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Abstract

Investigation of femalelower limb musclereaction to

multidirectional perturbation

Lishani Mahendrarajah

Anterior cruciateligament(ACL) injuriesaremoreprevalentin femaleathletescompared
to maleathletesResearcherbaveexploredthe mechanisnof an ACL injury in both malesand
females using mathematicalmodeling, interview, in-vivo arthroscopy, clinical evaluation,
cadaverstudies,motion analysis,and electromyographyHowever,an unexpectederturbation
that mimics an ACL injury mechanismhasnot yet beenused. Therefore,this study explorel
lower extremity muscle activity following an unexpectedperturbation that mimics the
mechanisnof an ACL injury aswell asthe contributionof theinitial stanceof the athleteto an
injury.

FemaleConcordiavarsity athleteswere recruiied in Montreal, QC. Data was collected
usingthe VICON motion capturesystem,NoraxonDTS EMG, and a goniometer.Participants
wereaskedto maintainbalanceon their nonrdominantleg duringunexpectegberturbationsn the
lateral, posterior,and rotationalmotionsas well asa combinationmotion that mimics an ACL
injury mechanism.

The meanEMG valueswere greatesturing the postperturbationphasefor all muscles
comparedo the pre-perturbationand perturbationphasedor both kneeconditions.The time of
occurrenceof the maximumEMG valuesrevealedhatthe muscleseachedhe maximumEMG
value later following the onsetof perturbationin the rotation directionin orderto stabilizethe

kneejoint and/ormaintainbalanceduringthelateral,posteriorandcombinationperturbations.
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1.0 Theoretical Context

1.1  TheBurden of ACL Injuries in Sport

Basketballandsocceraresportsin which athletesareexposedo stressesindstrainsthat
increaseherisk of injury in thelower extremity(Weltin etal., 2016 Malinzaketal., 2001) Due
to its popularity, researcherfiave beenfocusingon finding methodsto preventtheseinjuries
through training. Although the injury reportsare similar betweenmalesand females,female
athletedrequentlyreporthip, lower leg andshoulderinjuries andmaleathletedrequentlyreport
thighinjuries(Sallisetal., 2001).Thereportednjuriesoccurmoreoften duringcompetitionthan
a practicesessionNewmanand Newberg,2010) (Ireland, 1999). The mostcommoninjuriesin
basketbalbarelower extremityinjuries, with lateralanklesprainscomposing.4%of all reported
injuries in the NBA over a 10 year study from 19881989to 19971998 (Agel et al., 2007).
Federationinternationalede Football Association(FIFA) hasalsoreportedthat 17% of overall
injuries are lower extremity injuries of which 12% is reportedas knee injuries, and 18% is
reportedas ankle injuries (FIFA, 2014). Throughjumps, sprints,and repeatedstopsand starts
involving decelerationand acceleation as seenin basketballand soccer, the knees are
susceptibleto acuteand overuseinjuries (Omi et al., 2018)Steffenet al., 2016)Agel et al.,
2007)(Silversetal., 2005)(McLearet al., 2005)(Silvers& Mandelbaum2007)(Malinzaketal.,
2001). Landing kneejoint kinematics,cutting, pivoting, and skeletalalignmentare factorsthat
contributeto kneejoint injuries (Wangetal., 2015).A 6-yearstudyconductedoy the Australian
Institute of Sport demonstratedhat knee injuries composel8.8% of reported injures while
16.6%are ankleinjuries. Although thereis a high percentagef reportedkneeinjuries overall,

the ankle sprainis the most commonlyreportedinjury (Hickey et al., 1997). Overall, 66% of



injuries relatedto sportsare lower extremity injuries (Paduaet al, 2018). Of the reportedknee
injuries, there has been a rise in anterior cruciate ligament (ACL) injuries as well as
patellofemorajoint injuries sincemid-1970s,which cannotbe explainedsolely by the increase
in thenumberof femaleathleteqBaker,1998).

Femaleathletesaremoreproneto ACL injuriesin comparisorto maleathletePaduaet
al, 2018)(Agelet al., 2007)Ireland,1999) (Slauterbaclet al., 2002).In basketballthe femaleto
maleratio for ACL injuries wasreportedas 3.5:1 (Prodromoset al., 2007).In soccer,a recent
study reportedan ACL injury rate of 2.55 per 10 000 athletes(Thompsonet al., 2017).
Furthermore studiesinvolving femalebasketballathletesdemonstratedhat ACL injuries were
reported2 to 5 times more by female athletescomparedto male athletes(Burnhamet al.,
2017 Thompsonet al., 2017)(Stefferet al., 2016)Trojian and Ragle,2008)(Ireland, 1999). A
10 year cohort study also revealedthat female basketballathleteswere 2.89 times more
susceptibléo ACL injuriescomparedo malebasketbalplayersandfemalesoccermplayerswere
2.29times more susceptibleo ACL injuries comparedo male soccerplayers(Ireland, 1999).
Studieshavealsodemonstrate@dn incidencerateashigh as8:1 whencomparingfemaleathletes
to maleathleteg(Malinzak et al., 2001)(Lindenfeldet al., 1994)(Wojtyset al., 2003).1t hasalso
beenreportedthat 70-78% of ACL injuriesaredueto a non-contactinjury mechanisn{Paduaet

al., 2018)Goldenetal., 2009)(Silvers& Mandelbaum2007)(McLearetal., 1999).

ACL tearsare consideredne of the mostsevereinjuries asthey resultin a significant
lossof time on the courtor field andrequiresurgicalrepairfollowed by extensiverehabilitation
(Hickey et al., 1997). Femaleparticipationin sportactivitiesand subsequenfACL injuries have
increaseasincethe establishmenof Title IX of the United StatesEducationAmendmentsAct of

1972, which statedthat, an activity or educationprogramfinancedby the federalgovernment



cannot prohibit participation basedon sex (Hewett et al., 2009)(Silvers& Mandelbaum,
2007)(Hustor& Wojtys, 1996)(Myeretal., 2005).In 1985,approximately50 000kneesurgeries
were performedin the United Statesand 65% of the injuries occurredduring sports(lreland,
1999). 1t is now estimatedhat approximatelyl00 000 - 250 000 ACL reconstructiorsurgeries
are performedeachyear in the United States(Sugimotoet al., 2012) (Hewett et al., 2009)
(Silvers& Mandelbaum2007). The estimatedcostassociatedvith eachACL injury is US $17
000 to $38 000, which includesdiagnostictests,surgery,and rehabilitation(Paduaet al, 2018)
(Sugimotoet al., 2012) (Hewettet al., 2010). The overall annualcostof ACL reconstructiorin
the United Staesis estimatedo be US $1.7-3 billion (Paduaet al., 2018 Sugimotoet al., 2012)
(Hewettetal., 2009)(Silvers& Mandelbaum2007). Of thistotal, US $650million is allottedto
female high school and collegiate varsity athletes(Hewett et al., 2009). Following an ACL
injury, an athleteloses6 monthsor more of sportsparticipation,and is at a higher risk of
sustaininga secondACL injury (Swgimoto et al., 2012). During this time, the athletemay also
lose scholarshigunding, performpoorly academicallyand sustainlong-term disability (Hewett
et al.,, 2010). Although 82% of athletes continue participating in sports following ACL
reconstructre surgery,only 63% of athletesareableto returnto the samelevel of engagemenn
sportactivitiesprior to their injury andonly 44% of athletesareableto returnthe samelevel of
conmpetition prior to injury (Paduaet al., 2018). Burnham et al. (2017) also suggestsan
individualizedapproachto reconstructiorand neuromusculatraining may help recoveryrates.
ACL injuries also put the athleteat risk for osteoarthritisl0-15 yearsafter injury occurrence
(Omi et al., 2018)Paduaet al., 2018)Fox et al., 2017)Steffenet al., 2016)Quatmanet al.,
2009 McLeanetal., 2005).A studyin Swedenrevealedthat 34% of the populationof females

who were previously soccer athletes with ACL injuries had radiographic evidence of



osteoarthritigSilverset al., 2005).A decreaseduality of life dueto limited kneemotionandan
increasan costof healthcareesultfrom theseconsequenceg$Sugimotoet al., 2012).As aresult
of thesefactors, female noncontact ACL injury researchhas been conductedfocusing on
associatedrisk factors, the mechanismof the injury explainedthrough biomechanicaland

neuromusculainfluencestherole of legdominanceandmethodsof injury prevention.

1.2  Risk Factors Affecting FemaleACL Injuries

As a result of the evidenceindicatingthat womenare at a higherrisk of a noncontact
ACL injury, therehavebeenseveralstudiesthataim to determinethe differencesbetweermales
and femalesto explainthe increasedncidenceof ACL injuriesin femde athletes.Therehave
been differencesfound betweenmales and femalesthrough the comparisonof anatomical,
hormonal,biomechanicabnd neuromusculafactors,but it wasnot possibleto provethatthese
factors are contributorsto the risk of an ACL injury (Steffen et al., 2016)Quatmanet al.,

2009)(Silvers& Mandelbaum2007).

Risk factorsreportedoy the InternationalOlympic Committeethatareassociateavith the
increasechumberof overall reportedinjuries by female athletesare preovulatoryphaseof the
menstrualcycle, decreasedntercondylarnotch width, and a predispositionto increasedknee
abductionduring landing as the tibia movesaway from the femur medially (Renstromet al.,
2008) (Carson& Ford, 2011) (Vescovi,2011).An increasdn hormones,specificallyoestrogen
and relaxin, has been correlatedwith a decreasen collagen production, which affects the
recovery of tendons and ligaments (Silvers et al., 2005)(Silvers & Mandelbaum,2007)
(Slauterbaclet al., 2002). However,this changein hormonelevels cannotbe usedasevidence
to explain ACL injuries during the menstruakycle (Silverset al., 2005).During increasecknee

abduction thereis also a valguscollapseat the kneejoint, which may be a resultof a greater



posterolateraltibial plateau slope in femaleswith ACL injuries, exposingthe athletesto
increasedateralrotationsin thetransversglane(Quatmaretal., 2009).A review of theinjuries
andrisk factorsby Alentorn et al. (2009) demonstratesther associatedisk factors for lower
extremityinjuries,which includeanatomicalisk factorssuchasBMI, kneehyperextensionpint
laxity, aswell asgeneticpredispositionand prior history of injuries. Other developmentaind
hormonalrisk factorsinclude pubertaland post pubertalmaturation,and ACL tensilestrength.
Biomechanicalrisk factorsinclude knee abduction,anteriortibial shear,lateral trunk motion,
tibial rotation,dynamicfoot pronation,fatigue,andgroundreactionforces.Neuromuscularisk
factorsincluderecruitmentof hamstringfibers, hip abductionstrength,andtrunk proprioception
(Alentorn et al., 2009). When comparedio males,the crosssectionalareaand strengthof the
lower extremity musclesarelessin females.The kneejoint ligamentsof femaleathletesof the
National CollegiateAthletic Association(NCAA) hadlessmuscularprotectiondueto decreased
torsionalstiffnessof the musclesduring externalloading comparedio male athletesof similar
size and sport (Wojtys et al., 2003). Among theserisk factors, extensiveresearchhas been
conductedover severaldecadego determinethe extentof the influence of biomechanicabnd

neuromusculafactorson femalenon-contactACL injuries.

