al.
(Hass et al, 2005), who had a lower methodological quality study, in
cmmohﬂvdsimﬂuhneabdmﬁmmsesnfmdonm
preg I and post-pubertal females.

Mnﬂnsmmm;aanunglakmponedamﬂhmugmﬂ
cantly greater maximum knee valgus angles with tion in femal

were observed in males (Chia e al.. 2023). Purthermore, 4 third study by
Sigward et al. (Sigward, Pollard, Havens, & Pawers, 2012) observed
significantly greater peak knee valgus angles in females than males
mﬂmdmrﬁmpﬁaqhm,mﬂcranﬂumm
in the more of sex.

Dunng a nngle-leg Imdng u:k, lﬁm (Kim & Lim, 2014) reported
that p d peak knee abduction
anﬂemmpuedlnpu-pubmalmnpmum&ahyeﬂednm
Conversely, Swartz et al. (Swartz et ol 2005) detected significantly
lesser knee valgus angle at both initial contact (meditem effect size) and
at peak vertical GRF (smail effect size) with maturation regardless of sex
in a vertical jump task.

352 Knee abduction moment

mm.nwnﬁ.mmwmnpmna
post-pubertal females g ly knee abdi

than pre-pubertal femal am!mals[kmlu;! 2010k

Otsuki et al., 2021; Sigward, Pollard, & Powers, 2012; Westbrook et al.,
2020), although the effect sizes were small and medium. Otsuki et al.
(Orsaki et al, 2021) reported increases in peak knee abduction moments
over a sixmonth period in early pubertal females. Similarly, Ford et al.
(Ford et al, 20105) observed larger knee abduction moments during
DV tasks in pubertal females with maturation with medium effect sizes.
Ford et al. (Ford e al., 2010b) also found greater knee abduction mo-
ments in females than males post-puberty, but no sex differences were
observed pre-puberty.

Similar changes in knee abduction moments to thase observed in the
DVJ tasks were observed in three studies during cutting or horizontal
jump tasks (Kim & Lim, 2014; Westbrook et al., 2020; Wild et 2l., 2016)
mmmﬂeﬂeammmmmmudmkepei

(Chia et al., 202]1; Westhrook et al., 2020), no significant differences

than females during pre- and mid-puberty
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Table 1 (comttnued )
Authoe Coustry Stedy design Females () Males () M Ei h d Results Effect sizes
of sudy and sty plses and variables (Hedges's g)°
qaslity identification
method
(age, 150 = 1.2 ke fexion and post (758" MD.p  pre s post (g
y. beight, 1783 @duction anghes < 50027y Nosig  0.171 teivial)
+7.1 e mias, Hip: ol ROM&s  diffs in knee mid vs post (g
684 £ 9.3 00 Wl planes, Bp variables. ~0.003 trivial)
(monired acros fexion angle at Inirsal costact
2-3 phases) initial contact, pesk knee lexios
i Nexion jed Pre vs mid (g
adducticn sghe ~0.149 semall)
fore s post (5
0.253 senall)
tmid w3 post (g
0.091 redvial)
Cedyer ef al Ussited Cross- s O1.2%-100% 00" wsisticipaned Sqgnificest Mlseral  Data
(2021) Kingdom  sectional (age, 150 = 1.0 adull ststure cuttiog ok s il
7 stars: good yi: Beight, 1661 Percentige of Peak extemnald knee  observed with 1
+ 7.1 e mias, prodicted adull  adduction mooment,  pesk external knee
580 + 66 kg) ature pesk revaliant GRF,  abduction
ke aduction moments, 1 GRF,
segle, knee internal  asd | knee flexion
rotaticn, hip (from O 1o 16% wad
intemal rolason, 30-30% of contact)
sead hip abduction  during the nos-
sl at iniriad dosinast vs
conlact domsinass csts (ES
= 0.36, 0.63 and
0350, respectively).
Matesation did oot
affect asymmetries;
huwever, | hip
adduction (e.g.,
21-51% of contact
for dormdsant culs)
with ssquration
Sigward, Usiited Cross- 80 76 Pre-prabertal, 45 ip No sex « Data
Pollesd, Sutesof  sectioml 15 pre-pub 16 pee-pubertal P 1, post- culting Lok maleralion unay adlidle -
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+ 5.7 enx muias, + 7.2 cox s,
64.9 + 6.9 kg) 780+ 6.6 kg)
Westoook et al.  United Cross- 138 Pro-pradestal, 00" cuting task Pestpabertal Bad  Females
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Table 1 {comtinued )
Auithise Cinusary Srady design Femalis (=] Males (a) b Bi hnical Remailis Eifiset sias
ofsudy  and audy iy and variables (Hedgis's g
Apmlity idenifeation
ol
—0 L% gemall)
Pk ke
Maswiion anghi
pre v prus (g
— 0230 ermall)
e v posit (g
—0. 550 ermall)
pub s post (g
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Pk ke
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e v pus (g
478 semall)
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warly- /mid-
pruibaeral in ACL
Fores o
T
{con s 08 nest pagel

