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Abstract

Introduction

Females experience higher risk of anterior cruciate ligament (ACL) injuries; males experi-

ence higher risk of hamstring strain injuries. Differences in injury may be partially due to sex

differences in knee flexor (KF) to knee extensor (KE) muscle size ratio and the proportional

size of constituent muscles.

Purpose

To compare the absolute and proportional size, and mass distribution, of individual KE and

KF muscles, as well as overall size and balance (size ratio) of these muscle groups between

the sexes.

Methods

T1-weighted axial plane MR images (1.5T) of healthy untrained young males and females

(32 vs 34) were acquired to determine thigh muscle anatomical cross-sectional area

(ACSA). Maximal ACSA (ACSAmax) of constituent muscles, summated for KF and KE mus-

cle groups, and the KF:KE ratio were calculated.

Results

Females had 25.3% smaller KE ACSAmax (70.9�“12.1 vs 93.6�“10.3 cm2; P��0.001) and

29.6% smaller KF ACSAmax than males (38.8�“7.3cm2 vs 55.1�“7.3cm2; P��0.001). Conse-

quently, females had lower KF:KE ACSA ratio (P = 0.031). There were sex differences in

the proportional size of 2/4 KE and 5/6 KF. In females, vastus lateralis (VL), biceps femoris

long-head (BFlh) and semimembranosus (SM) were a greater proportion and sartorius

(SA), gracilis (GR) and biceps femoris short-head (BFsh) a smaller proportion of their

respective muscle groups compared to males (All P��0.05).
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Conclusion

Sex differences in KF:KE ACSAmax ratio may contribute to increased risk of ACL injury in

females. Sex discrepancies in absolute and proportional size of SA, GR, VL and BFlh may

contribute further anatomical explanations for sex differences in injury incidence.

Introduction
Sexdifferencesin therisk of specificsportsinjurieshavebeenwidelydemonstrated;females
haveahigherrisk of anteriorcruciatekneeligament(ACL) injury [1,2] whilstmaleshavea
higherrisk of hamstringstraininjury (HSI) [3,4].Femaleshavealsobeendemonstratedto suf-
fer from ahigherrisk of kneeosteoarthritis(OA) [5,6].Variousanatomical[7,8] andbio-
mechanical[9,10]differencesbetweensexeshavebeendocumentedandsuggestedto
contributeto thedisparitiesin injury/diseaserisk.However,possibledifferencesin themor-
phologyof kneejoint musclesbetweenthesexeshasreceivedrelativelylittle attentionand
couldplayasignificantrole in theobservedsexdifferencesin injury/diseaserisk.

Thesexdiscrepancyin ACL injury incidenceisparticularlystarkwith femalesdemonstrat-
ing a3±5timeshigherrisk of sustaininganACL injury thanmaleswhenparticipatingin agility
sports(e.g.basketball,soccer,volleyball[11]). A commonlycitedcontributor to thisdiscrep-
ancyis theobservationthat femaleshavealowerhamstringsto quadriceps(H/Q) strength
ratio thanmales[12±15]whichis thoughtto reflectreducedcapacityfor muscularstabilisation
of theknee[16,17].Quadricepscontractionelicitsanteriortibial translation[15], particularly
whenthekneeiscloseto full extension,whichcanloadandultimatelyrupturetheACL [18].
Contrastingly,hamstringcontractioncounteractsanteriortibial shearandmayprotectthe
ACL by improvingdynamicjoint stability[15,16].

ThegreaterH/Q strengthratio of malesvsfemalesdoesnot appearto beaccountedfor by
differencesin neuraldriveto thequadricepsandhamstringsmuscles[14], andthereforeour
previouswork hypothesisedthat femalesmaysimplyhaveadisproportionatelysmallerham-
stringmuscle[14]. Whilst it iswellknown that femaleshavesmallermusclesthanmales,and
that this is thecasefor both thequadriceps[19] andhamstrings[7], therelativesizeof these
muscleshasnot beenexamined.A disproportionatelysmallhamstringsmusclein females(i.e.
low H/Q sizeratio) might representafundamentalanatomicaldifferencebetweenthesexes,
thatwouldbeexpectedto resultin alow H/Q strengthratio [20] andmaypredisposeto knee
joint injury.