1.3  ACL Injury Mechanism

1.3.1. History of ACL Injury Mechanismand Diagnosis

Although the diagnosisof an ACL injury haschangedover time asa resultof research
andpracticeover severaldecadesthe proposednechanisnof an ACL injury remainssimilar. In
1976, Feaginet al. reportedthat the occurrenceof most non-contactACL injuries is during
deceleratiorandchangen directionof motion. The mechanisnwasdescribedasa valgusstress

at the kneejoint dueto externalrotationof the lower leg (Feaginet al., 1976).During the same



year,Torg et al. (1976)reportedthatthe ACL is not the solefactor controlling kneestability in
the anteroposteriodirection and that ACL tearswere discoveredduring 79% of surgeriesto
repairtorn medial menisci.During the 1970s,the anteriordrawertestandL a ¢ h mtastw@re
usedas methoa for ACL tear diagnosis.However,L a ¢ h mt@stwiasreportedas the most
reliableto detectACL instability (Torg et al, 1976).During the pivot shift test,thosewith ACL
injuries are ableto function confidentlywhen movementsarein the sagittalplanebut describe
instability when movementsare rotational (Quatman& Hewett, 2009). Properdiagnosisof an
ACL injury wassaidto usevariousclinical teststo be ableto takeinto accountor rule outinjury
of the medialmeniscugTorg et al., 1976). Repaiing the ACL by usinga figure 8 suturewas
deemedunsatisfactoryFeaginet al., 1976). Although the explorationof preventiontechniques
was not yet mentioned,the importanceof a proper ACL tear diagnosiswas being explored
(Feaginetal., 1976)(Torg etal., 1976) (Buckleyetal., 1989).In 1989,Noyeset al. determined
thatthe ACL mustbe stretchedb0% morethanits restinglengthfor failure. ACL injury research
alsofocusedon its debilitating effect andthe occurrenceof a partialto completetear (Noyeset
al., 1989) (Donald et al., 1985). Rehabilitation post ACL surgery included hamstring
strengtheningwhereasquadricepsstrengtheningwas delayed, demonstratingthat the basic
understandingof the ACL injury mechanismand rehabilitation was similar (Buckley et al.,

1989).
1.3.2 Influence of BiomechanicalFactors

From an epidemiological view, the exact mechanismof an ACL injury is still
inconclusive(Kobayashiet al., 2010). The planesof the kneemotion aswell asthe loadingand
mechanisnof an ACL injury havebeenstudiedthroughmathematicamodeling,interview, in-

vivo arthroscopy,clinical evaluation,video analysis,motion analysis,and electromyography



(EMG) analysis.Thesemethodsof analysishaveled to inconclusiveresultsand contradictons
(Quatman& Hewett,2009).At 20-30 degreef kneeflexion, the ACL is expectedo provide
85% of the total restraintto anteriortranslationof the tibia at the kneejoint. The notionthatthe
anglesof the kneesat full extensionin the sagittalplare and strongforcesfrom the quadriceps
musclesare the main contributorsto ACL injury is common(Quatman& Hewett, 2009). An
epidemiologicalstudy by Kobayashiet al. (2010) revealedthat the dynamicalignmentof the
lower extremitythat was mostcommonfor ACL injury waskneevalgusandfoot abduction.A
studyconductedy Numataet al. (2017)alsoconfirmedthatdynamickneevalgusis arisk factor
for ACL injury. Kneevalgusmay be dueto the distal tibiad sbductionmotion relativeto the
femur or internal/externatotationalmotion at the kneejoint in the transverselanebetweerthe
tibia and femur. Other studiessuggesthat as the angle at knee flexion increasesthe internal
rotationof thetibia alsoincreasesip to 21 degreesf rotationwith kneeflexion at 90 degrees,
thereforeincreasingthe strain placedon the ACL. In addition to this, in-vivo biomechanical
analysesandvideo analysesiaveshownevidenceof movemenin the coronalplaneaswell with
anincreasen valgusloadat the kneejoint duringinjury occurrencgMyer et al., 2009)(Quatman
& Hewett,2009).Anotherstudyindicatedthata changdan theinitial stanceby bendingtheknees
to attain a crouched position allowed for better balance during anterior and posterior
perturbations(LeVangie, 2013). Therefore, this information reveals that noncontact ACL
injuries are due to the load that the ligamentsof the kneejoint must shareas a result of an
increasein load or motion in the sagittal, coronal, and transverseplanesor multiple planes

(Quatman Hewett,2009).

Thereis also evidencethat the mechanisnof an ACL injury is different betweenmales

andfemales.Studiesthat combineboth biomechanicabnd epidemiologicalstandpointsuggest



thatkneemovemenin the coronalplaneand torquesare predictorsof non-contactACL injuries
in femaleathletedQuatman% Hewett,2009)(Myeretal., 2009). The mechanisnof non-contact
ACL injuriesin womenduring basketballs mostly throughvalguscollapsein the coronalplane
(Quatman& Hewett, 2009)(McLeanetal., 2005).As seenin Figurel, the kneeis alsobetween
0 degreesand 30 degreesnearfull extension,and externaltibial rotationis presentduring a
decelerationrmotion while the foot is plantedcomparedto male athletes(Quatman& Jewett,
2009)(Silversetal., 2005).Within the athleticpopulation the kneevalgusmotionandtorqueare
higherin femalesthanmales(Quatman& Hewett,2009).Kneeabductionangleis alsolargerin
female athletescomparedto male athletes, measurig more than 8 degreescomparedto
uninjuredathletegHewettet al., 2009) (Bodenet al., 2009).Peakarticularpressuresrepresent
atthe posteriorandlateralaspecbf thetibia andthe lateralcondyleof the femurwhenthereis a
5° abductionangle a the kneejoint. Thereis also increasedACL strain during a combined
motion involving abductionand anterior translationof the tibia when thereis a 5° abduction
angle at the kneejoint. Mathematicalmodelinghas demonstratedhat a perturbationduring a
sidestepmaneuvemay causeexternalvalgus(Quatman& Hewett,2009). Therefore,a valgus
collapseat the kneejoint throughthesemotionswould resultin an ACL injury. By decreasing
thesekneemotions(abductionanteriortranslationjnternalandexternalrotationof thetibia), the

risk of femaleACL injuriescanbereducedQuatmaretal., 2011)(Ireland,1999).
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Figure 1. Male and Female Loading Mechanism. Adapted from fi T ramterior cruciate ligament injury
controversy: is évalgus collapse6 @sex-specific me ¢ h a n i by @R. Qéatman and T.E. Hewett, 2009.



Imaging and diagnosticsof bonebruisingalsorevealthat a valguscollapseis the likely
occurrenceaduringan ACL injury. As indicatedin Figure2, magneticresonancémagesindicate
bruising presentfor 80% of the studieson the lateral femoral condyle and the posteriorand
lateral sections of the tibial plateau following an ACL injury (Quantman & Hewett,
2009)(Quatmaretal., 2011).In additionto this, theimagesrevealthroughbruisingon the lateral
aspecbf thetibia andfemurthatthereis lateralcompressionthatoccurswhenthereis unloading
at the medal aspecof the kneejoint (Quantman% Hewett,2009). The maneuverghat may be
responsibldor bruisingon the posteriortibial plateauareinternalrotation,abduction,or anterior
translationof the tibia, aswell as externalrotation of the femur (Quantman& Hewett, 2009).
Femalebone bruising was mostly presentposteriorand lateral on the tibia following an ACL
injury. Male bonebruisingmostly revealedmedial meniscalinjuries aswell aslateralcollateral
and posteriorcruciateligamentinjuries. Therefore this evidenceindicatesthat ACL injuriesin
femalesare due to a valgusmotion whereasACL injuries in malesare dueto motionsin the
sagittalplaceat the kneejoint (Quantman& Hewett,2009).Similar to this, McLeanetal. (1999)
reportedtha male athletesspentmore time on stabilizing the kneejoint in the sagittal plane
duringthe stancephaseof the cuttingmaneuvecomparedo femaleathleteswhich corresponds

to alongerperiodof eccentricquadricepsontraction.

Figure 2. Magnetic Resonance Imaging of ACL Injury Loading Mechanism . Adapted from fi T haeterior cruciate ligament
injury controversy: is Gvalgus collapsed @sex-specific me ¢ h a n i by @E. Qéatman and T.E. Hewett, 2009.



1.3.3 Influence of Neuromuscular Factors

Theactivecontractionof the muscleghat causestiffnessat the kneejoint is animportant
factor when evaluatingstability of the kneejoint, sincethe strengthand recruitmentpatternof
musclesare crucial for knee stability. The ligamentsand musdes of the knee joint endure
externalloads.A shearoadis sharedbetweenhe ligamentsandthe muscleshatcrossthe knee
joint andis usually equalto the stiffnessthat is generatedt the joint (Wojtys et al., 2003). If
thereis lessstiffnessin the musclesof the joint, then mostly the ligamentsand other structures
that are presentmustsupportthe load, which in turn mayleadto a ruptureof the ligamentasa
result of increasedstiffness. The co-contractionof musclesdecreaseshe anteropostear and
rotational displacemenimotions of the kneejoint (Steffenet al., 2016 Wojtys et al., 2003).
When performinga landing task, femalesland with lessflexion at the kneejoint comparedo
males, leadingto a neuromusculaimbalance.In this instance the quadricepsmuscle group
dominatesin the extendedposition to stabilize the knee joint (Hewett et al., 2010). The
guadricepsnusclegroupencouragethe occurrencef an ACL injury sinceits attachmenbn the
tibia may causeananteriorshearforce. Contraryto this, the hamstringmusclegroupprotectsthe
ACL by preventing excessiveanterior tibial translation. If the hamstring muscle group
contractionis delayedcomparedo the quadricepsthe ACL maybeatrisk of rupture(Thompson
etal., 2017 Ueno et al., 2017)Steffenet al., 2016)Silvers& Mandelbaum2007)(Malinzaket
al., 2001)(Bennettet al, 2008). Early contractionof the quadricepsmusclesin unplanned
situationsduring a landingtask may also causeACL injuries as a resultof anteriortibial force
(Uenoet al., 2017).In additionto this, a study conductedby Ruanet al. (2017) suggestghat
staticstretchingof the hamstringreduceso-contractionof the hamstringandquadricepsbut did

not increag the risk of an ACL injury dueto cutting tasks Cadaverstudiesalso demonstrated
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that ACL injuries were more likely dueto an increasein quadricepsorce and anteriortibial
force during valgusloads.(Quatman& Hewett,2009). Anothercadavericstudyapplied anterior
shearmotion and internal tibial rotation to the kneejoint and the resultsconfirmed previous
findings (Bateset al., 2017). A study comparingrecreationalathletesdemonstratedhrough
EMG data that female athleteshave increasedquadricgs muscle contractionand decreased
hamstringmusclecontractionas well as decreasedneeflexion during crosscutting and side
cutting tasks.A 50msdelayin hamstringcontractionwas observedbetweenfemale and male
athletegMalinzaketal., 2001).At aflexed kneepositionwith angleof 0-30 degreesthetibia is
forcedto moveforward asa resultof quadricepsontraction,which may in turn force the knee
into a valguspositionthroughincreasedateral musclecontractionor decreasednedial muscle
contraction(Myer etal., 2009). Femalesalsogeneratdower isometric,concentricandeccentric
contractionsof the quadricepsand hamstringmusclegroupscomparedio males(Benettet al.,
2008). Femaleathleteswith a noncontactACL injury demonstratedower quadricepsstrength
comparedo healthyfemaleathletesput demonstratedimilar quadricepstrengthanddecreased
hamstringstrengthcomparedto healthy male athletes(Myer et al., 2009)(Huston& Woijtys,
1996). Furthermorejncreasedecruitmentof the vastuslateralismusclein femaleathletesmay
alsocontributeto anteriorshearforce atthe kneejoint (Myersetal., 2009).If thegroundreaction
forces are not absorbedproperly by the muscle groups,the ligamentsmust absorbthe force
during an abrupt movementgiving rise to a possibleruptureof the ACL. An importantmuscle
group for control of the lower extremity is the posterior chain comprisedof the gluteals,
hamstringsandthe calf musclesIf this posteriorchainof muscless properlyrecruitedto absorb
the groundreactionforces, thereis lessstrain on the ligamentsand joint capsuleof the knee

(Hewettet al., 2010)(Myerset al., 2009). A valguscollapseat the kneejoint may resultin a
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subsequentACL rupture due to inadequateneuronuscular control in female athleteswhile
performinghigh-risk maneuvergMyersetal., 2005). Therefore the combinationof factorssuch
asdecreasedhip control in the lateral direction, decreasedhamstringinvolvement,decreasen
the timing of contractons,decreasegeakflexion angleduringa jump andland task,decreased
core stability are known to contributeto the incidenceof an ACL injury in female athletes

(Brophyetal., 2010).

1.4  Roleof Leg Dominancein Non-contact ACL Injuries

Leg dominancecanresultin imbalancethat may causeACL injuries. Balanceis a motor
skill acquiredwith practiceas a result of musclesynergies A decreasedbility to balanceis
linked to a higherrisk of ligamentinjuries aswell asan asymmetryin bdance,which may be
indicative of a differencebetweenboth lower extremities. Theseasymmetriesnclude muscle
strength,activation, and thickness(Gstottneret al., 2009). A study by Gstottneret al. (2009)
revealedthat a statisticalsignificantdifferenceis not presentegardingbalancewvhencomparing
the dominantand non-dominantlegs. However,it was observedhat the nondominantleg was

usedmorefor improvedbalance.

