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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 “10.3cm?; P 0.001) and
29.6% smaller KF ACSAmax than males (38.8 “7.3cm? vs 55.1 “7.3cm?; 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 (BFIh) 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

Sexdifferencesn therisk of specificsportsinjuries havebeenwidelydemonstratediemales
havea higherrisk of anterior cruciatekneeligament(ACL) injury [1,2] whilstmaleshavea
higherrisk of hamstringstraininjury (HSI) [3,4]. Femalefiavealsobeendemonstratedo suf-
ferfrom ahigherrisk of kneeosteoarthritigf OA) [5,6]. Variousanatomica[7,8] and bio-
mechanical9,10]differencedetweersexehavebeendocumentecandsuggestetb
contributeto the disparitiesn injury/diseaseisk. However possibladifferencesn the mor-
phologyof kneejoint musclebetweerthe sexehasreceivedelativelylittle attentionand
couldplayasignificantrolein the observedexdifferencesn injury/diseaseisk.

Thesexdiscrepancyn ACL injury incidenceis particularlystarkwith femaleslemonstrat-
ing a3x5timeshigherrisk of sustainingan ACL injury than maleswhenparticipatingin agility
sports(e.g.basketballsocceryolleyball[11]). A commonlycited contributor to this discrep-
ancyis the observatiorthat femalesavealowerhamstringso quadricepgH/Q) strength
ratio thanmaleq12+15]whichis thoughtto reflectreducedcapacityfor muscularstabilisation
of theknee[16,17].Quadricepscontractionelicitsanteriortibial translation[15], particularly
whenthekneeis closeto full extensionwhich canloadandultimatelyrupturethe ACL [18].
Contrastingly hamstringcontractioncounteractanteriortibial shearand may protectthe
ACL by improving dynamicjoint stability[15,16].

ThegreateH/Q strengthratio of malesvsfemalegloesnot appeartto beaccountedor by
differencesn neuraldrive to the quadricepandhamstringamuscleg14], andthereforeour
previouswork hypothesisethat femalesnaysimply haveadisproportionatelysmallerham-
stringmuscle[14]. Whilst it is wellknown thatfemalesavesmallermuscleshan malesand
thatthisis the casdor both the quadricepg19] andhamstringq 7], therelativesizeof these
musclesasnot beenexaminedA disproportionatelysmallhamstringamusclein femalegi.e.
low H/Q sizeratio) might represenifundamentalnatomicabifferencebetweerthe sexes,
thatwould beexpectedo resultin alow H/Q strengthratio [20] andmaypredisposéo knee
joint injury.

Sexdiscrepancies hamstringstraininjuries (HSI) havebeendemonstratedvith males
experiencing higherincidencethanfemaleg22.4 3.4vs11.5 2.6injuries per 1000athletes
respectively3]). HSI prevalenceariesbetweertheindividual hamstringmuscleswith a
muchhigherprevalencén the bicepsfemorislong head(BFIh) comparedo the semimem-
branosusr semitendinosu§?1,22].MalesmayhavearelativelysmallBFlhin comparison
to thewholehamstringggroup,which could exposehis muscleto greatedloadandinjury
risk. However hamstringamusclemorphologybetweerthe sexefasnot previouslybeen
compared.

Quantificationof thigh musclesizemayalsoallowfor evaluationof the contribution of
accessorineeflexormusclestherthanjustthe hamstringssuchasthe sartoriusandgracilis.
Previousesearcthascommonlyusedthe terminology: hamstringso quadricepsatio’ when
describingkneeflexors(KF) andkneeextensorgKE) torqueratios[14+16],whichis some-
whatsimplisticconsideringthat the sartorius gracilis popliteusand gastrocnemiusrealso
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agonistmuscledor kneeflexion. Therefore, kneeflexionto kneeextensiorratio' maybea
more appropriateandaccuratdaerm. The effectsof theseaccessoriKF haverarelybeendis-
cussedn theliteraturedespitethe significantrole of the sartoriusandgracilisin controlling
kneevalgus/varusoading[23+25] whichmaycontributeto acuteinjury risk and sexdiffer-
encesn kneejoint loading.Moreover,anysexdifferencesn kneejoint musclemorphology
would beexpectedo influencejoint loadingand stabilityandthusthejoint degeneratiorthat
typicallyoccurswith ageingand canleadto kneeOA, with evidencdor agreaterincidence,
particularlyof aggressiveA, in femaleg5].