Sexdiscrepanciesin hamstringstraininjuries(HSI) havebeendemonstratedwith males
experiencingahigherincidencethanfemales(22.4�3.4vs11.5�2.6injuriesper1000athletes
respectively[3]). HSI prevalencevariesbetweentheindividual hamstringmuscles,with a
muchhigherprevalencein thebicepsfemorislonghead(BFlh)comparedto thesemimem-
branosusor semitendinosus[21,22].MalesmayhavearelativelysmallBFlhin comparison
to thewholehamstringsgroup,whichcouldexposethis muscleto greaterloadandinjury
risk.However,hamstringsmusclemorphologybetweenthesexeshasnot previouslybeen
compared.

Quantificationof thigh musclesizemayalsoallowfor evaluationof thecontribution of
accessorykneeflexormusclesotherthanjust thehamstrings,suchasthesartoriusandgracilis.
Previousresearchhascommonlyusedtheterminology:̀ hamstringsto quadricepsratio' when
describingkneeflexors(KF) andkneeextensors(KE) torqueratios[14±16],whichissome-
whatsimplisticconsideringthat thesartorius,gracilis,popliteusandgastrocnemiusarealso
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agonistmusclesfor kneeflexion.Therefore,̀ kneeflexionto kneeextensionratio' maybea
moreappropriateandaccurateterm.Theeffectsof theseaccessoryKF haverarelybeendis-
cussedin theliteraturedespitethesignificantroleof thesartoriusandgracilisin controlling
kneevalgus/varusloading[23±25],whichmaycontributeto acuteinjury risk andsexdiffer-
encesin kneejoint loading.Moreover,anysexdifferencesin kneejoint musclemorphology
wouldbeexpectedto influencejoint loadingandstabilityandthusthejoint degenerationthat
typicallyoccurswith ageingandcanleadto kneeOA, with evidencefor agreaterincidence,
particularlyof aggressiveOA, in females[5].

Theaimof thisstudywasto investigatekneejoint musclemorphology,specificallyabsolute
andproportionalsize,andmassdistribution,of individual kneeextensorandflexormuscles,
aswellasoverallsizeandbalance(sizeratio) of thesemusclegroups,betweensexes.It was
hypothesisedthatmaleswouldhaveasignificantlylargerKF:KEmusclesizeratio andfemales
wouldhavealargerbicepsfemorislongheadasaproportion of theKF musclegroupthan
males.

Methods

Participants
Sixty-sixhealthy,young,participantswith alow-moderatelevelof physicalactivity(34females,
32males)providedwritten informedconsentprior to their participationin thisstudy,which
wasapprovedby theLoughboroughUniversityEthicalAdvisoryCommittee.Participantshad
aBMI of �26 kg.m-2, no historyof traumaticlowerlimb injury (ACL rupture,fractureetc.)or
currentmusculoskeletalcondition,andno experiencewith systematicphysicaltraining.Body
massandheightweremeasuredusingacalibratedscaleandstadiometer(Seca,Hamburg,Ger-
many).Participants'physicalactivitylevelwasassessedusingtheInternationalPhysicalActiv-
ity Questionnaire(iPAQ) shortformat [www.ipaq.ki.se/downloads.htm][26]. Participants
wereadvisednot to undertakeanyunaccustomed/strenuousphysicalactivityfor 36hours
prior to their laboratoryvisit andto arrivein arelaxedstate,havingeatenanddrunk normally,
andto sit quietlyfor 15minutesbeforehand.