Throughthe combinednformationfrom thevestibular visualandsomatosensorgystem,
which are coordinatedoy the centralnervoussystem,anindividual is ableto standstraightand
uprightwith correctposture(Matsudaet al., 2008) (Gstottneret al., 2009). The displacemenbof
the centerof pressurd COP)of the athleteis minimizedwith greaterbalanceandis controlledby
the centralnervoussystem(Baroneet al., 2011). Therearetwo typesof balancestability. Static
stability is the capability of the individual to retain balancewhile in a static position, whereas
dynamic stability is the capability of the individual to balanceduring a movementand

repositioningthemselvego correctposture.Stability during single leg stanceversusdoubleleg
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stances not consistenbetweensportsandis dependentiponthe level of the atHete aswell as
their positionon the team(Matsudaet al., 2008).Athletesgenerallyhavea preferredeg to kick

with andhavethe oppositeleg planted.In soccerthe dominantleg is usedto kick the ball, while
thenondominantleg usedto supportthe weightof the athlete(Matsudaet al., 2008) (Matsuda&

Demura,2010)(Baroneetal., 2011)(Hewettetal., 2010).More femaleathleteshavea preferred
leg asthe dominantleg comparedo male athletes thereforeshifting their weight onto oneleg
and teaing the ACL. This may be due to the greaterdifference in muscle strength and
recruitmentpatternsaswell asflexibility whencomparingbothlimbsin femaleathletegHewett
et al.,, 2010). Most noncontact ACL injuries of female soccerathletesoccur in the non

dominant,supporting,leg. In contrast,male non-contactACL injuries occurin the dominant,
kicking, leg. This evidencesuggestghat genderdoesplay a role in non-contactACL injuries.
However, some studies have reported no significant correlaion between gender and leg
dominancen relationto non-contactACL injuries, whereastherstudieshavereportedthatthat
female soccerathletesinjure the dominantleg more comparedo the nonrdominantleg during

contactACL injuries(Brophyetal., 2010).

Whencomparingcenterof pressuralisplacemenbetweenathletesfrom different sports,
specifically soccer, basketball,and swimming, with non-athletic individuals, a significant
differencewasnot found betweerthe dominantieg andnon-dominantleg stancgMokhtarzadeh,
et al., 2017Matsudaet al., 2008) However, the soccerathletesexhibited less sway in the
vertical and horizontaldirectionscomparedo athleteson basketballand swim teamsand non
athleticindividuals, indicating that the soccerathletesare more stableduring single leg stance
comparedo the other groups.This may be the resultof training since soccerathletessupport

their bodyweighton oneleg while kicking theball (Matsudaetal., 2008)(Matsudaetal., 2011)
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(Barone et a., 2011). When comparing female NCAA basketballand soccer athletes, the
basketballathletesdisplayedlower dynamic stability, which may be due to soccerathletes
performingsingleleg reachingtasksawayfrom their baseof supportduring passingreceinng,

andshootingmotions(Bressektal., 2007).
15 ACL Injury Researchinvolving Perturbation Platforms

Several studies have exploredthe effectsof perturbationon muscleco-contractionand
knee kinematics.A study by Yom et al. (2014) exploredin-flight perturbationby having the
female recreationalathletesperform a drop landing with an unexpectedateral perturbation.
Following the lateral perturbation the participantslandedwith extenad ankle, knee,and hip
joint positions,greaterkneeabduction,and greaterhip adduction(Yom et al, 2014).A studyby
Stearnset al. (2012) focusedon the effects of a training program that targetship muscle
performancdound that following the training program,therewas decreasedbadingat the knee
joint in the frontal placeaswell asgreateruseof the hip musclesandgreaterip flexion angles,
which may help reducethe incidenceof ACL injuries. Furthermore,a study by Weltin et al.
(2016) useda moving platform for sliding and counteractingnovementswhile the participant
performed a lateral reactive jump onto the platform. Following the implementationof a
plyometric and perturbationtraining program, the results reveal decreasedknee extension
momentsandkneeinternalrotationalmomentswhich may decreasé\CL injury risk (Weltin et
al., 2016). In additionto this, a study conductedby Hurd et al. (2006) also demonstratedhat
neuromusculatraining improvedquadricepshamstringbalanceand active stiffnessat the knee
joint whencomparingmale andfemaleathletes.The participantswalked on a platform moving
in the lateraldirectionat heelcontractbeforeandafter neuromusculatraining. Prior to training,

female participantsdemonstratedquadricepsdominanceand decreasedactive knee stiffness
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comparedto male participants. Female participantsalso had greater co-contractionindices
betweenmedial gastrocnemiusnd vastuslateralismusclesduring both preparatoryand weight

acceptancphagsof gait comparedo the maleparticipantqHurd etal., 2006).

Anotherstudyby Chmielewskiet al (2005 exploredthe differencesbetweerparticipants
who areableto compensatand participantswho were not ableto compensataswell with the
absenceof an ACL postinjury by havingtheseparticipantswalk acrossa stationaryor moving
(lateral or posterior)platform before and after 10 sessionf perturbationtraining. The study
determinedthat the participantswho are better able to compensatéefore the training has a
higherco-contractionindex andlow peakkneeflexion anglescomparedo participantswith an
intact ACL. However following perturbationtraining, the movementpatternsof the participants
who are able to able compensateavithout an ACL were closerto the participantswho had an
intact ACL. Therewere lower co-contractionindexesand higher peakflexion anglesreportd
during stancein participantswho were able to compensateMore specifically, the quadriceps
femoris to hamstringmuscle and quadricepsfemoris to gastrocnemiusnuscle co-contraction
ratios were lower. The movementpatternof participantswho were not able to compensates
well with the absencef an ACL hada joint stiffnesspatternwith reduceckneemotions,slower
muscleactivation,andgeneralco-contractionof muscleshatcrossthe kneejoint asa methodto
protectthe joint andlimit degreesf freedom thereforelimiting muscleactivationrequiredfor
dynamicstability atthe kneejoint (Chmielewskietal., 2005.

A recentstudy by Malfait et al. (2015)exploreddynamickneestability, composedf the
interaction of the visual, vestibular, and somatosensorysystems, through single planar
perturbationsand multi-planar perturbations.As a result of unexpectedevents challenging

neuromusculacontrol and studiesdemonstratinghat dynamicvalgus ACL injury mechanism
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includeship adduction,knee internal rotation, knee abduction,and foot pronation,this study
explored multi-planar perturbationswith different amplitudes, velocities, and accelerations,
which mimic the suspectedACL injury mechanism.The multi-planar perturbationcombined
posteriorandlateraltranslationgo causekneeabduction fotationarounda vertical axisto cause
externalrotation,androtationaroundananteior-posterioraxisto causefoot pronation.Although
therewas significantly greatermuscleactivity with more challengingconditions,therewere no
significant differencesin muscleactivity reportedwhen comparingthe multi-planarand single
planarperurbationswith the sameamplitudes.

1.6  Future of Non-contact ACL Injury Research

With the knowledgegainedfrom researchregardingnon-contactACL injury mechanism,
neuromusculawarmup strategiesarebeingintegratednto practicedy coachesasa measurdo
prevent lower extremity injuries (Silvers et al., 2005). A randomized controlled study
demonstratedhat the injury preventionprogram decreasedhe risk of severeinjuries and
overuseinjuries (Soligard et al., 2008). Another study by Soligardet al. (2010) revealedthat
athleteswith high complianceto the injury preventionprogramreportedlower ratesof lower
extremityinjuries comparedo athleteswith anintermediatecompliance A randomizedcontrol
study including the Center for DiseaseControl and Prevention(CDC), FIFA, and NCAA
reporteda decreasen overall ligamentinjury at the kneejoint anda decreasen ACL injuries
during competitionsaswell asno ACL injuries during practicesfollowing aninjury prevention
program (Silvers et al., 2005). Through setting goals, the ability to differentiate sensory

informationby completingvariousexercisesnaybe gained(Gstottneretal., 2009).

A limitation affecting the successof neuromusculatraining programsis the limited

information abou the joints and the muscularresponsesluring high-risk maneuversSevere
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kneejoint injuries may resultfrom movementghatareuncommonrandtherefore the positionof
thejoint duringinitial contactandthe valgusloadingthatoccursshouldbe furtherinvestigated.
With this information,the interventionmaytargetthe causeof theinjury andwill be aneffective
methodof non-contactACL injury prevention.Currentresearclproposedhatvalgusloadingat
the knee joint can be reducedthrough alteratiors in hip flexion, hip extension,internal and
externalrotationof the hip, aswell askneevarusandkneevalgusmovements$eforethefoot has
contactwith the ground.Furtherinvestigationsuggestghat landingwith decreasedhip flexion,
hip internalrotation,andkneevalguscanaid injury prevention(Omi et al., 2018YHewettet al.,
2017 Nguyenetal., 2017)Steffenet al., 2016 McLeanet al., 2005). Anotherstudyfound that
landingwith lesship flexion is associatedvith increasedisk of ACL injury (Leppéaneret al.,
2017).A studyby Hewettet al.(2017)involving 624 female basketball volleyball, and soccer
athletesconcludedhattargetedneuromusculatraining (TNMT) increasedip externalrotation,
increasedhip abductionstrength,decreasd peak trunk extension,and increasedpeak trunk
flexion to reducethe risk of ACL injuries. By acknowledgingthe factorsthat contributeto an
ACL injury within a femalepopulation,which includeandarenot limited to trainingthe muscle
involved in hip abduction,externalrotation, extension,as well as core stability and decreased
proprioceptiontheseinjury preventioninterventionprogramsare becominga succesg{Omi et
al., 2018) Studieshaveshownthatin soccerhandball,andfloorball, neuromusalar trainingis
effective in reducingthe incidenceof ACL injuries in femaleathletes(Omi et al., 2018). The
focusof researcthasbeenon theimprovemenif jump-landingtechniquethrougha decreasén
deceleratiorduring landingin the sagittalplane. This alterationwould decreasenteriorshear
force, increaseknee flexion, and increasehip flexion through usageof lateral hip musclesto

preventdynamic knee valgus motions (Brophy et al., 2010). However, researchregardinga
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decreasen decelerationduring landing in the sagittal place neglectsimportant information
regardingfrontal andtransversg@lanemotions,which alsoarefactorsin ACL injury mechanism

(Quatmans. Hewett,2009).

Of theseprograms FIFA hasimplementedaninterventioncalledthe 11+ consistingof 3
partsthat involve 15 exercisesin total. The first partis composedof running exercisesat a
slowerspeedaswell asactivestretching.The secondpartis composedf 6 setsof exercisevith
levels of difficulty that are performedto increasecore strength,leg strength,balanceand
plyometrics.Thethird partis composedf moderateto high speedrunningexercisesalongwith
planting and cutting movementexercises.Therefore, the three parts are composedof core
training, neuromusclar control and balance and plyometricsand agility. While completingthe
warmup exercisesjt is importantfor the athletesto pay close attentionto postureand body
control, aswell asleg alignmentand kneeovertoe positionsso that they will obtain the full
benefitsupon completionthe preventionprogram(F-Marc, FIFA 2008).A studyby Hermanet
al. demonstrateshat the 11+ programis successfulin reducingoveruseinjuries and overall
injuries of the lower extremity reportedby female amateurathletes (Hermanet al., 2012).
Althoughinjury preventionprogramshavebeensuccessfulthe ACL injury ratesremainsimilar

to ratesprior to theimplementatiorof injury preventionprogramgFox etal., 2017).
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2.0 Rationale and ResearchObjectives

An important area of researchis to explore lower limb muscle activity and muscle
recruitmentof the nondominantleg of athletesduringa manoeuvrehatimitatesan ACL injury
mechanismAlthough there is ongoing researchexploring the mechanismof an ACL injury,
therearevery few studiesthatmeasuranuscleactivity andexplorethe timing of muscleactivity
during an unexpectedoerturbationthat mimics an ACL injury mechanismSpecifically, it is
importantto determinethe muscleactivity andthe orderof lower limb musclerecruitmentto be
able target deficienciesin the injury prevention programsimplementedby strength and
conditioningcoachesaround the world. Also, the contributionof the initial stanceto the ACL

injury mechanisnhasnotyet beenexplored.