290



AL Batcher o al

Piipaical Therauy in Spar 68 (2024} 31-50

Table 1 {comtinued |
Auher Cousiry Stady design Femilis (2] Maliz (n) L Ei hanical Rzulz Effiert sizrs
ol anudy and audy sy and warlabiles (Hedges's g)*
ity identifiation
sen s
Sayer el Al Astralin Cross a3 Pri-jrabutal, Simgle ligged drop Late/post-pubersal  Peak knoe
200%) ssetinnal 31 pre-pubertal sy fmid- Luseral juseg had | peak KPS b uetion
Batars good  age, 04 £ L2y prautal, laties Triplanir keas (17 Navsimd  mosest
height, 1.4 + .1 prosil-puleernal momests and hip 045 N m/m), e vs esely mid
m; e, 310+ Mo fisee] masieals al the KADM (D17 Newvm (g 0731
5.7 kgl Tanner mages G of peak knee asd 04SN m/m),  medium)
31 varly, eid- Lt ) sl KERM (353 W e v e/ pest
pritsertal age, e S0P N m (g LS4 Larpe)
113+ Ld y ) han the oardy,  eardy/mid v
height, 1.5 = 0.1 mid and pre- Lo i (g
e, 34+ prulesral groug (p A Leerge
76 gl < E).
31 Lae, et~ SR, Josane Miswios
pulsertal age, mosent; KAM,
105 £ 40 ke alaluclion
haight, 1.7 + &1 s, Kabbd,
i i, BLE kst adtdiiéting
B8 hg) sl
Swalz Uninedd Cross- 20 2 Pre-prabestal, Stasding vertical Significast main Femali:
Dy, Saared of  seetional 15 pri-pubsertal L5 poe-pubiernal sl -puibserial Jusep iliee1s for Estane esion al
Rissell, aed Aswesicn  Tatare pood  (age, 02+ L0y fage, @4 210y Tinnerdegs Ko Nezies, hip e hpmental initial comtact
Do {BO05) height, 1365 = height, 1366 = Memion, ke valges  sige. Both Mand F pre vs pest (g
9.5 e miss, L2 s wrwasi, &l inilial conlae hid | knew walus 0.138)
329+ 7.9 kgL 345 = 7.0kgh el il pik WGEF, (583 and 1.93 MD) Ko (lexion o
14 post-pulsral L4 pussit- puibsetal peal wORF, e go asdd | Bp Sewios penl wCRF
(age, 2422 23 fage, Th6 = 2.2 s vCRF, and (211 and Q0 MDY pre s pest
ibeight, 1625y Baght, 1783 P af masienum WORE, 00810 Lage)
+ 6.2 ene s, + Gub nig s, 1 ke fexion &t st valgus st
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Table 1 {comtinued |

Pirysical Theropy in Span 68 (3024} 31-50

Coustry  Spedy design Femalis (=) Males Cai)
ofsudy  and audy

ity

Rasuiles Effieet giges

Hdyes's g

plases and
identification
e hasdl

125+ 01y
Ieight, 157.9 =
LB efc mass,
6.7 + 08 kgl
Agseiiiid over all

phases

Liemgac
phise 2 v phase
4z -1.5%9
Liemgac
phise 3 v phase
4 [y 060
medium)
[
mimial Al peal
asleropnle s
GRF
phse 1 vs phase
2 {3 3500 Lirge)
phise 1 vs phise
3 [ B339 Lirge)
phase 1 v phise
4 [ 5003 Large)
phise 2 vs phase
30y 2.4 large)
phise 2 va phise
4 (g 4097 Liege)
phase 3 v phase
40§ 2300, large)

Noirs. Abbreviations: ACL, anterior cruclate lgament; DU, drop ventical |ump; CUT, cwtting task; F, females; M, males; ROM, mnge of motion; GRF, ground reaction
firoe; PRMIOS, pubertal matusration shesrvadonal scale; MO, mean difference; g, Hedge's g, Data wavadlable--, dam needed to caloulate effect size wens ot provided in

the manuscript.

Effert size Inferences were determinsd using the thresholds 0.2, 0.5, and 0.8 fior owall, medium, and lorge effects, respectively (Cohen, 2003 Ellis, 2000}

4 In the effect sixe column, a +ve number indicates an Increase with maturation, a -ve indi a d

[Westhrook et al, 2020 Pubertal females demonstrated greater peak
knee abduction moments than pre-pubertal females durdng single-leg
landimgs {Masseri =t al, 2021) Knee abdurtion moment in an
all-femiabe cohort was also significantly greater in late/post-pubertal and
early/mid-pubertal groups compared to the pre-pubertal group during a
dirop land and cut task (Sayer et al., 2009).

353 Enee fexion angle

During a DVJ task, peak knee flexion angle was generally greater
with maturation regardless of sex, and females landed with larger knee
flexion anghes than males (Ford et al.. 200 0a), although the effect sioes
were trivial. Swartz et al. (Swartz et al.| 2005) also detected significantly
greater knee flexion angles at peak vertical GRF with maturation
regardless of sex during a vertical jump task. Despite having similar
magnitudes and timing of knes flexion, post-pubertal females landed
with lesser knee fexion at initial contact than pre-pubertal females with
a small effect size, but the post-pubertal females demonsirated a barger
knee flexion range of mation in a DVJ with a large effect size (s otal,

2005). Westbrook et al, (Westbrook et al., 2020} found no differences in
knee flexion between maturational groups in both DV and cutting tasks
[small effect size<), similarly Chia (Chia et al., 2025) foosd no significant

differences in males. Data from three studies indicated reduced knee
flexion range of motion and peak angles during ootting (emoll =fect size)
(Sigward, Pollard, & Powers, 2012), donbleleg drop landing {Otsuki
et al, 20210, and horizontal keap (Wild et al., 201 6) tasks in females with
maturytion.