Magneticresonanceimaging (MRI)
A 1.5T MRI scanner(SignaHDxt, GE,CT,USA)wasusedto scanthedominantlegin the
supinepositionwith thehip andkneejoints extended.T-1 weightedaxialplaneimageswere
acquiredfrom theanteriorsuperioriliac spineto thekneejoint spacein two overlapping
blocksandoil filled capsuleswereplacedon thelateralsideof theparticipants'thigh to help
with blockalignmentduring analysis.Thefollowing imagingparameterswereused:imaging
matrix:512x 512pixels,field of view:260mm x 260mm, in planespatialresolution:0.508
mm x 0.508mm, slicethickness:5 mm, inter-slicegap:0 mm.

Imagesegmentationwasperformedmanuallywith Osirix software(version4.0,Pixmeo,
Geneva,Switzerland).Thekneeextensormuscles:vastusmedialis(VM), vastuslateralis(VL),
vastusintermedius(VI), rectusfemoris(RF)andthefollowingkneeflexormuscles:hamstrings
(bicepsfemorislonghead(BFlh),bicepsfemorisshorthead(BFsh),semitendinosus(ST),
semimembranosus(SM)),sartorius(SA)andgracilis(GR)musclesweremanuallyoutlinedin
everythird imagestartingfrom themostproximal imagewherethemusclefirst appeared(see
Fig1).DifferentiationbetweenVI andVL utilisedthemethodsof Barnouinetal.[27]. One
investigatorconductedall themanualsegmentationof KE,whilstasecondinvestigatorana-
lysedKF.Themaximalanatomicalcross-sectionalarea(ACSA)of eachmusclewasdefinedas
ACSAmaxandsummatedKF andKEACSAmaxwerecalculated.ThisstudyusedACSAas
themeasureof musclesizeratherthanPCSAor musclevolume,dueto concernsabout:
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accuratelydeterminingphysiologicalCSA[28], particularlyin the10musclesassessedin this
study;andthatmusclevolumemaybeconfoundedby thegreaterheightandfemur lengthof
males.Thesizeof eachindividual muscle'sACSAmaxwasalsoexpressedasaproportion (%)
of themusclegroup(KF/KE) ACSAmax.Forexample,for RFasaproportion of theKEthe

Fig 1. Exampleof MRI slicemid-thigh with the kneeextensorsandflexorsmanuallysegmented.

https://doi.org/10.1371/journal.pone.0190903.g001
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equationwasasfollows:

��� ���� ��
S���� ��� �� ‡ 	
�� ����� ‡ 	��� ����� ‡ 	��� �����

� 100

TheKF:KEACSAmaxratio wascalculatedfrom thesesummations.ACSAmaxwasthecri-
terion measureof musclesizein thisstudyasit isstronglyrelatedto musclestrength[29], and
not confoundedbydifferencesin musclelengthasis thecasefor musclevolume.Nonetheless
to comparemusclemorphologyalongthelengthof femurmusclemassdistribution of both
sexeswascalculatedbyexpressingall ACSAvaluesasafractionof ACSAmax.Femurlength
(FL) wasmeasuredbyanalysingthedistancebetweenthemostproximal(femoralhead)and
distalslices(lateralfemoralcondyle)in whichthefemurwasapparent.Thepositionof all the
ACSAmeasurementsalongamuscle(i.e.from everyslice)wereexpressedrelativeto FL and
ACSAvaluesinterpolatedevery5%FL usingMatlab(MathworksInc.,MA, USA).Theintrara-
ter reliability for ACSAcalculatedfrom therepeatedanalysisof sixMRI scanswas0.4%.

Statisticalanalysis
Dataarepresentedasmean�SD.Sexdifferencesin theKF:KEACSAmaxratio wereanalysed
usingindependentsamplest-tests.Sexdifferencesin ACSAmaxof eachmuscle,sexdifferencesin
proportionalsizeof eachconstituentmuscle(relativeto thewholemusclegroupe.g.VL ACSA-
maxas%KEACSAmax)andsexdifferencesin musclemassdistribution wereanalysedusing
two-wayANOVAs(Sex� muscle;Sex� muscle;Sex� FL, respectively);significantmaineffects
werefurther examinedwith post-hoct-testswith Holm-Bonferronicorrection.Statisticalsignifi-
cancewasdefinedasP<0.05.EffectsizewasmeasuredusingCohen'sD. All statisticalprocedures
wereperformedwith IBM SPSSStatisticsfor Windows(Version22.0,NY, USA,IBM Corp.).