The purposeof the studywasto exploreand determinethe reactionof lower extremity
musclesbasedon initial stance(flexed and straightknee) specifically at the kneejoint, during
multiple directionsof perturbation(lateral, posterior,rotational,combination) The combination
direction combinesthe lateral, posterior,and rotationaldirectionsthat togetherimitate an ACL
injury mechanisnmasdemonstratedh the studyby Malfait etal. (2015)to inducekneeabduction,
hip adduction,and externalkneerotation The dependentvariableswere meanEMG values,
maximum EMG values, and the time of occurrenceof the maximum EMG values. These
dependentvariableswere exploredby subdividing the duration of the perturbationinto three
different phases (pre-perturbation, perturbation, and postperturbation phases). The
neuromuscularesponsesvere assessedluring 3 phases;150 ms before the initiation of the
perturbations (pre-perturbation), 500 ms during the perturbations,and 250 ms after the

perturbations(postperturbation). Therdore, the objectives were the following basedon 8
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conditions (flexed and straight at the knee joint during four directionsof perturbation)being

investigated:

1) To understand lower extremity muscle activity of female athletes by comparing mean

EMG valueswithin different ptases of an AClinjury mechanism

2) To understand lower extremity muscle activity of female athletes by exploring mean
EMG values betweenthe preperturbation phase, perturbation phase, and- post
perturbation phase across different components of a perturbation that mimics an ACL
injury mechanismas well as thenaximum EMG values and the time at which the

maximum EMG values occtiollowing the onset of a perturbation in each direction
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2.1

Hypotheses

1)

2)

3)

4)

The mean EMG values of the lower extremity muscleswill be greatestduring

perturbationsn the combinationdirectionandstraightkneecondition

The meanEMG valueswill be greatesduring postperturbationsn the combination

directionandstraightkneecondition

ThemeanEMG valuesof the lower extremitymuscleswill be greatestluringthe
postperturbatiorphasecomparedo the pre-perturbationandperturbatiorphasesn

thecombinationdirectionandstraightkneecondition

ThemaximumEMG valuewill begreatesandthetime of occurrencef maximum

EMG valuewill beearlierduringthe combinationdirectionin the straightknee

condition
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3.0 Methodology

3.1 Subjects

Thirteenfemaleparticipantsfrom varsity teamswere recruitedfrom variousuniversities
in Montreal, Quebec.Inclusion criteria: 1) age 18 to 24 years;2) active memberof a varsity
team;3) physicallyactiveat least5 daysa week; Exclusioncriteria: 1) Recentor prior history of
major lower extremity injuries suchas ACL and/ormeniscusinjury; 2) Everydayuseof knee
and/orankle bracesor tapingfor stability during physicalactivity; 3) previousenrolmentin an
injury preventionexerciseintervention progran. The eligibility criteria were to ensue that

confoundingfactorswereminimizedaswell asensuringpatientsafety.
3.2  Material and Apparatus

The equipmentincluded motion analysis using the VICON system (Vicon Motion
Systemd_td. WestWay, Oxford, UK) and8 infrared cameraghat were capturingat a sampling
frequencyof 100 Hz. The cameragieteced passive reflective markersthat were placedon the
participant.Muscleactivity datawascollectedusing9-channes of the DTS EMG systemwith a
samplingfrequencyof 1500Hz (NoraxonU.S.A. INC, ScottsdaleAZ, USA). Theinterelectrode
distancewas 2cm. During posteriorand lateral perturbationsof the platform, the acceleration
was 3500mm/<, the speedwvas 200mm/s andthe perturbatiorwas 50mm. The angular velocity
during rotational perturbation w8 °/sand he average amgar acceleration wag00°/ <.
During rotational motion, the angle that the platform movedwas 5 degrees.The combination
motion combinedthe lateral, posterior,and rotationalmotions.A handheld plastic goniometer

wasusedto measurghe angleat the kneejoint for theflexedkneecondition.
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3.3 Procedure

The researchstudy was a counterbalancedesearchdesignwherethe testingorder was
determinedat random. The experimat was a singleblind experiment.The participantswho
acceptedo takepartin the studyafterreceivinginformationin personor via emailandmeetthe
eligibility criteria were testedto obtain measurementsiuring a two-hour session.All data
collection was completedat the PERFORM Center (Montreal, QC) where the necessary

equipmenivasavailable.

Two experimentersvere presentduring eachsessionOne experimentewasresponsible
for the computerandthe otherwasregonsiblefor all measurementand manualmuscletesting,
aswell asmeasuringhe kneeanglefor specifictrials. Prior to eachsessionthe VICON system
and cameraswere calibrated The project was approvedby the ConcordiaResearchEthics
Committee At the startof eachthe sessionthe subjectsunderstoocandcompletedhe informed
consenteforebeginningthe experiment Measurementsf the leg length,kneewidth andankle
width wereobtained aswell asinformationsuchasage,sport,activity level, weight,andheight.
The participantwas explainedthe overview of the datacollection processand the preparatory
tasksthat were completed:manualmuscletestingto place EMG electrodeqAppendix B), and
the perturbationplatform. The nonrdominantleg, also known asthe balanceleg, was usedfor
EMG datacollectionandwasdeterminedyy askingthe participantswvhich leg they would useto
kick a ball andtestingthe oppositeleg (Gstottneretal., 2009).EMG datawascollectedfrom the
following muscles:lateral gastrocnemiugLG), medial gastrocnemiugMG), bicepsfemoris
(BF), semitendinosuéST), gluteusmedius(GM), vastuslateralis(VL), vastusmedialis(VMO),
fibularis longus (FL), tibialis anterior (TA). The muscleswere located using manual muscle

testing(Kendalletal., 2005)for the placemenbf the electrodeat the middle of the musclebelly
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accordingto the Noraxonguide asillustratedin AppendixB. To decreasskinimpedancendto
ensureproperelectrodecontactandadhesionthe skin wasabradedand cleanedusinggauzeand
alcoholbeforeplacingthe electrodesDuring manualmuscletestingto locateeachmuscle,the
participants were instructed to meet the resistanceapplied by the tester and to hold for
approximatelys secondsuntil theywereinstructedto relax. A total of 4 reflectivemarkerswere
placedon the perturbationplatform at eachcornerto track its movementPrior to steppingonto
the perturbationplatform, the participantwasfitted with an upperbody harnessadjustedto an

extentthatdid notimpedetheir balanceesponse

After completingthe setup, the participantsvereaskedto standon the perturbatiorplate
with both feet to familiarize them with the four perturbations(posterior, lateral, rotational,
combination). The combination perturbationis a combinationof the posterior, lateral, and
rotationalperturbationgo mimic the mechanisnof an ACL injury. Following the familiarization
period,the subjectswere askedto maintainbalancewhile standingon the non-dominantleg, or
balanceleg, asthe perturbationplatform moves.It wasindicatedto themthatif theylosetheir
balanceandbring down the dominantleg to touchthe platform, they may keepbothlegson the
plattorm. If they were able to remainon the balanceleg for the entire perturbation they may
placethe dominantleg on the platform oncethe platform beginsto repositionitself to the center.
The kneeconditionswerestraight,without hypeaextensiorat the knee,andflexed at 30 degrees,
which was measureddy the researcheprior to eachperturbation.A total of 32 trials (four in
each condition and direction of perturbation)were completedby each participant The knee
conditions(straightand bent) were alternatedbetweeneachtrial. The participantswereblind to

the orderof the perturbatiorthroughouthe experiment.
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Oncethe datacollection was complete,the participantwas unhookedfrom the harness
andall equipmentwill beremoved.The skin was checkedfor blemishesandwas cleanedusing
rubbingalcoholandgauze The participantwasdebriefedaboutthe purposeof the projectandall

questionsvereanswered.
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4.0 DataAnalysis
4.1  Statistical Analysis

Each perturbationwas separatedinto three phasesfor the mean EMG value pre
perturbation perturbation postperturbation.The onsetof the perturbationwas whenthe speed
reachedsmm/s. The four reflective markerson the platform were usedto calculatethe speed.

The neuromuscularesponsesvereassesseduring 3 phases150 ms beforethe initiation of the
perturbations (pre-perturbation), 500 ms during the perturbations,and 250 ms after the
perturbationgpostperturbation) The EMG ofthelower extremity muscles were recorded using

a wireless systerfNoraxon TeleMyo DTS, Scottsdale, Arizona, Uk transferred to
NEXUS SoftwargVicon™ system, Vicon, Los Angeles, US&)r further processing. To verify

the synchronization of those sgms, the onset of the muscular activities were contrasted to the
motion of the4 reflective markers that were put at the corners of the perturbation platform to
determine the initiation of the perturbations. We foandelay in the EMG signal due to its
passage through tidEXUS Software. For all the trials, that phase lag was taken into account to
determine the onset of the pebations, and accordingly, pperturbation, perturbation and
postperturbation windowsThe EMG values from eachphasewverecomparedor eachdirection

of perturbation(posterior lateral,rotational,combination)usingsingle factor repeatedneasures
analysisof variance(ANOVA) for each participant. Differencesamong perturbatios within

each phase were compared using repeated measuresmultivariate analysis of variance
(MANOVA) for eachdirection of perturbation(posterior,lateral, rotational,combination) The
mean EMG, the maximum EMG, and the time of occurrenceof the maximum EMG were
computedon filtered signals.A Butterworthfilter wasusedwith a high passfrequencyof 20 Hz

and low passfrequencyof 500 Hz. Similar to other studies,the meanand maximum EMG
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signalswereanalyzedn millivolts (mV) (Martelli etal., 2015)(Thainetal., 2016). Thetime of
occurrenceof the maximumEMG valueis reportedas a percentagef the durationof a phase.

These statistical analyses were performed at a 5% level of significan88SS for
WindowsVersion 20 (SPSS Inc., Chicago, IL, USA). A Bongesrirpost hoc test was performed

i f a statistical mai n ef f e cThefileusedby MATLABt i on s
(Mathworks, Natick, MA, USA) were C3D files exportedfrom VICON. MATLAB codes
providedby biomechZoo(Montreal, QC, CAN) were usedto processraw C3D files to extract

themeanandmaximumEMG values andthetime of occurrencef the maximumeEMG values.
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5.0 Results

5.1  Comparisonof Mean EMG Values
Pleaseaeferto Tablel for all informationrelatedto the meanEMG values.Figure 3, Figure 4,

Figure5, andFigure6 canbefoundin this section All othergraphscanbefoundin AppendixA.

5.1.1Comparison of Mean EMG ValuesDuring Lateral Direction
The meanEMG valuesof the lateraland medial headsof the gastrocnemiusnuscleare
similar for the both knee conditions.However,the valueis slightly higherin the straightknee

conditionduringthe postpertubationphasefor bothmuscles.

The peroneusongusandtibialis anteriormuscleshavesimilar meanEMG valuesduring
the pre-perturbationand perturbationphasesHowever,the meanEMG value of the peroneus
longus muscleduring the postperturbationphaseis greaterduring the straightknee condition
compaed to the flexed knee condition The meanEMG value of the tibialis anterior muscle
during the postperturbationphasein the flexed knee condition is greatercomparedto the

straightkneecondition.

The vastusmedialisand vastuslateralismuscleshave higher valuesin the flexed knee
conditioncomparedo the straightkneecondition asshownin Figure3 andFigure4. However,
thedifferencesaresimilarin valuewhencomparingthe pre-perturbatiorandperturbatiorphases
and slightly higher when comparingthe pre-perturbationand perturbationphaseso the post

perturbatiorphase.

The meanEMG valuesof the bicepsfemoris muscle asseenin Figure5, in the flexed
knee condition during the postpertubation phaseare greatercomparedto the straight knee

condition.ThemeanEMG valuesof the semitendinosisnuscle asseenin Figure6, in bothknee
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conditionsduring the postperturbationphaseare similar. The meanEMG valuesof the vastus
medialisandvastuslateralismusclesduring the postperturbationphaseare similar to the values
of the bicepsfemoris and semitendinosisnuscles.The meanEMG value of the bicepsfemoris
muscleduring the postperturbationphasein the flexed kneepositionis slighty greaterthanthe

valuein the straightkneecondition.

The meanEMG valuesof the gluteusmediusmuscleduring the postperturbationphase
aresimilar in both kneeconditions.However,the differencebetweenhe perturbationphaseand
postperturbatio phasevaluesis greatin the straightkneeconditioncomparedo theflexedknee

condition.

5.1.2 Comparisonof Mean EMG ValuesDuring Posterior Direction

The meanEMG valuesof the medialheadof the gastrocnemiusnuscleduring the post
perturbationphaseare greaterthan the valuesof the lateral headof the gastrocnemiusnuscle.
However,the trendfor the pre-perturbationand perturbationphasesiuring both kneeconditions

is similar for the medialandlateralhead=f the gastrocnemiumuscle.

The meanEMG valuesof the tibialis anteriormuscleare also greaterduring the flexed
knee condition comparedto the straight knee condition. However, during the flexed knee
condition, the mean EMG valuesof the tibialis anteria muscle and the medial head of the
gastrocnemiusnusclearesimilar in valueandgreaterfor the medialheadof the gastrocnemius

muscleduringthe straightkneecondition.