354, Ground reaction force

Using a DVJ task, three studies examined GRF (Hass of al., 2005
Hewett et al., 2006; Quatman et al, 2006). Quatman et al [Quatman
et al., 2006) and Hewstt et al. (FHewett ot al., 2006) (satisfactony quality
study] found that maturation was linked with significantly smaller
landing GRFs in males, but mot femades, and smaller take-off forces in
femabes, but not males when normalised to body mass (smoell to mediom
effect sizes). Partially aligning with these fAndings, females showed
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with

higher loading rates than males across all maturational stages, but both
sexes decreased DV landing loading rates with maturation {Quatman
et al., 2006), Hewett et al. (Hewett ot al., 2006) also found Aoctisations
in DVJ landing GRF across maturation, with females showing slight
decreages in GRF pre-puberty, slight increases during puberty, and
larger decreases again post-puberty. Similarly, a saticfactory guality
study by Hass et al. (Hass et al, 2005) indicated smaller GRFs, joint
forces, and peak forces in post-pubertal than pre-pubertal females dur-
ing a DVJ task with a [oge effect size. Significantly larger ACL forces
were ohserved in latepubertal compared to pree and  ear-
ly - /mid-pubertal females in a single-leg drop jump task, although the
estimation method using computational modelling limits the compara-
bility of this study to the other studies incloded in this review [Masserd
et al, 2021). Colyer et al. {Colyer et al., 2021} observed no differences in
GRFs with maturabion during a non-domi versis dominant limb
cutting task. Regardless of sex, lesser peak vertical GRF was observed
with maturation during cutting (Sigward, Pollard, Havens, & Powers,
201 2) and DV {Cuatman et al., 2006) tasks.

4. Discussion

Understanding the association between maturational development
and biomechanical risk factors associated with ACL injury ix impartant
for addressing the increasing ACL injury incidenoe rates in adolescent
athletes (Maniar et al., 2022). The purpase of this systematic review was
to establish potential associations between maturation and biome-
chanical factors associated with ACL injury in maks and females.
Gemerally, the studies included were of moderate quality. The only
biomechanical factors commaonly reported in the incuded studies (pe-
ported across at least three studies) were knee abduction angle, knee
abduction moment, knee flexion, and vertical GRF, which are Eactors
identified as potentially linked to ACL imjury incidence (Fewett ot al.,
2016 Myer, Ford, Khoury, Succop, & Hewett, 2011; Pappas, Shivko,
Ford, Myer, & Hewett, 2016)L These factors had either low or moderate
overall quality of evidence ratings 2 assesged by the modified GRADE
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Table 2
Newcastle-Octawa Scale quallty stars awarded for each sudy.
Study Selection Comparability Outcome Tatal {max
|maa 5 stars] (max 2 stars)  [max dstars) 10 stars)
Chia et al, [2021] 3 2 3
Chia at al, [2023] 4 2 3
Colyer et al, [2021] 2 2 3
Faord, Myer, e1 al. (2000a) 3 2 3
Fard, Shapira, et al. (2010b) 3 2 E
Hass et al. [2005] 1 2 !
Howett ot al, [2002k) 3 2 2
Hewett et al. (2006} 2 2 1
Kim at al, (2014} 3 2 )
Nasseri et al. (2021) 4 2 2
Casuki et al, (2021} 4 2 2
Dwatman et al. {2008) E] 2 2
Sayer et al. (209} 3 2 |
Sigward et al, (2012a) 3 2 i
Sigward et al. {2012b] 4 3 2
SwarLz et al, [2005) 4 1 .
Wiestbrook et al, (2020} 3 2 2
Wild et al. [3016] 3 2 2

Wote: The number of stars reflect study quaBty: 9-10 tars = “very good™,

FarE S EaREtERtany . an 0-4 stars = “ursaristactary” quality,

regarding their association with maturation. Por these metrcs, both
males and females tended to exhibit biomechanics suggestive of an
increased rigk of ACL injury during various banding and cutting tasks
with maturation. Moreover, greater knee abduction angles, knee
abduction moments, and vertical GRF, and lesser knee flexion angles
were observed in females compared to males in the later maturation
stages. These findings support that females in the late and post-pubertal
fomal devebog stages tend to portray biomechanics associ-
ated with increased risk of ACL injury, which aligns with the rise in ACL
injury ocourrence ohserved in this demographic (Maniar et al., 2023).
The increases in knee abduction angle and moment with maturation
in females may contribute towards their increased ACL injury sucsept-
ability in the late and post-pubertal maturational stages (Ford et al,
21 0b; Hewett ot al., 2004; Maniar ot al., 2032 Otsuki et al., 2021;
Renstrom et al., 2008; Sayer et al., 201% Shea et al., 2WM; Sigward,
Pollard, & Powers, 2012; Westhrook et al., 2020; Zhrojkiewice et al,
2018). Although it should be noted that the effect sizes of these differ-
ences varied from smoll to lorge across studies. Larger knee abduction
angles and moments during landing, particularly when paired with
higher vertical GRF, have been suggested as contributing mechanistic
Eactors for noa-contact ACL injury {ella Villa et al_, 3020 Hewett, Torg,
& Boden, 200%; Sigurfsson, Karlsson, Soyder-Mackler, & Briem, 2021)
due to the increased anterior tibial transl and cr i increased
ACL load (Fukuda et al, 2003). The reported association between knee
abduction moment during landing and tibia and femur length during the
prowth spurt {Hewett, Myer, Kiefer, & Ford, 2015) highlights the po-
tential infloence of rapid limb growth on increasing knee abduction
moments [Wild, Steele, & Munro, 2013), substantiating this review's
findings of naeased moments with maturation. Knee abduction
muoment is commonly used as a predictor of ACL injury risk during jump
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landing injury soreening tasks with reports of 73% senstivity and 7E%
specificity for ACL injury forecasting in females (Flewett et al,, 2005,
2005k); although, it has recently been argued that knee abduction
moment in solation may not be a standalone ACL injury risk Ector as
other biomechanical measures may contribute to infury risk (Cronstrom,
Creaby, & Ageberg, 20000).