Results

Participant characteristics
Malesweretaller(1.78�0.07mvs.1.68�0.06m,P<0.001)andheavier(71.8�7.2vs.62.9�7.2kg,
P<0.001),but bothgroupswereof similarage(males,20.6�2.5vs.females,20.9�1.7yr).
Femalesweremorephysicallyactivethanmales(2,503�1,335vs.1,826�936MET-mins
week�1 , P= 0.033)but bothwerecategorisedasmoderatelyphysicallyactive[26].

Sexdifferencesin ACSAbetweenKF andKE
FemaleshadsmallerACSAmaxvaluesfor all individual KF andKEmusclesthanmales
(Table1,P<0.001,S1andS2Files).However,thedifferencein ACSAmaxfor femalescom-
paredto malesrangedfrom -16.1%(VL) to -43.6%(SA),suchthat thesexualdimorphismwas
2.7-foldgreaterfor theSAthantheVL (Fig2).Femaleshada25.3%smallerKEACSAmax
thanmales(70.9�12.1cm2 vs93.6�10.3cm2) and29.6%smallerKF ACSAmaxthanmales(38.8
�7.3cm2 vs55.1�7.3cm2). Consequently,femaleshadalowerKF:KEACSAmaxratio (0.55
�0.08 vs0.59�0.07;P= 0.031;Table1,Fig3).

Sexdifferencesin proportional sizeof constituent muscles
Thereweresexdifferencesin theproportionalsizeof 2/4constituentKEand5/6constituent
KFmuscles.In females,VL (34.5�3.1vs31.2�2.3%,P<0.001,Cohen'sD (d) 1.21)wasagreater
proportion andVI (25.8�2.4vs28.0�2.2%,P<0.001,d 0.96)asmallerproportion of theKE
thanin males(Fig4A).Additionally, in femalesBFlh(26.8�2.8vs23.5�2.6%,P<0.001,d 1.23)
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andSM(26.4�3.2vs23.8�3.3%,P<0.001,d 0.80)wereagreaterproportion andSA(6.0�0.9
vs7.5�1.0%,P<0.001,d 1.60),GR(7.8�1.2 vs9.5�1.5%,P<0.001,d 1.28)andBFsh(13.5�1.7
vs14.9�2.3%,P<0.001,d 0.68)asmallerproportion of theKF thanin males(Fig4B).

Sexdifferencesin musclemassdistribution
TheACSAvaluesof eachmusclefor bothsexes,interpolatedevery5%FL andnormalisedto
ACSAmax,showedsexdifferencesin musclemassdistribution for all 4KEand4/6KF,the
exceptionsbeingBFlhandGR(Fig5).For theKE,thedifferencesin massdistribution were

Table1. Sexdifferencesin ACSAmaxof individu al musclesandwholeKF andKE musclegroupsaswell asthe KF:KEratio. Datapresentedasmean� SD(range).

Male (n = 32) Female(n = 34) P Value EffectSize

KE (cm2)

VM 24.3� 3.2(19.2±34.9) 18.2� 3.5(12.6±26.4) <0.001 1.80

VI 26.2� 3.8(19.2±34.1) 18.3� 3.6(13.4±29.0) <0.001 2.17

VL 29.2� 3.9(22.5±38.3) 24.5� 5.2(18.2±37.4) <0.001 1.03

RF 13.9� 2.2(9.1±18.5) 9.9� 2.0(6.6±15.3) <0.001 1.95

Total 93.6� 10.3(75.0±118.1) 70.9� 12.1(57.4±106.2) <0.001 2.03

KF (cm2)