The meanEMG valuesof the vastusmedialis and vastuslateralis muscles as seenin

Figure 3 and Figure 4, have similar values during all three phasesduring the flexed knee
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condition.The bicepsfemorismuscleandsemitendinosumuscle asseenin Figure5 andFigure
6, havesimilar valueswhencomparingthe flexed kneeconditionto the straightkneecondition
within eachrespectivemuscle.However,the meanEMG valuesduring the postperturbation
phaseof the semitendinosumusclefor both kneeconditionsaregreatercomparedo the biceps
femoris muscle.The meanEMG valuesof the gluteusmediusmuscleare greaterin the flexed

kneeconditioncomparedo the straightkneecondition

5.1.3 Comparisonof Mean EMG ValuesDuring Rotational Direction

The meanEMG valuesof the lateraland medialheadsof the gastrocnemiusnusclesare
greaterfor the straightkneeconditioncomparedo the flexed kneeconditionacrossall phaseof
perturbation.The meanEMG valuesof the medialheadof the gastrocnemiusnusclearegreater

thanvaluesof thelateralheadof the gastrocnemiusnuscle.

The tibialis anterior muscle and peroneuslongus muscle have similar values when
comparingthe flexed kneeconditionto the straightkneeconditionwithin eachrespectivemuscle
acrossall phasesf perturbation.The pre-perturbationand perturbationphasevaluesare similar
for both musclesHowever,the differencebetweenthe pre-perturbationand perturbationphases
is lessercomparedo the differencebetweenthe pre-perturbationand postperturbationphaseas

well asthe perturbatiorphaseandpostperturtation phasdor the peroneudongusmuscle.

The vastusmedialisand vastuslateralismuscles asseenin Figure3 andFigure4, have
similar valueswhen comparingthe flexed knee conditionto the straightknee condition within
eachrespectivemuscle.However,the valuesin the flexed knee condition are greaterthan the
straightkneecondition.In the straightkneecondition,thereis a slightincreasen the meanEMG

value for the when comparing the preperturbationand perturbation phasesto the post
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perturbatiorphase The meanEMG valuesof the bicepsfemorisandsemitendinosumusclesas
seenin Figure 5 and Figure 6, are similar when comparingboth knee conditionswithin each
musclerespectively The meanEMG valuesof the gluteusmediusare slightly greaterin the

flexedkneecondition.

514 Comparisonof Mean EMG ValuesDuring Combination Direction

Higher valuesin the flexed kneepositionfor the vastuslateralisand vastusmedialis as
seenin Figure 3 and Figure 4, comparedo the straightknee condition suggestgreatermuscle
activity. The semitendinosuandbicepsfemorismusclesasseenin Figure5 andFigure6, have
highervaluesduringthe postperturbatiorphaseof the combinationperturbatiorcomparedo the
vastuslateralisand vastis medialisfor both conditions.The meanEMG valuesof medial and
lateralgastrocnemiusnusclesare higherthanthe vastusmedialisandvastuslateralismusclesas
well asthe bicepsfemorisandsemitendinosusmusclesduring the postperturbatio phasen the
flexed condition The meanEMG valuesof the lateral and medial headsof the gastrocnemius
musclearegreaterduring the postperturbationphasen the straightkneeconditioncomparedo
the flexed kneecondition During the straightkneeconditionin the postpertubation phasethe
meanEMG valueis highestfor the semitendinosumuscle.The meanEMG valueof the glutews
mediusmuscleis greatestn the flexed kneecondition during the postperturbationphase The
peroneuslongus muscle achievedthe highestmean EMG value during the postperturbation

phasdor bothkneeconditions
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Table 117 Mean(SD) of themuscle8EMG values(mV) at 30° of kneeflexion andstraightknee

during posterior,lateral, rotational,and combindion perturbationsn pre-perturbationg150 ms

beforethe initiation of the perturbations)perturbationsandpostperturbationg250 ms afterthe

perturbationsphases.
Muscle Knee Perturbation Pre-perturbation  Perturbation Postperturbation
position  direction (mV) (mV) (mV)
Lateral Flexed Lateral 1.27 (0.61) 1.29 (0.52) 3.09 (1.38)12
gastrocnemius Posterior 1.32(0.58) 1.51 (055)* 3.86 (1.69) 12
(LG) Rotational  1.13(0.52) 1.17 (0.43) 2.81(1.14)12
Combination 1.09(0.54) 1.56 (0.58)* 4.42 (2.01)°1?
Straight Lateral 1.76 (1.00)xP-cd 1.78 (0.72)3¢ 3.67 (1.53) 12
Posterior 1.34 (0.57) 1.76 (0.77)¢1 4.43 (2.20)°12
Rotational  1.46 (0.59) 1.45 (0.62) 4.03 (2.47) 12
Combination 1.52 (0.68)¢ 2.17 (0.64)2bcdeld 622 (2.69)2Pcdeld.2
Medial Flexed Lateral 1.45(0.93) 1.57(1.03) 2.31(1.23)%2
gastrocnemius Posterior 1.67(0.97) 2.04(0.87)1 6.45 (3.02)212
(MG) Rotational  1.54(0.99) 1.24(0.60) 5.54(2.36)212
Combination 1.12(0.67) 1.99(0.77)* 5.53 (2.06)212
Straight Lateral 2.68 (1.41)2bcd 2.96 (1.59)2b.cd 3.09 (1.69)Pcdl
Posterior 3.13 (1.61)3Pcd 413 (1.592Pcdd 810 (3.49)cde2
Rotational ~ 2.89(1.40)*Pcd 2.99 (1.58)abcadf 6.53 (2.65)%¢12
Combination 2.75 (1.41)P-cd 3.96 (1.66)*Pcded 924 (3,07)abcded.2
Tibialis Flexed Lateral 2.69(2.13) 3.80(2.78)* 6.49(2.62) 12
anterior Posterior 4.07 (2.47)? 3.46 (2.07) 6.16 (3.73) 12
(TA) Rotational  3.02(2.14) 3.30(2.01) 3.98(2.10) P12
Combination 2.05(1.29)° 2.64 (1.55)1 4.09 (1.79) b2
Straight Lateral 2.70 (1.98)° 2.55(1.54)2 5.02(2.39)12
Posterior 2.68 (2.09)° 2.30(1.53) 5.07 (3.37) 12
Rotational  3.27 (1.85) 3.30(1.82) 4,05 (2.14)b12
Combination 2.86 (1.80) 2.65 (1.48) 4.52 (1.99)2b12
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Peroneus Flexed Lateral 2.53 (1.27) 3.44 (2.37)1 10.93 (4.53) 12
longus Posterior 2.77 (1.39) 2.95 (1.21) 6.61 (2.94)312
(PL) Rotational  2.14 (0.83) 2.13 (0.74) 4.88 (2.19)312
Combination 2.43 (1.30) 3.89 (1.44)°1 13.25 (5.58) P12
Straight Lateral 3.15(2.25)° 3.52 (1.60)° 13.51 (6.08) P12
Posterior 2.63 (1.23) 2.84 (1.49) 6.65 (2.60)&deL:2
Rotational  2.78 (1.78) 2.64 (1.46)° 5.66 (3.22) 2d:e1.2
Combination 2.65 (1.49) 4.07 (2.56)>c"9t 11.11 (4.11)Pcfot2
Vastuslateralis Flexed Lateral 1.62 (0.60) 1.63 (0.50) 2.20(0.80)12
(VL) Posterior 1.59 (0.48) 1.61 (0.47) 1.92 (0.56) 12
Rotational ~ 1.57 (0.54) 1.51(0.41) 2.05(0.67)12
Combination 1.42 (0.39) 1.46 (0.37) 2.00 (0.59) 12
Straight Lateral 0.69 (0.33)2b.cd 0.74 (0.35)2b.cd 1.25 (0.50) P.c.dL.2
Posterior 0.64 (0.27)2Pcd 0.71 (0.31)2Pcd 1.04 (0.48)&bcdL.2
Rotational ~ 0.82 (0.39)*P:¢d 0.78 (0.33)2b.cd 1.29 (0.56) &P.c.dL.2
Combination 0.59 (0.28)2P.c.d 0.67 (0.29)2b.c.dl 1.91 (1.06)&"9%:2
Vastus Flexed Lateral 1.55(0.54) 1.71(0.68) 1.98(0.48)12
medidis Posterior 1.63(0.59) 1.70(0.55) 1.72(0.44)
(VM) Rotational 1.63(0.51) 1.65(0.64) 1.82(0.62)
Combination 1.39(0.49) 1.42(0.39) 1.66(0.51) 12
Straight Lateral 0.65 (0.37)2b.cd 0.65 (0.34)2b.cd 1.11(0.48)&P.c.dL2
Posterior ~ 0.46(0.23)*Pcd 0.48 (0.23)2Pc.d 0.96 (0.53) & b.cdl.2
Rotational ~ 0.65 (0.34)*P:¢d 0.72 (0.44)2b.cd 0.94 (0.39)2b.c.dL.2
Combination 0.56 (0.26)*P-¢d 0.62(0.29)2Pcd 1.39(0.69) &Pc.fal.2
Bicepsfemoris Flexed Lateral 0.80(0.51) 0.79(0.46) 1.98(1.29) 12
(BF) Posterior 0.71(0.37) 0.81(041) 1.86 (0.75) 12
Rotational  0.76(0.51) 0.71(0.44) 1.48(0.83) 12
Combination 0.53(0.34)? 0.71(0.49) 3.53 (2.48) P12
Straight Lateral 051 (0.41) 0.55(0.41)° 1.35(0.94)912
Posterior 0.45(0.31)*¢ 0.48(0.35)2P 1.37(0.72)9%2
Rotational ~ 0.44(0.33)b¢ 046 (0.37)2P 1.17(0.78)912
Combination 047 (0.39)2¢ 0.54 (0.44)° 2.93 (1.78)2bcefd.2
Semitendinosus Flexed Lateral 0.92 (0.60) 0.85(0.56) 2.24(1.23)%2
(ST) Posterior 0.91 (0.57) 0.83(0.47) 248 (1.11)1?
Rotational ~ 0.80(0.54) 0.85(0.54) 1.47(0.73)P 12
Combination 0.61(0.48) 0.75(0.53)1 3.04 (1.43)¢12
Straight Lateral 0.80(0.69) 0.91(0.81) 2.19(1.38)%2
Posterior  0.61(0.53) 0.72(0.65) 2.36(1.43)1?
Rotational  0.78(0.72) 0.67 (0.59) 1.61 (1.04)Pd12
Combination 0.69 (0.60) 0.81(0.55) 3.33 (1.60)abcefd.2
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Gluteusmedius Flexed Lateral 1.31(0.70) 1.27(0.64)
(GM) Posterior 1.28(0.71) 1.31(0.70)
Rotational 1.15(0.63) 1.39(0.84)
Combination 1.36(0.88) 1.33(0.78)

Straight Lateral 0.77 (0.31)2bd 0.75(0.34)2b.cd

Posterior 0.70(0.36)2P.cd 0.73(0.39)2P.cd

Rotational  0.99(0.54) 0.89 (0.43)P.cd

Combination 0.90 (0.42)2Pd 0.95 (0.44)°>¢

2.41(1.09)12
1.79(0.86)31?
1.63(0.86)212
2.51 (1.08) P12

1.93(0.82)"?
1.30(0.63) %<2
1.29(053)2Pde2
2.26 (1.01)¢H912

Superscriptettersindicateii Wi tphasad i f f er ences o
Superscripnumbersndicatefi Be t wheasahi f f er ences 0

2Flexedknee lateralperturbatiorvs. otherconditions(p<0.05).

b Flexedknee posteriomperturbatiorvs. otherconditions(p<0.05).
°Flexedknee, rotationalperturbationvs. otherconditions(p<0.05).
dFlexedknee,combinationperturbationvs. otherconditions(p<0.05).
¢ Straightknee,lateralperturbationws. otherconditions(p<0.05).

f Straightknee posteriorperturbatiorvs. otherconditions(p<0.05).

9 Straightknee,rotationalperturbatiorvs. otherconditions(p<0.05).

! pre-perturbatiorvs the otherphasegp<0.05).
2 perturbationws postperturbatiorphaseg(p<0.05).
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Figure3i MeanEMG Valuesof VastusLateralisMuscleDuring Different Perturbations

Mean BEMG of Vastus Lateralis during different Perturbations
25

(mv)

Lateral Posterior | Rotational |Combination| Lateral Posterior | Rotational |Combination

Hexed knee Sraight knee

B Pre-perturbation & Perturbation & Post-perturbation

* signifi cant difference within phases
Pog-perturbaionssgnificantly greater than thetwo other phases
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Figure4i MeanEMG Valuesof VastusMedialis Muscle During Different Perturbations

Mean BEMG of Vastus Medialis during different Perturbations
25

(mv)

Posterior | Rotational |Combination Posterior

Hexed knee Sraight knee

B Pre-perturbation i Perturbation & Post-perturbation

* signifi cant difference within phases
Pog-perturbaionssgnificantly greater than thetwo other phases
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Figure51 MeanEMG Valuesof BicepsFemorisMuscleDuring Different Perturbations

Mean BEMG of Biceps Femoris during different Perturbations
40

*

(mv)

Posterior i inati Posterior

Hexed knee Sraight knee

B Pre-perturbation  H Perturbation & Post-perturbation

* signifi cant difference within phases
Pog-perturbaionssgnificantly greater than thetwo other phases
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Figure6i MeanEMG Valuesof SemitendinosusluscleDuring Different Perturbations

Mean BEMG of Semitendinosus during different Perturbations

(mv)

Posterior i inati Posterior

Hexed knee Sraight knee

B Pre-perturbation  H Perturbation & Post-perturbation

* signifi cant difference within phases
Pog-perturbaionssgnificantly greater than thetwo other phases
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5.2 Comparisonof Maximum EMG ValuesFollowing Onsetof Perturbation

Pleasaeferto Table2 for all informationrelatedto the maximumEMG values.