There is conflicting evidence for changes in knee flexion biome-
chanics with maturation during dy tagks. A females matured,
knee fexion range of motion and knee Aexdon angles decreased (Della
Villa et al., 2020; Hewett et al., 200%; Sigurfsson et al., 2021), although,
the effect sizes mnged from miviod to [ege. In contrast, two shdies
showed that knee flexion angle upon nitial contact and at peak GRF
increased (Swartz et al., 2005), {Ford et al, 2010a), The vared out-
comes and effect sizes identified between stodies may be partially due o
the different movement requirements of the tasks assesced. Decreases in
knee flexion angle with matumation were generally observed in stodies
where tasks incorporated a borizontal component whereas those which
reported kmee flexion angle increases generally assesoed tasks which
‘were mare vertical in mature. Landing with a more extended knee or “stiff
knee strategy’ suggests a greater tendancy for sing the gquadriceps o
stahilize the knee joint (Chia et al., 2021; Hewett, Pord, Hoogenboom, &
Myer, 2010; Pappas =t al, 2016). Knee flexion angles hess than 22° upon
landing may incresse the potential for quadricep dominance and place
excess demands on the ACL, increasing the potential for injury (Colby
et al., 2000; Larwa, Stay, Chafetr, Boniello, & Pranklin, 20213 Leppiinen
et al, 2017; McNair, Marshall, & Matheson, 19%0). Adopting a more
flexed knee position during landing or cutting can improve force ab-
sorption and consequently protect internal knee stroctures (Boden, Torg,
Enowles, & Hewett, 2009 Hass ef al_, 2005}

Furthermaore, stiff landings cause tibiofemaoral compression, which
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Table 3
@ v of finding

garding risk factors associated with ACL injury (knee abduction angle, knee abduction moment, knee flexion angle, ground reaction force) from studies examining the DVJ task.

Risk factor

Certainty assessment

Dlesped Studies (n)

Phase of
investigation (study

design)

Methodal

(risk of bias - from NOS)

2 4

Indirectness

pr

P.

(n)

Summary of findings

Results (direction of relationship with
maturation)

Overall certainty
of evidence
(GRADE)

Knee 4! 12851 40
abduction

angle

abduction

Knee flexion
angle

gHseaT0

Ground o

reaction

5031 464749

Phase 1 (1) Phase2 v/

3)

Phase 2 (4)

Phase 2 (3)

Phase 2 (5)

Unclear

Present

Absent

Absent

v/(2) X(2)

/(4) X(1)

v(2) X(2)

V(1) X(2)

X(4)

X(s)

X(4)

X(3)

s(4)

7(5)

sS4

J(3)

o

Knee abd, angle with

L

182 pub
133 post
Female
31 pre
45 early
32 pub

196 late/post

Male
27 pre
24 eardy
30 late/post
Unspecified
182 pub
133 post
Female
53 pre
17 early
62 pub
22 late
185 post
Male

32 pre
30 pub
43 post
Female
33 pre
17 eardy
190 pub
22 late
262 post
Male

37 pub
13 post
Female
87 not
specified
16 pre
16 pub
32 post
Male
188 not
specified
17 pub
17 post

maturation.

Knee abduction moment increases with
maturation.

Knee flexion angle increases with
maturation.

Landing GRF (normalised to body mass)
decrease with maturation in males. Take off
GRF decrease with maturation in females.

@E00
Low

@E00
Low

@E@@E0
moderate

@@on

Abbreviations: ACL; Anteri

e

cruciate lig:

GRADE; G

NOS; Newcastle-Ottawa Scale, GRF; Ground Reaction Force.
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Table 4

Summary of findings regarding risk factors associated with ACL injury (knee abduction angle, knee abduction moment, knee flexion angle, ground reaction force) from studies examining a cutting task.

Risk Factor
measired

Certainly assessment

Summary of findings

Studies (n)

Phase of investigation
(study design)

Mtk 1ol n

[risk af bias - from NOS)

Publication
bias

Participants (n)

Resuls

Owerall certainty of
evidence (GRADE)

Enee abduction
angle

Enee abduction
moment

Enee flexion
angle

Ground
resaction Force

AT 051

AL

FETAL505

Pt

Phase 1 (2)
Phase 2 (3)

Phase 1 (1)
Phase 2 (2)

Phage 1 (2)
Phas= 2 (2)

Phase 1 (1) Phase 2 (1)

o

o

Present

Abhgent

Present

Abhgent

#[5)

#(3)

4]

#(2)

2] X(3)

(1) X(3)

Xid)

11 X(1)

#{4) X(1)

(2} X(1)

#(2) X(2Z)

(1) X(1)

Female

35 not specified
101 pre

212 pub

160 post

Male

36 pre

53 pub

59 post

Female

35 not specified
32 pre

48 pub

29 post

Male

16 pre

15 pub

29 post

Female

35 nol specified
86 pre

197 pub

131 post

Male

20) pre

38 pub

30 post

Female

35 nol specified
15 pre

15 pub

29 post

Male

16 pre

15 pub

29 pest

Knee abduction angle
increases with matiration.

Knee abduction moment

EEO0
Low

EEEO

with

Knee flexion angle decredates
with maturation.

GRF (normalised 1o body
i) decrese with
maturation.

EEO0
Low

EEO0
Low

Abbreviations: ACL; Anterior cruciate ligament, GRADE; Grading of Recommendations Assessment, Development and Evaluation, NOS; Newcastle-Ottawa Scale, GRF; Ground Reaction Force.
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Table 5

Summary of findings regarding risk factors associated with ACL injury (knee abduction angle, knee abduction moment, knee flexion angle, ground reaction force) from studies examining other tasks.