BFsh 8.1� 3.1(5.7±11.4) 5.2� 1.2(3.5±8.7) <0.001 2.16

BFlh 12.9� 2.2(9.0±18.1) 10.3� 2.1(7.6±15.6) <0.001 1.21

SM 13.2� 2.8(9.2±19.6) 10.3� 2.1(6.2±14.9) <0.001 1.18

ST 11.5� 2.5(6.3±17.1) 7.6� 2.0(4.4±11.8) <0.001 1.77

SA 4.1� 0.6(3.0±5.4) 2.3� 0.5(1.3±3.4) <0.001 3.17

GR 5.2� 0.9(3.6±7.8) 3.1� 0.8(1.9±5.3) <0.001 2.45

Total 55.1� 7.3(40.5±71.4) 38.8� 7.3(28.4±56.7) <0.001 2.25

KF:KERatio 0.59� 0.07(0.49±0.75) 0.55� 0.08(0.40±0.77) 0.031 0.59

https://doi.org/10.1371/journal.pone.0190903.t001

Fig 2. Themagnitudeof the sexdifferencefor individu al KE (dark grey)andKF (light grey)muscles.Dataare
presentedasmeanfemaleACSAmax(n = 34)asthepercentagelessthanmeanmaleACSAmax(n = 32).Thesex
differencerangedfrom 16.1%for theVL to 43.6%for theSA.

https://doi.org/10.1371/journal.pone.0190903.g002
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Fig 3. Kneeflexors(KF) to kneeextensor(KE) ACSAmaxratio for individu al participants (diamonds)andmeanfor males(n = 32,dark
greybar) andfemales(n = 34light greybar). � P<0.05.

https://doi.org/10.1371/journal.pone.0190903.g003
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Fig 4. Proportional sizeof individual musclesrelative to wholemusclegroup size(ACSAmax %kneeextensor(A) %kneeflexor (B)
ACSAmax). Dataaremean�SDof males(n = 32)andfemales(n = 34).� P<0.05.

https://doi.org/10.1371/journal.pone.0190903.g004
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Fig 5. Musclemassdistribution of males(n = 32blackline) and females(n = 34dark greyline). MeannormalisedACSA(%
ACSAmax)of theindividual kneeextensors(A) andkneeflexors(B) alongthelengthof thefemur(distal:0%to proximal:100%).Areas
of significantsexdifferencesareshownby light greyshading(P<0.05).

https://doi.org/10.1371/journal.pone.0190903.g005
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subtlefor VM andRF,but wereovergreaterregionsof theVL andVI. ForKF,sexdifferences
in musclemassdistribution weresubtlefor BFlhandSAwhiledifferenceswerefoundover
greaterregionsin SMandST.

Discussion
Thisstudyinvestigatedsexdifferencesin musclemorphology(absoluteandproportionalsize,
andmassdistribution) of individual kneeextensorandflexormuscles,aswellasoverallsize
andsizeratio of thesemusclegroups.Therewerearangeof sexdifferencesin musclemor-
phologythatmaypredisposefemalesto greaterrisk of ACL injury, primarily, aspreviously
hypothesised[14], asmallerKF:KEsizeratio,but alsoaproportionatelysmallSAandGRand
aproportionatelylargeVL. Our finding of afundamentaldifferencein thebalanceof muscle
morphologyacrossthekneeprovidesalikely explanationfor thelowerKF:KEtorqueratio of
females[12±15],wouldbeexpectedto reducethefunctionalstabilityof thekneejoint andthus
maybeakeyfactorin thegreaterincidenceof ACL injuries in females.Thecleardifferencesin
theproportionalsizeof theconstituentKE(largerVL in females)andKF (smallerGRandSA,
but largerBFlhin females)further highlightedtheextentof thesexualdimorphismin muscle
sizewithin thethigh musculature.Thisdataalsoconfirmedour secondhypothesisthat females
havealargerBFlhasaproportion of theKF thanmales,whichmaycontributeto thehigher
risk of HSI in males.In addition,thedifferentproportionsof theconstituentKEandKF mus-
clesmayresultin long-termdifferencesin kneestabilityandloadingacrossthekneejoint and
thuscontributeto thesexdisparityin OA [30].