Theaim of this studywasto investigat&kneejoint musclemorphology specificallyabsolute
andproportional size andmasdlistribution, of individual kneeextensomandflexor muscles,
aswellasoverallsizeandbalancesizeratio) of thesemusclegroups betweersexeslt was
hypothesisethat maleswvould havea significantlylargerK F:KEmusclesizeratio andfemales
would havealargerbicepsfemorislong headasa proportion of the KF musclegroupthan
males.

Methods
Participants

Sixty-sixhealthy young,participantswith alow-moderatdevelof physicaklctivity (34females,
32males)providedwritten informed consentprior to their participationin this study,which
wasapprovedoy the LoughboroughJniversity EthicalAdvisory Committee. Participantshad
aBMI of 26 kg.m?, no historyof traumaticlowerlimb injury (ACL rupture, fractureetc.)or
currentmusculoskeletatondition, andno experienceavith systematiphysicatraining. Body
massand heightweremeasuredisinga calibratedscaleand stadiomete(SecaHamburg,Ger-
many).Participantsphysicalactivity levelwasassessagsingthe InternationalPhysicalActiv-
ity QuestionnairgiPAQ) shortformat [www.ipag.ki.se/downlads.htm][26]. Participants
wereadvisedot to undertakeanyunaccustomed/strenuoyghysicalactivity for 36 hours
prior to their laboratoryvisit andto arrivein arelaxedstate havingeatenanddrunk normally,
andto sit quietlyfor 15minutesbeforehand.

Magneticresonancamaging (MRI)

A 1.5T MRI scanner(SignaHDxt, GE,CT, USA)wasusedto scanthe dominantlegin the
supinepositionwith the hip andkneejoints extendedT-1 weightedaxialplaneimageswvere
acquiredfrom the anterior superioriliac spineto the kneejoint spacen two overlapping
blocksandoil filled capsulesvereplacedon the lateralsideof the participantsthigh to help
with blockalignmentduring analysisThefollowing imagingparametersvereusedimaging
matrix: 512x 512pixels field of view:260mm x 260mm, in planespatialresolution:0.508
mm x 0.508mm, slicethickness5 mm, inter-slicegap:0 mm.

Imagesegmentationwasperformedmanuallywith Osirix softwareg(version4.0,Pixmeo,
GenevaSwitzerland) Thekneeextensomusclesvastusnedialis(VM), vastudateralis(VL),
vastusntermedius(V1), rectusfemoris(RF)andthefollowing kneeflexormuscleshamstrings
(bicepsfemorislong head(BFIh),bicepsfemorisshorthead(BFsh),semitendinosu¢ST),
semimembranosuéSM)), sartorius(SA) andgracilis(GR) musclesveremanuallyoutlinedin
everythird imagestartingfrom the mostproximalimagewherethe musclefirst appearedsee
Fig 1). DifferentiationbetweerVIl and VL utilisedthe methodsof Barnouinetal.[27]. One
investigatorconductedall the manualsegmentatiorof KE, whilstasecondnvestigatorana-
lysedKF. The maximalanatomicakross-sectionairea(ACSA)of eachmusclewasdefinedas
ACSAmaxandsummatedF and KE ACSAmaxwerecalculatedThis studyusedACSAas
the measuref musclesizeratherthan PCSAor musclevolume,dueto concernsabout:
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Fig 1. Exampleof MRI slicemid-thigh with the kneeextensorsand flexors manually segmented

https://abi.org/10.1371durnal.por.0190903.901L

accuratelydeterminingphysiologicalCSA[28], particularlyin the 10musclesassesséd this
study;andthat musclevolumemaybe confoundedby the greateteightand femurlengthof
malesThesizeof eachindividual muscle'sACSAmaxwasalsoexpressedsa proportion (%)
of the musclegroup (KF/KE) ACSAmaxFor examplefor RFasaproportion of the KE the
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equationwasasfollows:

s T i : 100

The KF:KEACSAmaxratio wascalculatedrom thesesummationsACSAmaxwasthe cri-
terion measureof musclesizein this studyasit is stronglyrelatedto musclestrength[29], and
not confoundedby differencesn musclelengthasis the casdor musclevolume.Nonetheless
to comparemusclemorphologyalongthe lengthof femur musclemasdistribution of both
sexesvascalculatedy expressingll ACSAvaluesasafraction of ACSAmaxFemurlength
(F.) wasmeasuredy analysinghe distancebetweerthe mostproximal (femoralhead)and
distalsliceqlateralfemoralcondyle)in which the femurwasapparentThepositionof all the
ACSAmeasurementalongamuscle(i.e.from everyslice)wereexpressedelativeto F_and
ACSAvaluednterpolatedevery5%k usingMatlab(Mathworksinc., MA, USA).Theintrara-
ter reliability for ACSAcalculatedrom therepeatedanalysiof sixMRI scanavas0.4%.

Statisticalanalysis

Dataarepresentecasmean SD. Sexdifferencesn the KF:KEACSAmaxratio wereanalysed
usingindependensamples-tests Sexdifferencesn ACSAmaxof eachmuscle sexdifferencesn
proportionalsizeof eachconstituentmuscle(relativeto the wholemusclegroupe.g.VL ACSA-
maxas¥KEACSAmaxjandsexdifferencesn musclemasdistribution wereanalysedising
two-wayANOVAs (Sex muscleSex muscleSex F, respectively)significantmain effects
werefurther examinedwith post-hoct-testswith Holm-Bonferronicorrection.Statisticakignifi-
cancewasdefinedasP<0.05.EffectsizewasmeasuredisingCohen'sD. All statisticaprocedures
wereperformedwith IBM SPSStatisticor Windows(Version22.0NY, 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 both groupswereof similar age(males20.6 2.5vs.females20.9 1.7yr).
Femalesveremorephysicallyactivethanmales(2,503 1,335vs.1,826 936MET-mins
week! , P=0.033)but both werecategorise@smoderatelyphysicallyactive[26].

Sexdifferencesin ACSAbetweenKF and KE

FemalesiadsmallerACSAmaxvaluedor allindividual KF and KE musclegshanmales
(Tablel,P<0.001,S1and S2Files).However the differencein ACSAmaxor femalesom-
paredto malesrangedfrom -16.19%(VL) to -43.6%(SA),suchthatthe sexuadimorphismwas
2.7-foldgreaterfor the SAthanthe VL (Fig 2). Femalefiada 25.3%smallerKE ACSAmax

thanmales(70.9 12.1cnf vs93.6 10.3cnf) and 29.6%smallerK F ACSAmaxthanmales(38.8
7.3cm?vs55.1 7.3cnf). Consequentlyfemalesadalower KF:KEACSAmaxatio (0.55
0.08 vs0.59 0.07;P=0.031;Tablel, Fig 3).

Sexdifferencesin proportional sizeof constituent muscles

Thereweresexdifferencesn the proportionalsizeof 2/4 constituentK E and 5/6 constituent
KF musclesin femalesYL (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 the KE
thanin maleg(Fig4A). Additionally, in femaleBFIh(26.8 2.8vs23.5 2.6%,P<0.001,d 1.23)
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Tablel. Sexdifferencesin ACSAmaxof individu al musclesand whole KF and KE musclegroupsaswell asthe KF:KE ratio. Datapresetedasmean SD(range).