Risk factor
measired

Certainly astescment

Summary of fndings

Studies
()

Phase of investigation
(saudy design)

Methodological weakness
(risk of bias - from NOS)

e ision  Publication
bias

istency

Participants
m)

Resulis

Overall certainty of
evidence (GRADE)

Knes abduction
angle

Knee abduction
mesment

Knee flexion
angle

Ground
reaction
foree

g7

s

AT

]

Phaze 2 (3)

Phase 2 (3)

Phaze 2 (3)

Phase 2 (2)

+

Present (3] #12Z) K1) #(3)

Unelear S12) X(1) # (1) X[(2) (3]

Absent #12) X(1) (1) X2} #(3)

Present 2} #I2) (1) x(1)

Female

33 acroas 5
slages

26 pre

55 post
Male

15 pre

14 post
Female

33 across 5
slages

42 pre

30 early
41 post
Female

33 acrods 5
slages

57 pre

30 early
55 post
Male

15 pre

14 post
Female

34 pre

19 pub

3B post
Male

15 pre

14 post

Enee abduction angle decreases with
maturation in mabes and is unclear in
females.

Enee abduction moment increases
with maturation.

Enee fexion angle decreases with
maturation.

Ground reaction farces (normalised 1o
body mas) decrease with maturation.

BEE0
moderate

BmE00
Low

BmE00
Lovw

@E00
Lovw

Abbreviations: ACL; Anterior cruciate ligament, GRADE; Grading of Recommendations Assessment, Development and Evaluation, NOS; Newcastle-Ottawa Scale, GRF; Ground Reaction Force.
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Biomechanical risk factors associated with ACL
injury and the link to pubertal maturation

Knee abduction Knee abduction Knee flexion Ground reaction
nge moment ange forces
with maturation Garng with maturabion ouring with maturation during with mataration upon
doukie oy 4 by s b Sounielooplumpana ¥ LR ey
b mrn‘%mm‘.&uu - o kanding task.
fodowing onses of T tasks. Wi maturation during
puberty ouring Soutie ' cutting, single leg crop with maturation upon take
@rop Jump tasks and ‘nmmm 1ndeg, 8nd hor 2ontal off in females but not
culting tasks n fampes pudartal Teap task males i double leg drop
md&&wm ation ot nvtial T
Wit Matsation in single Wit matur " t
1anding study n Jum and Cutting 185Ks contact and smader range with maturation upon
o ?'7 of motion 1 3 double leg mmcmnm
2rop jump study.
with maturation in SN o sier
srGi9 kg lanang N \
study in males and .‘)
females
J"
Fig. 2. Summary of the ob d links b and changes in bi d with clate lig; (ACL) injury as reparted in the
litecature.
Note: Red arrows indicate low certainty of evidence, yellow arrows inds d y of evid (as determined by GRADE). Two arrows suggest different

quality of evidence ratings for the different specified tasks, p

d in order of

of the ref

reader is referred to the Web versian of this article.)

loads the ACL (Meyer & Haut, 2008). During a DVJ task, stiff landings
have been associated with increased risk of ACL injury in young females
(Hewett, Myer, Ford, et al., 2005; Leppanen et al., 2017). Specifically,
athletes who went on to sustain ACL injuries displayed lower peak knee
flexion angle and higher peak GRF (Hewett, Myer, Ford, e al, 2005;
Leppinen et al., 2017). As females mature, GRF during dynamic tasks
generally remains the same (Colyer ef al,, 2021; Hewett et al, 2006,
Quatman et al., 2006), or may slightly decrease (Hass et al., 2005; Sig
ward, Pollard, Havens, & Powers, 2012 Swartz et al, 2005). GRF tends
to decrease with maturation in males (Colyer et al, 2027; Hewett et al,
2006; Quatman et al., 2006), suggesting greater improvements than
females in force attenuation with maturation. During a DVJ task, the
spring-like behaviour observed via the force-time data profile (referred
to as stretch-shoctening cycle ability) g lly improved with
tion, but remained relatively poor in post-pubertal females (Pedley et al
2021). Stretch-shortening cycle ability is also impacted by an in-
dividual's neuromuscular development rate, which is not consistent
across maturation (Hewett, Myer, Ford, e al,, 2005 Quatman-Yates
et al., 2012). Inconsistent development in peuromuscular control may
explain individual differ or lack of impe in force attenu-
ation ability, which is often observed in pubertal females.

The differences in tasks, including the use of double or single limb
Iandmg. likely contributed to the conflicting results regarding the link

ion and bis hanics (Taylor et al., 2017). Over half of

the included studies used the DVJ task for identifying potential biome-
chanical risk factors. Although commonly used as a screening tool for
ACL injury risk, bi hanics during a DVJ correlate poorly with cut
ting biomechanics (Hanziikovd, Richards, Athens, & Hébert-Losier,
2021), which limits ¢ bility and perti of results (Kristinns
lund, Faul, Bahr, Myklebust, & Kroashaug, 2014). Regardless of the link
between the task’s biomechanical variables and ACL injury risk,
observed changes in dynamic tasks across ion can be viewed
maore bolistically due to previous identification of the higher risk of ACL
injuries in past-pubertal females (Prodromos et al., 2007; Waldén et al,,
2011). Tasks such as the DVJ involve deceleration and force attenuation,

toa. (Far P 1o calour in this figure legend, the

wmmdyh&enpnﬂphmﬁnyelqtaksmmmemmmt
difficulty. Cutting tasks i 4 more fi 1 plane d d and are
more sport specific. Implementing both a single-leg landing and incor-
paraﬁngmwmmulhnreﬂmcmﬁngmmummm&x
assessment of high-risk bi hanics should be d to impr
specificity for ACL injury risk screening (Koga et al., 2010; Westbrook
et al, 2020).