The maximum EMG values of lateral and medial heads of the gastrocnemius arescle
slightly greaterduring the straigt knee condition for all directionsf perturbation. The lowest
values following the onset difie perturbation for the gastrocnemius muscle are during the lateral
perurbation in both knee conditionshe highest maximum EMG value acheelvin the flexed
knee condition for the lateral and medial heads of the gastrocnemius muscle are during the
rotational direction. The highest maximum EMG valaehievedfor the lateral and medial
heads of the gastrocnemiimsthe straight knee conditiane during the combination direction.

For the tibialis anteriomuscle, the maximum EMG valsiaregreater in the flexed knee
condition compared to the straight kneendition for the lateral, posterior, and rotation
directions.Contrary to this, the maximum EMG valoéthe tibialis anterior muscle greater in
the straight knee condition compared to the flexed knee condition for the combination direction.
The lowestmaximum EMGvaluesof the tibialis anterior muscleecorded flowing the onset of
perturbation are during the combination direciimboth knee conditions.

The maximum EMG valuefor the peroneus longus musdee greater in the straight
knee condition compageto the flexed knee condition for the lateral, posterior, @ntdtion
direction. However, in theombination direction, the maximum EMG value of the peroneus
longus is greater in théeexed knee condition compared to the straight knee condition.

The maxmum EMG values of the vastus medsahnd vastus lateralis musck® greater
in the flexed knee conditiocompared to thetraight knee conditioThe lowest maximum EMG

value for the vastus medialis muselas achieved during the posterior directidihe highest
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maximum EMGvalue achieved by the vastus latexahd vastus mediali®uscles in the straight
knee condition is during th@dmbination direction.

The maximum EMG values for the biceps femoris muactegreater in the flexed knee
condition during the lateral, posterior, and rota@brperturbations.However, the maximum
EMG value for the biceps femoris musaering the combinatiorirection is greater in the
straight knee conditionThe highest maximum EMG valsechievedby the biceps femoris
muscle are during the combination direction in both knee conditions.

The maximum EMG values of the semitendinosus muscle are greater in the straight knee
condition compared to the flexed knee condition during the lateral, raagteomd combination
perturbationsContrary to thisthe maximumEMG value ofthe semitendinosus muscle five
posterior direction is greater in the flexed knee condition compared to the straight knee
condition. The highest maximum EMG values achieligdhe semitendinosusre during the
combination direction in both knee conditions.

The maximum EMG values of theugus medius muscle are gredtethe flexed knee
condition compared to the straight knee conditioming all directionf the perturbabn. The
highest maximum EMG values achieved by the gluteus medius muscle are during the

combination direction in both knee conditions.
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Table 217 Maximum(SD) of the muscle EMG values(mV) at 30° of kneeflexion andstraight

knee during posterior, lateral, rotational, and combination perturbationsfollowing onset of

pertubations(750 mstotal following onsetof perturbatiof

Knee Perturbation Perturbation
Muscle - o

position Direction (mV)

Flexed Lateral 5.64
Posterior 7.68
Rotational 8.08
Combination 7.93

Lateral gastrocnemius (LG)

Straight Lateral 6.12
Posterior 8.17
Rotational 10.07
Combination 11.88

Flexed Lateral 5.12
Posterior 14.36
Rotational 16.74
Combination 14.82

Medial gastrocnemius (MG)

Straight Lateral 7.38
Posterior 17.02
Rotational 18
Combination 20.05

Flexed Lateral 13.14
Posterior 11.97
Rotational 11.62
Combination

Tibialis anterior (TA)

Straight Lateral 8.31
Posterior 9.85
Rotational 10.77
Combination 9.26
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Flexed Lateral 18.22
Posterior 12.96
Rotational 12.99
Combination 21.46
Peroneus longus (PL)
Straight Lateral 20.75
Posterior 14.63
Rotational 14.01
Combination 18.69
Flexed Lateral 4.29
Posterior 3.41
Rotational 4.41
Combination 3.72
Vastus lateralis (VL)
Straight Lateral 2.2
Posterior 2.34
Rotational 3.14
Combination 3.41
Flexed Lateral 3.62
Posterior
Rotational 3.54
Combination 3.53
Vastus medialis (VM)
Straight Lateral 1.94
Posterior 1.54
Rotational 2.16
Combination 2.54
Flexed Lateral 3.93
Posterior 3.6
Rotational 4.59
Combination 7.19
Biceps femoris (BF)
Straight Lateral 2.89
Posterior 2.95
Rotational 4.04
Combination 7.29
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Flexed Lateral 4.49
Posterior 6.09
Rotational 5.82
Combination 8.34
Semitendinosus (ST)
Straight Lateral 4.65
Posterior 54
Rotational 6.89
Combination 9.65
Flexed Lateral 5.83
Posterior 341
Rotational 3.11
Combination 6.25
Gluteus medius (GM)
Straight Lateral 4.39
Posterior 2.34
Rotational 2.75
Combination 4.41
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5.3 Comparisonof Time of Occurrenceof the Maximum EMG Values

Pleaserefer to Table 3 for all information relatedto the time of occurrenceof the maximum
EMG valuesaswell asFigure5 andFigure6. As seenin Figure5, all muscleswith the exception
of tibialis anterior and vastus medialis muscle reach the maximum EMG values the latest
following the onsetof the rotationperturbatioraswell in the flexed kneecondtion. However,as
seenin Figure 6, all musclesreachthe maximumEMG valuesthe latestfollowing the onsetof

therotationperturbationn the straightkneecondition.

Lateral GastrocnemiusMuscle

Thetime of occurrenceof the maximumEMG valuein the flexed kneeconditionfor the
posteriordirectionis significantlysmallerthanthe lateral,rotation,andcombinationdirectiors in
both knee conditions.The time of occurrenceof the maximumEMG valuein the flexed knee
conditionfor the combinationdirectionis significantlysmallerthe rotationdirectionin bothknee
conditions.The time of occurrenceof the maximumEMG valuein the straightknee condition
for the posteriorand combinationdirectiors are significantly smaller than the combiration
directionin the flexed kneeconditionaswell asthe lateralandrotationdirectionsin both knee

conditiors.

Medial GastrocnemiusMuscle
The time of occurrenceof the maximumEMG values for the lateral directionin both
kneeconditionsaresignificantly smallerthenthe rotationdirectionin both kneeconditions.The

time of occurrenceof the maximumEMG values for the posteriorand combinationdirectionsin
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bothkneeconditionsaresignificantlysmallerthanthelateralandrotationdirecionsin bothknee

conditions.

Tibialis Anterior Muscle

Thetime of occurrenceof the maximumEMG valuefor the lateraldirectionin bothknee
conditions,the posteriordirectionin the flexed kneecondition,andthe combinationdirectionin
the straight knee condition are significantly smaller than the rotation direction in both knee
conditions.Thetime of occurrenceof the maximumEMG valuefor the combinationdirectionin
theflexedkneeconditionis significantly greaterthanall otherdirectionsin bothkneeconditions.
As seenin Figure 7, the tibialis anteriorreacheshe maximum value at the latestduring the

combinationdirectionin the flexedkneecondition.

PeroneusLongus Muscle

The time of occurrenceof the maximum EMG value for the posteriordirectionin the
flexed kneeconditionis significantly smallerthanthe combinationdirectionin the straightknee
condition. The time of occurrenceof the maximumEMG valuefor the rotationdirecion in the
flexed knee condition is significantly greaterthan all other directionsin both knee conditions
exceptthe rotation direction in the straight knee condition The time of occurrenceof the
maximum EMG value for the rotation direction in the straightknee condition is significantly
greaterthanall otherdirectionsin both kneeconditionsexcepttherotationdirectionin theflexed

kneecondition.
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VastusLateralis Muscle

The time of occurrenceof the maximum EMG value for the rotation direction in the
flexed kneeconditionis significantly greaterthan all otherdirectionsin both knee conditions
exceptthe rotation direction in the straight knee condition. The time of occurrenceof the
maximum EMG value for the rotation direction in the straightknee condition is significantly
greaterthan all other directionsin both knee conditions, exceptthe rotation direction in the
flexed kneecondition. The time of occurrenceof the maximumEMG valuefor the combination
direction in the flexed knee condition is significantly smallerthan the lateral direction in the

flexedkneecondition.

Vastus Medialis Muscle

The time of occurrenceof the maximumEMG values for the posteriordirectionin the
flexed kneecondition and the rotation directionin the straightknee condition are significantly
greaterthanall otherdirectionsin bothkneeconditions.Thetime of occurrenceof the maximum
EMG valuefor therotation directionin the flexed kneeconditionis significantly greaterthanthe
lateral direction in the flexed knee condition, the posterior direction in the straight knee
condition,andthe combinationdirectionin both kneeconditions.The time of occurrenceof the
maximumEMG is greatesturingthe posteriordirectionin the flexed knee condition,asseenin

Figure?.

BicepsFemoris Muscle

The time of occurrenceof the maximum EMG value for the rotation direction in the

flexed kneeconditionis significantly greaterthan all other directionsin both knee conditions,
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exceptthe rotation direction in the straight knee condition. The time of occurrenceof the
maximum EMG value for the rotation direction in the straightknee condition is significantly
greaterthan all other directionsin both knee conditions, exceptthe rotation direction in the
flexed knee condition. The time of occurrenceof the maximum EMG value for the lateral
directionin the flexed kneeconditionis significantly greaterthanthe posteriordirectionin the

flexedkneeconditionandthe combinationdirectionin bothkneeconditions.

Semitendinosts Muscle

The time of occurrenceof the maximum EMG value for the rotation direction in the
flexed kneeconditionis significantly greaterthan all other directionsin both knee conditions,
exceptthe rotation direction in the straight knee condition. The time of occurrenceof the
maximum EMG value for the rotation direction in the straightknee condition is significantly
greaterthan all other directionsin both knee conditions, exceptthe rotation direction in the
flexed knee condition. The time of occurence of the maximum EMG values for the lateral
direction in both knee conditionsis significantly greaterthan the posteriorand combination

directionsin bothkneeconditions.