Male (n = 32) Female(n = 34) P Value EffectSize
KE (cm?)
VM 24.3 3.2(19.2+34.9) 18.2 3.5(12.6+26.% <0.001 1.80
\ 26.2 3.8(19.2+34.1) 18.3 3.6(13.4+29p <0.001 2.17
VL 29.2 3.9(22.5+38.3) 245 5.2(18.2+37 % <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+18.1) 70.9 12.1(57.4+10€) <0.001 2.03
KF (cm?)
BFsh 8.1 3.1(5.7+x11.4) 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(7.6x1%5) <0.001 121
SM 13.2 2.8(9.2+19.6) 10.3 2.1(6.2+149) <0.001 1.18
ST 11.5 2.5(6.3+x17.1) 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(1.945.3) <0.001 2.45
Total 55.1 7.3(40.5+71.4) 38.8 7.3(28.4+56.y <0.001 2.25
KF:KERatio 0.59 0.07(0.49+075) 0.55 0.08(0.40+0.77) 0.031 0.59

https://da.org/10.1371¢urnal.pon®190903.t001

andSM(26.4 3.2vs23.8 3.3%,P<0.001,d 0.80)wereagreatemproportion andSA(6.0 0.9
vs7.5 1.0%,P<0.001,d 1.60),GR(7.8 1.2vs9.5 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 the KF thanin maleg(Fig 4B).

Sexdifferencesin musclemassdistribution

The ACSAvaluesf eachmusclefor both sexesinterpolatedevery5%hk andnormalisedto
ACSAmaxshowedsexdifferencesn musclemasdistribution for all 4 KE and4/6 KF, the
exceptiondeingBFIhand GR (Fig 5). For the KE, the differencesn masdlistribution were

Fig 2. The magnitude of the sexdifferencefor individu al KE (dark grey)and KF (light grey) musclesDataare
presentechismeanfemaleACSAmMax(n = 34)asthe percentaglesgshanmeanmaleACSAmax(n = 32). Thesex
differencerangedfrom 16.1%for the VL to 43.6%or the SA.

https://abi.org/10.1371durnal.por.0190903.902
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Fig 3. Kneeflexors (KF) to kneeextensor(KE) ACSAmaxratio for individu al participants (diamonds) and meanfor males(n = 32,dark
greybar) andfemales(n = 34light greybar). P<0.05.

https://doiorg/10.13714urnal.pon®190903.g08
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Fig 4. Proportional sizeof individual musclesrelative to whole musclegroup size(ACSAmax %kneeextensor(A) %kneeflexor (B)
ACSAmax) Dataaremean SD of malegn = 32)andfemalegn = 34). P<0.05.

https://cbi.org/10.137/4ournal.pon®190903.9g004
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Fig 5. Musclemassdistribution of males(n = 32blackline) and females(n = 34 dark greyline). MeannormalisedACSA(%
ACSAmax)of theindividual kneeextensorgA) andkneeflexors(B) alongthe lengthof the femur (distal:0%to proximat100%)Areas

of significantsexdifferences areshownby light greyshading(P<0.05).

https://da.org/10.1371durnal.pon®190903.g05
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subtlefor VM and RF,but wereovergreateregionsof the VL andVI. For KF, sexdifferences
in musclemasdistribution weresubtlefor BFlhand SAwhile differencesverefound over
greateregionsin SMandST.

Discussion

This studyinvestigatedexdifferencesn musclemorphology(absoluteand proportionalsize,
andmasdistribution) of individual kneeextensorndflexor musclesaswellasoverallsize
andsizeratio of thesemusclegroups.Therewerearangeof sexdifferencesn musclemor-
phologythat maypredisposdéemalego greaterisk of ACL injury, primarily, aspreviously
hypothesisefll 4], asmallerKF:KEsizeratio, but alsoaproportionatelysmallSAand GRand
aproportionatelylargeVL. Our finding of afundamentaldifferencein the balanceof muscle
morphologyacrosghe kneeprovidesalikely explanatiorfor the lower KF:KEtorqueratio of
femaleg12+15],would beexpectedo reducethe functional stability of the kneejoint andthus
maybeakeyfactorin the greaterincidenceof ACL injuriesin femalesThecleardifferencesn
the proportionalsizeof the constituentkKE (largerVL in femalespnd KF (smallerGRand SA,
but largerBFlhin females¥urther highlightedthe extentof the sexualdlimorphismin muscle
sizewithin the thigh musculatureThis dataalsoconfirmedour seconchypothesighatfemales
havealargerBFIhasaproportion of the KF than maleswhich maycontributeto the higher
risk of HSIin malesln addition, the differentproportionsof the constituentKE and KF mus-
clesmayresultin long-termdifferencesn kneestabilityandloadingacrosghe kneejoint and
thuscontributeto the sexdisparityin OA [30].