Definitions of maturation ph and ph ined also varied
between studies, impacting the abllny for cross-study inferences and
strength of evidence on specific variables. Comprehensive and consis-
tent reporting standards for maturation phase identification and
grouping would enhance crossstudy inferences (Koopman - Verhoefl,
Gredvig-Ardito, Barker, Saletin, & Carskadon, 2020). Tanner stages, as
identified using the self-administered pubertal maturation observational
scale, were used most often across the included studies. Tanner stages
via physical examination fram a medical professional are deemed ‘gold
standard’ for maturational phase identification (Fismussen e al,
2015); bowever, self-reported Tanner stages are valid for determining
maturational status and less intrusive than other validated methods
(Leone & Comtois, 2007; Schmitz et al., 2004). Nooetheless, further
investigation into the reliability and validity of the pubertal maturation
observational scale in different demographics is warranted.

Reporting or controlling for menstrual cycle phase was rarely re-
ported. Given the domination of female particip (65.8 %), future
research should attempt to control for or repart menstrual cycle phase
and muac:puw.- unge status to better understand potential hormonal
infl on b hanics (Balachandar, Marciniak, Wall, & Bal-
chandar, 2017; Herzberg e1 al, 2017). Although more common in fe-
males (Joseph el al, 2013), non-contact ACL injury is relatively common
in adolescent males (Maniar ef ol 2022). The risk of ACL injury
throughout maturation in males is relatively unknown and only one of
the included studies d the bi hanics of males alone (Chia
etal, 20"";). The smll amount of data available suggests significantly
different b in males compared to fe
males. Hence, ﬁmhcrmmhmloAanjurynﬂtfaaasspedﬁclo
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males should be comsidersd.

This review specifically examined biomechanical risk factors asso-
ciated with ACL injury; howewver, it should be noted that ACL injuries are
multifsctorial in nature and factors such as the demands of the sport or
an athlete’s position (Bram, Magee, Mehta, Patel, & Ganley, 2021), in-
dividual aratomy and morphology (Bayer ef al., 20200, cognitive ability
[Bertoeei ef al., 2023), and the gendered differences regarding coaching,
training, and physical activity participation {Parsons, Coen, & Bekker,
2021) will contribute 1o averall rigk of injury.

5. Limitations

This systematic review is not withour Bmitations, Firstly, few studies
assested the same metric, used the same task, or considersd the same
maturation phases, thereby resiricting the ability for a meta-analysis to
be performed. Studies that did examine the same variables often e
ported large d deviations, pr d limited or only statistically
significant findings, or had small sample sizes; all factors likely to distart
the results af & meta-analysis if one had been undertaken. Maost studies
were of good quality and two were af satistctory quality in accordance
with the ROS, but the strength of the evidence was low-to-maoderate
based on GRADE ratings. The small quantity of studies assstssd for
exch domain and the variations in effect sizes should be comsidersd
when interpreting these results. We chose 1o include studies of varied
study designs (cross-sectional, longitudinal, and interventional) to
enhance the breadth of the review and data available for review, despine
longitudinal study desiges potentially yielding more robust data 1o
establish the potential link between maturation and biomechanical
Eactars associated with ACL injury. Additionally, many of the studies
included researchers from the same group based in the USA, which may
influence the generalisability of the results of the current review as well
as introduce bias through homogeneity of study findings. This overt
representation of these researchers and country may mean that many of
the participants were from the same or a dmilar group (as was
confirmed or assumed in studies of the same author and yeir (Ford et al.,
2010; Ford et al., 20100; Sigward, Pollard, Havens, & Powers, 3012,
Sigward, Pollard, & Powers, 2012)), consequenty limiting the cultural
diversity and global applicability of Andings.

6. Conclusion

Plyysical Therapy in Spoet 68 (3004) $1-50

» As females mature, knes abduction angles and moments typically
increase whereas knee flexion angles generally decrease during dy-
namic taks,

» Maturation can influence biomechanics associated with ACL injury
during landing and cutting tasks, indicating that Late-to post-pubertal
femalbes may be at incressed risk of ACL injury.

# Few studies examined the same variables and those that did reported
large dard deviati F d limited or only istically
significant findings, or had small sample sizes. The small quantity of
stidies asgessed for each domain, the geperally low-lo-moderste
levels of evidence, and the variations in effect sizes should be
considered when interpreting the resulis.
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Late and post-pubertal females Borwner-e ity
biomechanics associated with increased ACL injury risk. Although the
evidence was of low-lo-moderate quality and varied between stodies,
this review demonstrates modified landing and cutting biomechanics
ooeur in response to maturational development, particularly in females.
As females mature, there is a tendency for increased knee abduction
angles and moments, decresed knee fexion angles and range of motion,
and increased GRF during dynamic tasks; varialdes linked with
increased ACL injury risk. Potential changes throughout maturation in
males and females in other biomechanical fctors require further
investigation during multi-planar movement tasks more specific 1o spart
and injury risk, as the DV ] is overtly represented. Future resesarch should
explore movement mechanics scross maturation, specific o sex, using
spart-specific ateisment wals and standardised maturation phase
identification methods. Despite some contention in the evidence, dif-
ferences in biomechanics linked with ACL injury risk are evident when
comparing sexes and maturation stages. Hence, considering sex amd
maturation is needed when selecting tasks in injury rigk identification
processes and developing strategies for ACL injury prevention.