Gluteus Medius Muscle

Thetime of occurrenceof the maximumEMG valuefor therotationdirectionin both

kneeconditionsis significantly greatethanthe combinationdirectionin bothkneeconditions.
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Table 3 17 Time of occurrenceof the maximum EMG values (% of time following onsetof

perturbation at 30° of kneeflexion and straightknee during posterior,lateral, rotational,and

combinationperturbations

Muscle K”e_e_ Perturbation Time of Occurrence
position direction (%) of 700ms
Flexed Lateral 20.6%
Posterior 8.9%?c.degh
Rotational 25.6%
Lateral Combination  19.4%9
gastrocnemius
(LG) Straight  Lateral 21.4%
Posterior 12.2%7c.d.e.9
Rotational 27.6%
Combination  13.3%@cdeg
Flexed Lateral 20.7%"9
Posterior 7.1%*.¢&9
Rotational 27.4%
Medial Combination  10.7%#ce9
gastrocnemius
(MG) Straight Lateral 19.4%F9
Posterior 8.2%.¢.e.9
Rotational 26.7%
Combination  9.0%?¢e9
Flexed Lateral 18.5%F9
Posterior 18.6%9
Rotational 25.3%
o . Combination  34.1%@bPcefah
Tibialis anterior
(TA) .
Straight Lateral 17.0%9
Posterior 22.3%
Rotational 25.8%
Combination  15.1%F9
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Flexed Lateral 15.2%
Posterior 11.8%"
Rotational 26.4%b.defh
Combination  15.7%
Peroneus longus
(PL) Straight Lateral 13.6%
Posterior 13.9%
Rotational 26.59b.defh
Combination  16.7%
Flexed Lateral 18.9%
Posterior 14.6%
Rotational 27 .5%@bdefh
) Combination  13.0%a
Vastus lateralis
(VL) Straight Lateral 17.7%
Posterior 14.6%
Rotational 29.29b.defh
Combination  16.1%
Flexed Lateral 15.9%
Posterior 37.3%pcdefgh
Rotational 25.6%@dth
o Combination  13.2%
Vastus medialis
(VM) Straight Lateral 18.6%
Posterior 16.6%
Rotational 29.09.cdefh
Combination  13.0%
Flexed Lateral 19.49p.dh
Posterior 12.99fbdefh
Rotational 27.6%
_ ) Combination  13.0%
Biceps femoris
(BF) Straight Lateral 16.8%
Posterior 16.2%
Rotational 29.09b.defh
Combination  14.2%
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Flexed Lateral 20.090>d:th
Posterior 13.5%
Rotational 27.99b.defth
_ ) Combination  10.8%
Semitendinosus
(ST Straight Lateral 18.694dth
Posterior 13.7%
Rotational 28.4%b.defh
Combination  12.6%
Flexed Lateral 19.8%
Posterior 18.5%
Rotational 24.99¢%h
) Combination  16.5%
Gluteus medius
(GM) .
Straight Lateral 21.9%
Posterior 22.2%
Rotational 26.59¢%h
Combination  16.9%

2Flexed knee, lateral perturbation vs. other conditions (p<0.05).
bFlexed knee, posterior perturbation vs. other conditions (p<0.05).
°Flexed knee, rotational perturbation vs. other condition8.(%.
dFlexed knee, combination perturbation vs. other conditions (p<0.
€Straight knee, lateral perturbations vs. other conditions (p<0.05).
f Straight knee, posterior perturbation vs. other conditions (p<0.05’
9 Straight knee, rotational perhation vs. other conditions (p<0.05).
h Straight knee, combination perturbation vs. other conditions (p<0



Figure 7 1 Time of occurrenceof the maximum EMG valuesat 30° of knee flexion during

posterior lateral,rotational,andcombinationperturbations
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Figure8 i1 Time of occurrenceof the maximum EMG valuesat straightkneeduring posterior,

lateral,rotational,andcombinationperturbations
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6.0 Discussion

The purposeof the studywasto explorelower limb muscleactivity andthe influenceof
kneeconditionsduring a perturbationthat mimics an ACL injury mechanismThis information
may be usedto help determinethe reasorbehindthe succes®f injury prevertion programsthat
reduce the incidence of lower extremity injuries and could help improve these programs.
Specifically,this may allow researcherso build on the existingknowledgeof injury prevention
programshatarebeingimplementedby strengthand conditioningcoachesand help modify the
programsbasedon muscleactivity. To date,thereis a lack of publishedstudiesregardingACL
injuries with an unexpectederturbationthat mimics an ACL injury mechanismBy exploring
muscleactivationandrecruitmentandthe effect of a posterior,lateral,androtationalmotionin
balanceas well asthe combinationof thesemotions,which mimic the occurrenceof an ACL
injury, we can aid strength and conditioning coachesin improving exercise intervention

programghattargetinjury preventionof thekneejoint.

6.1 Understanding Mean and Maximum EMG Values- Lateral Direction
Contrary to what was reported by Malinzak et al. (2001) during@itteng tasks, He

mean EMG values of the lateral and medial headth@fgastrocnemius muscéee slightly

higher in the straight knee condition during the gaesturbation phase, which may be explained

by the muscle activity necessary to gain balaamo@ may indicate that the athletes change to a

more flexed position to dance. The lowestmaximum EMG values for the gastrocnemius

muscle are during the lateral perturbation in both knee conditions, which may be an indication

that the contribution to balance by the gastrocnemius muscle is less during the lateral

perturbation. This maglsoindicate that the lateral gastrocnemius muscle is working as well to

gain balance through plantar flexion of the foot and/or flexion of the leg at the kneéndre
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flexed knee condition, the maximum EMG value of the lateral gastrocnemius muscle & great
than the maximum EMG value of the medial gastrocnemius mukaieay be an indication that
the knee is moving into a valgus position through increased lateral muscle contraction and
decreased medial muscle contraction (Myer et al., 2009).

The meanEMG value of the peroneudongusmuscleduring the postpertubationphase
is greaterin the straightkneecondition,which indicatesthat the muscleaidsin plantarflexion
andeversionmotion of the foot to regainbalanceduring the lateral perturbation.The maximum
EMG valueis alsogreaterin the straightkneecondition. The meanEMG values of the tibialis
anterior muscle during the postperturbationphasein the flexed knee condition is greater,
suggeshg thatthe muscleis working to maintainbalancethroughdorsiflexionandinversionof

thefoot. ThemaximumEMG valueis alsogreateiin theflexedkneecondition.

The vastusmedialisandvastuslateralismuscleshavegreatermeanand maximumEMG
valuesin the flexed kneecondition sinceboth musclesare contractedo maintaina flexed knee
position. The meanEMG valuesof the vastusmedialisand vastuslateralismusclesduring the
postperturbationphaseare similar to the values of the biceps femoris and semitendinosis
muscleswhich indicatesthat that both musclesareworking simultaneouslyo maintainbalance
throughco-contractionfor joint integrity, which is supportedby the findings of Fleischmanret
al. (2011)during laterallandingand lateraljumping tasks.However,a studyby Malinzak et al.
(2011)revealedthatincreasedquadricepsactivationand decreasedhamstringactivationduring
sidecutting task. Contrary to the findings in a study by Oliveira et al. (2013) in trained
individuals, the meanEMG value of the bicepsfemoris muscle during the postperturbation
phasein the flexed kneepositionis slightly greater,which may be anindicationthat the biceps

femoris muscleis more engagedto preventvarus motion at the knee joint when flexed. In
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additionto this, the maximumEMG valuesof the semitendinosumusclearesimilar in valuefor
both knee conditions,whereasthe maximum EMG valuesfor the bicepsfemoris muscleare
greatestin the flexed knee condition. This may indicate that the biceps femoris muscleis
working to preventvarusknee positionduring the lateral perturbation.Contraryto this finding,
medial hamstring preparatoryactivity was found to increaseafter the implementationof an
injury preventionprogram,and reducedpreparatoryactivity of the medial hamstringof the

A Indingl i mM@asthoughtto beapotentialACL injury risk factor (Foxetal., 2018).

The differencebetweenthe perturbationphaseand postperturbationphasemeanEMG
values of the gluteus medius muscle are greater in the straight knee condition, which may
indicatethat hip abductionand/ormedialrotationaidswith achievingbalance gspeciallyin the
straightknee condition. However, the maximum EMG value of the gluteusmediusmuscleis
greaterduring the flexed knee position which may be due to the engagemenbof the gluteus
medius muscleto assistthe flexed knee position through abductionof the hip and internal
rotationof thethigh. This is supportedy thefindings of Silversetal. (2007),which stateghata

properlandingtechniqueinvolvesengagindgneeandhip flexion duringlateralcuttingtasks.

6.2 Understanding Mean and Maximum EMG Values- Posterior Direction

The meanEMG valuesof the medialheadof the gastrocnemiusnuscleduring the post
perturbationphaseare greaterthan the valuesof the lateral headof the gastrocnemiusnuscle.
This maysuggesthatthe musclereactiongo preventvalgusmotionat the kneejoint. In addition
to this, the maximumEMG value of the medialheadof the gastrocnemiusnuscleis greaterin
the straightkneecondition, which indicatesthat medial gastrocnemiusnuscleis more engaged
in order to maintain balanceand preventvalgus motion at the knee joint. Contraryto this,

Flaxmanet al. (2013) reportedthat femaleshad greateractivaion of the lateral gastrocnemius
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comparedto males. A study by Landry et al. (2007) who also reported greater lateral
gastrocnemiususcleactivity comparedo medialgastrocnemiumuscleactivity for straightrun

task

ThemeanandmaximumEMG valuesof thetibialis anteriormusclearealsogreater
duringtheflexedkneecondition,which maybe explainedby the kneeposition. During the
straightkneecondition,thetibialis anteriormuscleis contractedsincethe participantwastold
notto hyperextendi thekneejoint. However,duringtheflexedkneecondition,thetibialis
anteriormuscleis contractedn orderto maintainbalancehroughdorsiflexionof thefoot. A
studyby Gstottner et al.Z009 also found that the tibialis anterior muscle of the-peeferred
leg reacted faster when the platform moved backwards whereas the tibalis anterior muscle of
preferred leg reacted faster when the platform moved forianding the postperturbation
phasethetibialis anteriormusclein bothkneeconditionscontractsto maintaintheknee

positionsandregainbalance.

The meanand maximumEMG valuesof the vastusmedial and vastuslateralismuscles
are greaterin the flexed kneeconditioncomparedo the straightkneecondition, which may be
dueto the musclebeingengagedo maintainbalancen theflexedkneeposition.ThemeanEMG
valuesof the vastusmedialis and vastuslateralis muscleshave similar valuesduring all three
phasedduring the flexed knee condition as a result of co-contractionin orderto maintainthe
flexed kneecondition.Ruanet al. (2017)reportedthat reducedco-contractionof the quadriceps
and hamstringis beneficialfor athletes,but decreasedamstringstrengthalso increasesACL
injury risk. While comparing male and female athletesduring running and cutting tasks,
Malinzaketal. (2001)alsorepatedincreasedjuadricepEMG valuesanddecreasethamstrings

EMG values.PalmiertSmith et al. (2008) studiedpreparatorymuscleactivity and discovered
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that increasedpreparatoryactivity in the lateral quadricepsand lateral hamstringincreased
valguskneeangleand increasedoreparatorymedial quadricepsactivity decreasedralgusknee
angle. Since the participantswere instructednot to hyperextendat the knee joint during the
straight knee condition, the vastus medialis and vastus lateralis musclesare also slightly
contractedsince participantswere slightly flexed at the knee joint when instructed against
hyperextensionThe meanand maximumEMG valuesof the gluteusmediusmusclearegreater
in the flexed kneeconditioncomparedo the straightkneecondition,which may resultfrom the
engagemendf the musclethroughhip abductionand/orinternalrotationof the thigh in orderto

maintainbalancen the flexedkneeposition.

6.3  Understanding Mean and Maximum EMG Values- Rotational Direction

Contray to the results reported by Landry et al. (2007) stating that the lateral
gastrocnemius muscle activity was greater than the medial gastrocnemius muscle activity during
crosscutting manoeuvre,he meanand maximumgEMG values of the medial head of the
gastrocnemius muscle are greater than values of the lateral head of the gastrocnemiys muscle
which may suggest that the muscle reacts to prevent valgus motion at the kneeTf@nt.
maximum EMG valueof the medial gastrocnemius muscle geeater in the straight knee
condition compagd to the flexed knee conditiomhe mean EMG values of the medial
gastrocnemius muscle aatsogreater in the straight knee condition compared to the flexed knee
condition during all phases for perturbatiofheses results suggestat these muscles are
engaged during perturbation and ppstturbation phases to gain balance during the rotational
perturbation. The mean EMG valuedifference between the perturbation phase and- post
perturbation phase for the pasus longus musclis greatest, whiclmay be an indication that

the peroneus longus muscle helps gain balance though eversion of therfiogtadrotational
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perturbation. Landry et al. (2007) also reported that the female participants had increased ankle
eversion compared to male participants.

The meanand maximumEMG valuesfor the vastusmedial and vastuslateralismuscle
aregreaterin the flexed knee condition, which may indicatethat the musclesare contractedo
maintain balancein a flexed knee position In the straight knee condition, thereis a slight
increasen the meanEMG valuefor the whencomparingthe pre-perturbationand perturbation
phasego the postperturbationphase which may suggesthatthe participantsaretransferringto
a flexed knee position postperturbationto regain balance.Myer et al. (2005) reportedthat
contractionof the quadricepsnusclewill pull the tibia forward and causeanteriorshearat low
knee flexion anglesbetween0° and 30°while mimicking an ACL injury sk manoeuvre.
Increased firing of vastus lateralis or decreased firing of the vastus medialis could cause

abducted positioning of the knee joint (Myer et al., 2005).