It iswellknown that femaleavesmallermusclegshanmaleg8,31,32]thiswasthe case
for all KF andKE in this study.This consistensexdifferencein musclesizeis widelyattributed
to lowerlevelsof androgenichormonesand particularlytestosterong33], in femalesFemales
hadsmallerKE (25%)and KF (30%)than malesandthe greatedisparityin KF resultedn the
lowerfemaleKF:KEACSAmaxratio. Our previouswork found the lower KF:KEstrengthratio
of femalesvasnot accountedor by differencesn neuraldrive andledto the hypothesighat
femalesnaysimply havedisproportionatelysmallerKF [14]. The currentresultsconfirm this
hypothesisvith femaleavingalowerKF:KEsizeratio (female€.55vsmales0.59)equivalent
to a7%smallerKF groupin relationto the KE. This sizeratio differences consistenwith the
commonobservatiorof lower KF:KEstrengthratio in femaleg12+15]andsimilarin magni-
tudeto our previousfindingsfor strengthratio difference450vs56%)[14]. Quadricepgon-
traction elicitsanteriortibial translationparticularlywhenthe kneeis closeto full extension,
which canloadand ultimatelyrupture the ACL [18]. Contrastingly KF contractioncounter-
actsanteriortibial shearand mayprotectthe ACL by improving dynamicjoint stability
[34,35].ThisdisproportionatelysmallerKF musclegrouprelativeto KE in femalesnayreduce
the ability to counteracthe anteriortibial translationandmaybeakeyfactorin females'
greaterincidenceof ACL injuries.On anindividual basistherewereawiderangeof KF:KE
sizeratioswithin both sexesvith somehigh valueq>0.65) amongstboth sexesHowever,6
femaleshadaKF:KEsizeratio of <0.50 comparedo only 1 male;thesandividualsmaybe
particularlyatrisk of ACL injury. Resistanctaining is known to increasemuscularsizeand
strength[36] therefore theseresultsmayindicatethe importanceof targetedKF resistance
training for injury preventionin femalesespeciallyhosewith alow KF:KEstrength/sizeatio.

Whilst all the KE and KF musclesveresmallerin femaleghe differencewashighly variable
with differencegrom 16%(VL) to 44%(SA)smaller. Consequentlythe proportional sizeof
the constituentmuscleswithin the KE andKF alsodisplayeda markedsexdifferencethat
would alsobeexpectedo contributeto thediscrepancyn ACL injury incidence Female$iad
substantiallysmallerSA(44%)and GR (42%) subsequentlthesemusclesvereasmaller
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proportion of the KF. ThelargesexdisparitybetweertheseKF muscle{SA,GR) contributed
to thelowerKF:KEACSAmaxratio. Consideringthatthe SAand GRareknown to beimpor-
tantfor controlling valguskneeforces[23+25,37]this sexdiscrepancyn SAand GRACSA-
maxmayalsobeanimportantfactorin femalesgreaterACL injury risk. The SAalsoactsasa
hip externalrotator, thatlikely reduceghe hip internalrotation associatewith ACL injury
mechanismg$10]. Furtherinvestigationautilising musculoskeletahodelswith the ability to
isolatethe effectof increasedorqueproduction of thesespecificmusclesarewarranted.

Thefinding thatfemaleshaveasignificantlylargerVL asaproportion of the KE thanmales
is noteworthy.TheVL producesralgusnomentsat the kneebetweerkneeflexion angleof
20+50837] andin combinationwith BF,which wasalsofound to beproportionatelyhigherin
femalesthis musclehasbeendemonstratedo increaseACL elongation[38]. The proportion-
atelylargerVL of femalesnay provideafurther anatomicakxplanatiorfor increasedemale
ACL injury risk.