» ACL injuries are increasingly common in late-lo post-pubertal in-
dividuals, particularly females.

org10.1016/5. ptsp. 2024.06.002.
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Maximize or Normalize? Examining Single-Leg Drop-Land-Cut
Distances in Young Athletes: A Pilot Study

Anna J. Butcher,' Tracey Clissold,” Sarah Ward,” Jim Richards,” and Kim Hébert-Losier'
"Division of Health, Engineering, Computing and Science, Te Huatakd ‘Waiora School of Health, University of Waikaio, Adams Center for High Pesformance,
Tauranga, Mew Zealand; Toi Ohomai Instbude af Techralogy, Tauranga, New Zealand; :'Bquu.rlrruﬂ of Exerose Sciences, University of Auckdand,
Auckland, Mew Zealand; *Alked Health Ressarch Unit, University of Central Lancashine, Preston, United Kingdom

This smdy investigaied differences in leap distance for a single-leg drop-land-cut (CUT) task basad on using either a maximal or
nomalized {150% leg lengih) method or the influence of condition order and leg dominance on distance achicved. Twenty-six
voung court and field sport athletes (61.5% female) completed the single-leg drop-land-cuat task on the dominant and nondomianant
leg under maximal and normalized conditions in a randomized order. Multivariate repeatod measures analysis of variance tests with
post o pairwise comparisons were used o determine the effect of condition (maximal and nomalized ), leg dominance (domanant
and nondominant), and interaction effect on leaping distance. Potential order effects were explored as a between-subjects factor
within the analysis of variance. Our findings showed significantly larger leap distances under the maximal condition (P < (01,

= _417), with the maximal mean being 154.5 (24.7) em (175.1% [18.6%] leg length) and the nommalized mean being 140.7
(19.7) cm (159.0% [5.8%] of leg bength). Furthermore, greater distances were achieved during the maximal task when performed
following the normalized task (P < 001, 24_.5% further). Practically, the normalized task may be better suited for heterogencous
samples; vet, the maximal task may be more suitable for homogeneous samples or pre—post sudy designs.

Keywards: ACL, pubenty, injury screening

lengih) method during a single-leg drop-land-cut task.

homogeneous samples or prepost study designs.

Key Points
+ Aihletes achicved significanily greater leap distances using a maximal approach compared to a normalized (150% leg

+ Performing the maximal task after the normalized one led to greater distances, indicating an order effect in task sequencing.
* The normalized task may be more appropriate for heterogeneous groups, while the maximal task is better suited to

ACL injuries are becoming increasingly common in youth
athletes. ' The annual number of ACL injuries reported in young
people has nsen exponentially. In particular females aged 5
14 years have demonstrated an 10.4% annual growth rate in ACL
injury incidence from 1998 to 2018 in Australia.” In New Zealand,
claims from mabe and female individuals aged 15-29 years con-
mibuted to over 50% of the S100 million cost of ACL injuries to
taxpayers in 2021 alone.’ Representing 45% of all intemal knee
imjuries,* ACL injuries are associated with prolonged recovery
periods (eg, retum to play at least 9 mo postsurgery® ), a substantial
financial cost of cane,® impaired functional sporting performance,’
and an increased risk of carly-onset postiranmatic ostecarthritis. ™"

The demands of court and field sports require frequent accel-
erations, decelerations, changes of direction, rotations, and single-
leg landings all of which are movements associated with ACL
imjury incidence '"™'! Additionally, side-cutting maneuvers are
responsible for most noncontact ACL injuries in sporis such as

Clissold {Bfips: doscid org OOMOLNHI2-464 76069

Wanl () hitps oo cog OO0 (NN -5 208- 7069

Richards (¥ hips-torcid org 00002 4004-3115

Hithen Losier ({5 hipessfinnci d oeg AMMM-O000 1067 4956

Bancher {ubt ] @sudens. wiknio.a.nz) s conesponding sehor,  ([hipscl
ovrid org D002 0061 . 5772

fosthall and handball, ' likely due to the multiplanar nare of
the movement that exposes the knee joint to high loads ™ In
response, screening for biomechanical injury risk factors is becom-
ing common practice in team sports pariculady in high injury risk
populations, such as young female court, and field sport athletes. '
Haowever, for widespread adoption, the task needs to be suitable for
implementation in clinical settings and on the field. A task that
involves a single-leg landing followed by an immediate and
cxplosive side-cut may suit these requirements and may beter
resemble maneuvers associated with ACL injury than what is
typically used,'® such as double-leg drop vertical jumps,'’ sin-
gle-leg squats,' " and tuck jumps.'® Double-leg drop vertical jump
tasks have been frequently used to assess ACL injury risk factors in
tcam sport athletes' '™ despite generally being determined as
unsuitable for predicting ACL injury risk. " Although run and
cul mancuviers might be better in the context of screening for risk of
ACL injury and commonly assessed in laboratory settings. " they
are often not practical in clinical environments and can be difficult
o standardize in terms of approach speed and angle of cut.