It iswellknown that femaleshavesmallermusclesthanmales[8,31,32],thiswasthecase
for all KFandKEin thisstudy.Thisconsistentsexdifferencein musclesizeiswidelyattributed
to lowerlevelsof androgenichormones,andparticularlytestosterone[33], in females.Females
hadsmallerKE(25%)andKF (30%)thanmales,andthegreaterdisparityin KF resultedin the
lowerfemaleKF:KEACSAmaxratio.Our previouswork found thelowerKF:KEstrengthratio
of femaleswasnot accountedfor bydifferencesin neuraldriveandledto thehypothesisthat
femalesmaysimplyhavedisproportionatelysmallerKF [14]. Thecurrentresultsconfirm this
hypothesiswith femaleshavingalowerKF:KEsizeratio (females0.55vsmales0.59)equivalent
to a7%smallerKF groupin relationto theKE.Thissizeratio differenceisconsistentwith the
commonobservationof lowerKF:KEstrengthratio in females[12±15]andsimilar in magni-
tudeto our previousfindingsfor strengthratio differences(50vs56%)[14]. Quadricepscon-
tractionelicitsanteriortibial translation,particularlywhenthekneeiscloseto full extension,
whichcanloadandultimatelyrupturetheACL [18]. Contrastingly,KF contractioncounter-
actsanteriortibial shearandmayprotecttheACL by improvingdynamicjoint stability
[34,35].ThisdisproportionatelysmallerKF musclegrouprelativeto KE in femalesmayreduce
theability to counteracttheanteriortibial translationandmaybeakeyfactorin females'
greaterincidenceof ACL injuries.On anindividual basis,therewereawiderangeof KF:KE
sizeratioswithin bothsexeswith somehighvalues(>0.65) amongstbothsexes.However,6
femaleshadaKF:KEsizeratio of <0.50comparedto only 1 male;theseindividualsmaybe
particularlyat risk of ACL injury. Resistancetraining isknown to increasemuscularsizeand
strength[36] therefore,theseresultsmayindicatetheimportanceof targetedKF resistance
training for injury preventionin females,especiallythosewith alow KF:KEstrength/sizeratio.

Whilst all theKEandKF musclesweresmallerin femalesthedifferencewashighlyvariable
with differencesfrom 16%(VL) to 44%(SA)smaller.Consequently,theproportionalsizeof
theconstituentmuscleswithin theKEandKF alsodisplayedamarkedsexdifferencethat
wouldalsobeexpectedto contributeto thediscrepancyin ACL injury incidence.Femaleshad
substantiallysmallerSA(44%)andGR(42%),subsequentlythesemuscleswereasmaller

Sex differences in thigh muscle morphology

PLOS ONE | https://doi.org/10.1371/journal.pone.0190903 January 23, 2018 10 / 15



proportion of theKF.ThelargesexdisparitybetweentheseKF muscles(SA,GR)contributed
to thelowerKF:KEACSAmaxratio.Consideringthat theSAandGRareknownto beimpor-
tant for controllingvalguskneeforces[23±25,37],thissexdiscrepancyin SAandGRACSA-
maxmayalsobeanimportant factorin females'greaterACL injury risk.TheSAalsoactsasa
hip externalrotator,that likely reducesthehip internalrotation associatedwith ACL injury
mechanisms[10]. Furtherinvestigationsutilising musculoskeletalmodelswith theability to
isolatetheeffectsof increasedtorqueproductionof thesespecificmusclesarewarranted.

Thefinding that femaleshaveasignificantlylargerVL asaproportion of theKEthanmales
isnoteworthy.TheVL producesvalgusmomentsat thekneebetweenkneeflexionanglesof
20±50Ê[37] andin combinationwith BF,whichwasalsofound to beproportionatelyhigherin
females,thismusclehasbeendemonstratedto increaseACL elongation[38]. Theproportion-
atelylargerVL of femalesmayprovideafurther anatomicalexplanationfor increasedfemale
ACL injury risk.