TheincreasedBFlhasapercentagef KF ACSAIn femalesnayhavesignificantrelevance
regardingHSI. Maleshavebeenfound to haveahigherrisk of HSI thanfemaleg3] andthe
mostcommonlyinjured hamstringmuscleis the BFIh[21,22].HSI typicallyoccursduring late
stageswingphasenvhenBFlhis undergoingan eccentriccontraction[39,40].A proportionally
largerBFlhwithin the KF would beexpectedo increasehe contribution of this muscleto
eccentridkneeflexion strength[20], reducingtherisk of eccentricoverloadin this muscleand
thuscontributeto the lowerrisk of femaleHSI. A greaterisk of HSI haspreviouslybeen
linked to alow H/Q strengthratio [41], but our findings of alower sizeratio in femaleghat
areknown to experiencdessHSIs,indicatethatthis ratio maynot beimportant for explaining
the sexuadimorphismin HSI.

Sexdifferencesn musclemasdistribution wereobservedn mostof the musclesxam-
ined, but weretypicallysubtle Although previousresearcltomparedsexdifferencesn muscle
masdistribution with asinglevalue(muscleshapdactor:meanACSAasafraction of ACSA-
max[19]) this studycomparedmasdistribution alongthe entire musclelength.However the
functionalimplicationsof thesesexdifferencesn musclemasdistribution arecurrently
unknown. Futureinvestigationshouldcompareall aspect®f muscle-tendorunit morphol-
ogyof kneejoint musculaturebetweerthe sexegncluding architecturejdeallyusing3-D dif-
fusiontensorMRI thatwould facilitatecalculationof physiologicalCSA,aswell astendonand
aponeurosisnorphology.

The currentstudyhassomelimitations. Firstly, it did not includethefull complemenbf
KF with popliteusand gastrocnemiugxcludedFuturestudiesvould benefitfrom inclusion of
thesemusclego evaluatall KF musclego investigateanyfurther sexdifferencesn muscle
morphologythanthe currentfindings. Secondlygdespiteall participantsbeingrecruitedto
havelow-moderatdevelof physicalactivity,the iPAQ revealeda sexdifferencein physical
activity (females>males}owever both sexesvereboth still categoriseédismoderatelyphysi-
callyactive[26], and giventhat noneof the participantshadanybackgroundof strength/
powertraining it seemsinlikely that this would explainthe observedlifferencesn muscle
morphologyandit seem$probablethatthesedifferencesreinnate.Futurestudiesshould
examinesexdifferencesn kneejoint musclemorphologyfor individualsparticipatingin agil-
ity sportswith ahighincidenceof ACL/HSI. Althougheveryattemptwasmadeto removevisi-
ble non- contractiletissuefrom the analysissomenon- contractiletissuemayhavebeen
includedin the analysisAny non- contractiletissueincludedwould havebeensimilar for both
sexesndexpectedo haveminimal implicationson the findings.Finally,assexdifferencesn
musclemomentarms[42], musclearchitecturg43] andthe areaoccupiedby differentmuscle
fiber types[44] couldinfluencemusculartorqueproduction,thesefactorsshouldbeincluded
in future investigationsalongsidenusclesizemeasurements.
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In conclusiontherewasasexdimorphismin musclesizeboth betweer(i.e lower KF:KE
ACSAmaxratio of femalesandwithin kneejoint musclegroups(disproportionatelylarger
VL andBFIh,but smallerSAandGRin females)Thesdindingswould appeairto contributeto
femalesgreaterisk of ACL injuries potentiallyby 3 separatenechanismglower KF:KEmus-
clebalancedisproportionatelysmallerSA/GR disproportionatelylargerVL) andhighlightthe
importanceof KF developmentvith resistanceraining for preventionof ACL injuriesin
femalesThefindingsfrom this studymayform afoundationfor futureinterventionstudies
aimedat positivelyalteringmusclesizeprofilesof femaledo reducetheir potentialrisk of ACL
injuriesandfor malesto reduceHSI.
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