The design of the single-leg drop-land-cut {CUT) task should
consider variation in the perception of maximal effort! with
respect to subjective and  anthropometrical factors. Previous
rescarch has observed differences in performance and biomechan-
ics between individuals of different maturational groups using both
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a maximal effort method™ and a pormalized cutting distance o
150 of leg length ™ Although rationales for each of these
methods are justifiable, their suitability may depend on the cir-
cumsiance and purpose of implementation. For example, the
maximal condition may be appropriate in a more homogeneous
sample of athletes of similar body sizes; however, a normalized
condition may be better to compare a more heterogeneous sample
as the sk is relative 1o body size. It i cumently difficult to select
omne method over the other as there is a lack of siudies directly
cormparing the 2 methods. Such information wouald allow practi-
tioners to make an informed decision on e parameters for this
task and enable a more appropriate comparison of performance
between groups or individuals. This siudy focused on exploring the
differences in performance of 2 conditions of the same task tha
have previously been used with participants in different pubertal
maturation stages o inform development and implementation of
injury risk screening tasks in this population. Additionally, if
performance from both tasks are assessed, the order of condition
of tasks may impact perfonmance as it has been suggested that, in
younger populations, some participants can believe they are per-
forming maximally buat, once given a target, may achieve funther
distances.”! The raw values in centimeters and these values ex-
pressed as a percentage of leg length are included to provide
perspective of the absolute and relative values. Furthermore, beg
dominance can infloence hiomechanical risk factors™ and perfor-
mance” duning spon-specific tasks that warrant consideration in
establishing test parameters, imerpreting outcomes, and comparing
between groups of individuals. The potential effect of limb domi-
nance on functional perfformance could impact clinical outcomes
for injury risk of recovery screening, particularly considering the
influence of perceived task difficulty. =

The primary purpose of this pilot study was w determine if
differences in leap distance (e, perfformance outcome) exist for the
CUT task metrics based on using either a maximal or normalized
{150% leg bength) methodology in young court and field sporn
athletes. A secondary purpose was 1o detennine whether the order
of conditions or leg dominance would influence the distance
achieved. It was hypothesized that panicipants would leap funther
using the maximal method, on the maximal task when presenbed
second, and when using the dominant leg.

Methods

Given the exploratory natre of the pilot study and the overall lack
of data on the examined tasks in the target population, no formal
sample size was conducted a priori. To account for dropout or data
loss, @ sample size between 20 and 30 paricipants was targeted
based on previous pilot siedies stating 12 participants to e
approprate. = Ulimately, 26 healthy young count or field sporn
male and female athletes aged beraeen 7 and 20 years volumeened
o participate (Table 1), providing an 305 power 1o detect an effiect
size fof 0.24 at a 3% significance level based on the analysis of
variance (ANOVA): repeated measures, within-hbetween inerac-
fion setting of G Power 3.1.9.7. The calculation considered the
collection of 4 measurements (dominant and nondominant for
maximal and nommalized conditions) and 2 groups 1o sccoum for
a potential order effect on leap distances. All participants were
right-leg dominant determined by the leg used to kick a ball. The
participants had no history of serious back or leg injuries within the
12 months prior to testing. All panicipants and their parents/legal
guardians (if under 16 y) provided informed consent prior to
participating in this smdy, which was appeoved by the University

Table 1 Baseline Characteristics of the

Participants, Mean (SD)
Males Females Total

Characteristic I:|'|='1n} [ﬂ:"ﬁ. {H:H]
Age, ¥ 130 (36 13.0{44) 135 (4.1)
Height. cm 154.5 (33.6) 145.0 (30000 155.4 (191}
Buody mass, kg 404 (17.1) 47.1 (16.3) 48.5 (16.2)
BMI, k&l'ﬂ'l" TR (ZE) 2kl {5.2) 196 (4100
Leg length. cm ERA (19.4) B5.7 (18.4) BE.6 (12.8)

Abkarevistion: BML body mass index.

of Waikato Human Research  Ethics Committee  ([Health)
2022#53) and adhered to the Code of Ethics of the World Medical
Association (Declaration of Helsinki Ethical Principles for Medical
Research Involving Human Subjects), and the Health Research
Council's guidelines relating to research involving children, and
United Nations Children’s Fund's principles guiding ethical
research involving children

Equipment

A high-speed video camera with a fiscal length of .8 to 73.3 mm
(35-mm equivalent focal length of 24-200 mm) captured the CUT
triaks ar 120 frames per second (Sony RX 10 11, Sony Corporation).
The camera was placed 3.5 m in front of the landing area on a tripod
with a 1.3-m lens-io-ground distance.

Procedures

The participants attended a single testing session where they first
had their leg length measured until 2 identical measurements wene
recorded. For leg length, a tape measure was used to record the
distance from the anterior superior iliac spine o the medial malleoli
on the right {dominant) leg in a supine position. ™ Pamicipants then
completed a standardized S-minute wanm-up involving jogging ata
self-selected pace on aturf surface for 2 minutes, dynamic stretch-
ing {8 reps of each per leg; leg swings, walkouts, lunges, and lateral
reaches), and jump-landing drills (15 reps per leg of submaximal
vertical hopping, 5 reps of double-leg landing, and 5 reps per leg of
single-leg landing .

Faor the CUT task, panmicipants were required to stand on | foor,
drop down from a 30-cm box, Lland on the same foot 1o a marked
distance placed 30 cm in front of the box, and 10 immediaely leap
007 laterally 1o land on the opposite foot** abong a marked line on
the foor (Figure 1) For instance, participants dropping down and
landing on their right foot would leap voward the lefi to land on their
lefi fionl. Pamicipants completsd the task in the 2 experimental
conditions: {1} normalized distance to 150% of leg bength and (2)
maximal distance. For the normalized CUT condition, the leg
length normalized distance was indicated on the floor using a line
of tape. For the maxinmal distance CUT condition, panicipants wene
asked to leap as far as possible, aiming 10 maximize distance, with
no leap distance indicated on the floor. In both conditions, pani-
cipants were required to rmaintain balance upon landing and wene
encouraged 1o keep their body facing forward. The participants
wene allowed 2 o 3 practice trials of each condition directly befone
the test of that same conditbeon for familiarization, following a
standardized explanation and demonstration from the primary
researcher (A B
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