TheincreasedBFlhasapercentageof KF ACSAin femalesmayhavesignificantrelevance
regardingHSI.Maleshavebeenfound to haveahigherrisk of HSI thanfemales[3] andthe
mostcommonlyinjured hamstringmuscleis theBFlh[21,22].HSI typicallyoccursduring late
stageswingphasewhenBFlhisundergoinganeccentriccontraction[39,40].A proportionally
largerBFlhwithin theKF wouldbeexpectedto increasethecontribution of thismuscleto
eccentrickneeflexionstrength[20], reducingtherisk of eccentricoverloadin thismuscleand
thuscontributeto thelowerrisk of femaleHSI.A greaterrisk of HSI haspreviouslybeen
linked to alow H/Q strengthratio [41], but our findingsof alowersizeratio in femalesthat
areknownto experiencelessHSIs,indicatethat this ratio maynot beimportant for explaining
thesexualdimorphismin HSI.

Sexdifferencesin musclemassdistribution wereobservedin mostof themusclesexam-
ined,but weretypicallysubtle.Althoughpreviousresearchcomparedsexdifferencesin muscle
massdistribution with asinglevalue(muscleshapefactor:meanACSAasafractionof ACSA-
max[19]) thisstudycomparedmassdistribution alongtheentiremusclelength.However,the
functionalimplicationsof thesesexdifferencesin musclemassdistribution arecurrently
unknown.Futureinvestigationsshouldcompareall aspectsof muscle-tendonunit morphol-
ogyof kneejoint musculaturebetweenthesexesincludingarchitecture,ideallyusing3-D dif-
fusiontensorMRI thatwould facilitatecalculationof physiologicalCSA,aswellastendonand
aponeurosismorphology.

Thecurrentstudyhassomelimitations.Firstly,it did not includethefull complementof
KF with popliteusandgastrocnemiusexcluded.Futurestudieswouldbenefitfrom inclusionof
thesemusclesto evaluateall KF musclesto investigateanyfurther sexdifferencesin muscle
morphologythanthecurrentfindings.Secondly,despiteall participantsbeingrecruitedto
havelow-moderatelevelof physicalactivity,theiPAQ revealedasexdifferencein physical
activity(females>males).However,bothsexeswerebothstill categorisedasmoderatelyphysi-
callyactive[26], andgiventhatnoneof theparticipantshadanybackgroundof strength/
powertraining it seemsunlikely that thiswouldexplaintheobserveddifferencesin muscle
morphologyandit seemsprobablethat thesedifferencesareinnate.Futurestudiesshould
examinesexdifferencesin kneejoint musclemorphologyfor individualsparticipatingin agil-
ity sportswith ahigh incidenceof ACL/HSI.Althougheveryattemptwasmadeto removevisi-
blenon- contractiletissuefrom theanalysis,somenon- contractiletissuemayhavebeen
includedin theanalysis.Any non- contractiletissueincludedwouldhavebeensimilar for both
sexesandexpectedto haveminimal implicationson thefindings.Finally,assexdifferencesin
musclemomentarms[42], musclearchitecture[43] andtheareaoccupiedbydifferentmuscle
fiber types[44] couldinfluencemusculartorqueproduction,thesefactorsshouldbeincluded
in future investigationsalongsidemusclesizemeasurements.
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In conclusion,therewasasexdimorphismin musclesizebothbetween(i.elowerKF:KE
ACSAmaxratio of females)andwithin kneejoint musclegroups(disproportionatelylarger
VL andBFlh,but smallerSAandGRin females).Thesefindingswouldappearto contributeto
females'greaterrisk of ACL injuriespotentiallyby3 separatemechanisms(lowerKF:KEmus-
clebalance,disproportionatelysmallerSA/GR,disproportionatelylargerVL) andhighlight the
importanceof KF developmentwith resistancetraining for preventionof ACL injuries in
females.Thefindingsfrom thisstudymayform afoundationfor future interventionstudies
aimedatpositivelyalteringmusclesizeprofilesof femalesto reducetheir potentialrisk of ACL
injuriesandfor malesto reduceHSI.
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