The meanEMG valuesof the bicepsfemoris and semitendinosusnusclesare similar
when comparingboth knee conditionswithin eachmusclerespectively,suggestingthat both
muscles contributeto balancesquallyin bothkneeconditions.Contraryto this, a studyby Kellis
et al. (2004) exploring soccerkicks reportedthat the kicks causesignificant changesn biceps
femoris muscleactivationstrategiesn the supportleg. The bicepsfemoris muscleactivationis
increasedt groundcontact(Kellis et al., 2004). The meanEMG valuesof the gluteusmedius
are slightly greaterin the flexed knee condition, which may be due to the engagemenof the

gluteusmediusmuscleduringaflexedkneestance.
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6.4  Understanding Mean and Maximum EMG Values- Combination Direction

Higher valuesin the flexed knee position for the vastuslateralis and vastusmedialis
comparedto the straight knee condition suggestgreatermuscle activity. As a result of the
insertionpoint of bothmuscleson the tibial tuberosity thereis ananteriorshearforce duringthe
motionin theflexed kneeposition,similar to whatwasreportedby Ruanetal. (2017).However,
the semitendinosuandbicepsfemoris muscleshavehighermeanEMG valuesduring the post
perturbationphaseof the combinationperturbationcomparedo the vastuslateralisand vastus
medialisfor both conditiors, suggestinga greaterposteriorshearforce comparedo the anterior
shearforce. The meanand maximumEMG valuesof medialandlateralgastrocnemiusnuscles
arehigherthanthe vastusmedialisandvastuslateralismusclesaswell asthe bicepsfemorisand
semitendinosumusclesduring the postperturbationphasein the flexed condition, contributing
to the greaterposteriorshearforce of the femur. A study by Malfait et al. (2015) reported
significantly greatervastusmedialis, vastuslateralis, and medal hamstringactivity during a
multi-planarperturbationcomparedo a lateral single planarperturbationNo differenceswere
reportedin neuromusculaactivity, peak knee flexion and peak knee abductionangleswhen
comparinghesingleplanarperturbatbnsto the multi-planarperturbationgMalfait etal., 2015).

During the straightkneeconditionin the postperturbation phasethe meanEMG valueis
highestfor the semitendinosumuscle,suggestinghatthe muscleis activatedto preventvalgus
motion of the kneejoint. Brown et al. (2013)indicatedvastuslateralispre-activity asa predictor
of increasd kneeabductionmoment.The meanvalue of the gluteusmediusmuscleis greatest
for the flexed knee condition during the postperturbationphase suggestingan increasen the
abductionand medialrotation of the thigh in a flexed kneestance.The peroneudongusmuscle

achievedthe highest mean EMG values during the postperturbationphasefor both knee
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conditions, suggestingthat plantar flexion andbr eversionof the foot may be a reactionto
maintainbalanceduring the combinationperturbation.StudiesperformedLinford et al. (2006)
andThainetal. (2016)exploreperoneusongusmuscleactivity relatedto anklesprains however
studieshave not exploredits relationshipto ACL injuries. Thesereactionsmay decreasdhe
chanceof ACL ruptureasresultof the strong posteriorshearforce of the femur, hip abduction,
medial thigh rotation, as well as eversionand plantarflexion of the foot. However, sincethe
populationstudiedis a healthy,athletic population,therewere no incidentsreportedduring the

courseof the study.

6.5 Understanding Time of Occurrence of Maximum EMG Values

Lateral and Medial GastrocnemiusMuscles

In both knee conditions, the lateral and medial gastrocnemiusmuscles reach the
maximum EMG value earlier for the combination and posterior in both knee conditions.
However,the maximumEMG valueis reachedearliestin the flexed knee condition during the
posteriordirection. A systemicreview by Theisenet al. (2016) reportedearlieronsetof muscle
activity in medial gastrocnemiugn three studies. However, in our study, the patterns of

activationaresimilar for the medialandlateralgastrocnemiususcles.

Tibialis Anterior Muscle
In the flexed knee condition, the tibialis anterior muscle respondssignificantly later
during the combinationdirection following the onsetof perturbationcomparedto all other

directionsin both knee conditions.However, during the combinationdirection in the straight
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knee condition the tibialis anterior musclerespondsearlier to the onset of the perturbation.
During the lateral and posteriordirectionsin the flexed knee condition, the tibialis anterior
respondsearlier comparedto the rotation directionin both knee conditions.This may indicate
that this muscleis usedfor balancethrough inversion of the foot and may be important for
balancein the lateraland posteriordirectionsin the flexed knee conditionandthe combination

directionin the straightkneecondition.

PeroneusLongus Muscle

During the posteriordirectionin the flexed kneecondition, the peroneudongusmuscle
respondsthe earliest following onset of the perturbation.In the rotational direction, the
maximumEMG valueis reachedaterin both kneeconditions which may be an indicationthat
the peroneuslongus musck continuesto react to maintain balancefollowing the onset of

perturbationin therotationaldirection.

VastusMedialis and VastusLateralis Muscles

In the rotationaldirection, the maximumEMG valuesof the vastusmedialisand vastus
lateralismusclesarereachedearthe endof the phasefollowing the onsetof perturbation These
musclesaid to stabilizethe kneejoint andthereforethe mu s c teacto@during the rotational
phasesuggestshatthe musclecontinuego contractduringthe endof the phaseto help maintain
balanceandaid joint stability. During the combinatia directionin the flexed kneecondition,the
maximum EMG value of the vastuslateralis muscleis reachedearlier comparedto all other
perturbationsThe vastusmedialismusclerespondghe slowestduring the posteriordirectionin

theflexedkneecondition.Fox etal. (2017)reportedthatfemaleathleteshadincreasedctivation
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of medial hamstringsprior to landing and increasedactivation of medial gastrocnemiusat
landing comparedto a control group following an injury preventionprogram A study by
PalmiertSmith et al. (2007 found thatincreasedreparatoryactivity in the vastuslateraliswas
relatedto highervalguskneeanglewhereasncreasedreparatory vastusmedialisactivity was

relatedto lower valguskneeangles(Palmierietal., 2007).

BicepsFemoris and SemitendinosusMuscles

The bicepsfemorisand semitendinosusmusclesrespondater following the onsetof the
perturbationduring the rotational perturbationin both knee corditions. The biceps femoris
musclereacheghe maximum EMG value later during the lateral direction in the flexed knee
condition and the semitendinosusnuscle reachesthe maximum EMG value later during the
lateral directionin both knee conditions This may indicate that thesemusclesare working in
both knee conditionsto preventhyperextensiorat the kneejoint. Overall, thesemusclesreact
earlierduringthe combinationperturbatiorandlaterduringtherotationalperturbationn orderto
stabilizethe kneejoint. A studyby PalmiertSmith et al. (2007)foundthatincreasegreparatory
activity in the lateral hamstringwas relatedto higher valguskneeangle. Malfait et al. (2015)
statedthat a greaterdifferencewas found when comparingthe vastuslateralis muscleto the
medialhamstringmuscleduring the preparatoryphaseof a sidecutting manoeuverywhich may

predicttherisk of anACL injury.

Gluteus Medius Muscle

When examiningthe rotational direction, the maximum EMG value is reachedater in

both knee conditions. However, the maximum EMG value is reachedearliest during the
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combinationdirectionin both kneeconditions.The gluteusmediusmuscleaids balancethrough
decrease@dductionat the hip joint, which in turn may help the positioningof the kneejoint
during both perturbationsand decreasevalgus motion at the knee joint during these
perturbationsHowever,a study by PalmiertSmith et al. (2007) reportedthat pre-activation of

the gluteusmediusmuscledid not changepeakvalguskneeangle.

6.6  Limitations

This researclprojectfacedmanylimitations andchallengesluringthe recruitmentphase.
Although we had contactedseveralcoachesand had done presentationsn personfor various
teams,therewas a lack of interestto participatefrom the athletes.Also, the inclusion criteria
were very specific and thereforeit was difficult to find athleteswithout chronic lower body
injuries within a specificagegroup. This affectedthe quality of the findings sinceit waslimited
to thenumberof participantsvho werewilling to participateoveraspanof 3 years.

The amountof datacollectedwasimmenseandit wasdifficult to separatehe datathat
wasrelevantto theresearchguestionandhypothesisAll participantsvereathletesat Concordia
Universityandmanyof participantsverefrom the samesportsteam.This mayhaveaffectedthe
data collectedsince the participantsmay be following the sametraining program. Therefore,
theseresultsmay be relevantfor the femaleathletesfrom ConcordiaUniversity, but may not be
applicablefor femaleathletesdrom otheruniversities.

ThemaximumEMG responseavascalculatedduringthe 750msfollowing the onsetof the
perturbation unlike the division of meanEMG activity during the 500msof perturbationand
250msafter the perturbationended Due to the start and end of the perturbationplatform the

body may be respondingto the movementfollowing the onsetof the perturbationand our
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maximum may be a result of the secondreaction at the cessationof the movementof the

platform

6.7 Conclusion

The meanEMG valuesfor vastusmedialis,vastuslateralis,and gluteusmediusmuscles
were greatestduring combinationdirectionin the flexed kneecondition thereforerejectingthe
first and secondhypothess. The meanEMG valuesare greatestduring the postperturbation
phasefor all musclescomparedto the pre-perturbationand perturbationphasedor both knee
conditions which supportsthe third hypothesisThis may be explainedby the increasednuscle
activity necessaryo maintainbalancesincethe participantamaintaintheir stanceduringthe pre-
perturbationphaseand reactduring the perturbatiom phase.ln addition,the meanEMG values
during the postperturbationphaseare greaterthan the other phasessincethepar t i ci pant
reaction to the perturbationis to regain balance and therefore increasing muscle activity
following the perturbation.The maximum EMG values and the time of occurrenceof the
maximumEMG valuesdifferedfor eachmuscle thereforerejectingthe fourth hypothesis.

During the lateral, posterior,and rotational perturbationsgn the straightknee condition,
the medial headof the gastrocnemiusnuscle,vastuslateralis muscle,vastusmedialis muscle,
andgluteusmediusmusclehavesignificantmeanEMG valuesduring all phase®f perturbation.
This is an indication that these musclesare engagedduring the straight knee condition to
maintain balance.The muscleson the medial aspectof the lower limb help to reducevalgus
movementt the kneejoint whereashe gluteusmediushelpsmaintainkneepositionby reducing
adduction,which may also help reducevalguskneein a healthypopulationandin turn reduce

the risk of an ACL injury. In addition to this, all muscleswith the exceptionof the tibialis
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anterior muscle have significant EMG values during the postperturbation phase of the

combinationdirectionin the straightknee condition suggestinghat all the musclesmeasured
contributeto maintaining balanceduring a perturbationthat mimics a high risk ACL injury

mechanismin the flexed kneecondition,the meanEMG valuesof the peroneudongus,biceps
femorisand semitendinosumusclesare significantduring postperturbationof the combination
direction,which may alsobe an indicationthat thesemuscleengageto maintainbalancein the

flexed knee position. Thesemusclesmay contributeto ACL injury preventionby reducing
hyperextensiorat the kneejoint andinternaltibial rotation Therefore thesemusclesmay react
postperturbatiorto maintainstability at the kneejoint in a healthypopulation.

The maximum EMG valuesof the medial headand lateral headof the gastrocnemius
muscle bicepsfemorismuscle,andsemitendinosumuscleweregreatestiuringthe combination
directionin the straightkneecondition This may be an indicationthat thesemusclesreachthe
maximum valuesto protectthe kneejoint and maintain balancein the flexed knee condition
throughdecreasednteriorshearforce of thetibia or increasegosteriorshearforce of the femur,
which in turn may decreaséhe risk of an ACL injury. The maximumEMG valuesof tibialis
anterior muscle and vastusmedialis muscle are greatestfor the lateral direction. During the
combinationdirection,the maximumEMG values are greatesin the flexed knee condition for
the peroneudongus muscleand gluteusmediusmuscle,suggestinghat thesemusclesreactto
maintainbalancethrougheversionof the foot and reducedadductionat the hip. This may also
reducetherisk of an ACL injury.

The time of occurrenceof the maximumEMG valuesof all the musclestested with the
exceptionof the vastusmedialismuscle,were reachedhe latestduring the rotationaldirection

In the flexed kneecondition,the time of occurrenceof the maximumEMG valuesof the medial
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and lateral head of the gastrocnemiusnuscle were reachedthe latest during the rotational
direction In the straight knee condition, the maximum EMG valuesof the tibialis anterior
muscle,peroneudongusmuscle,vastuslateralismuscle bicepsfemorismuscle,semitendinosus
muscle,and gluteusmediusmuscleare reachedhe latestfollowing the onsetof a perturbation
during the rotational direction. These results suggestthat the knee joint may not be well
proteted during the rotational perturbationsinceit is beneficialfor the athleteif the muscles
reactearlierfollowing the onsetof perturbation This may alsoincreasethe chanceof an ACL
injury.

The highestmuscleactivity, obtainedby measuing meanEMG values,were from the
lateralandmedialheadsof the gastrocnemiusmuscleandthe peroneusongusmuscleduringthe
postperturbationphaseof the combinationperturbation.Thesevalueswere also significantin
the straightkneecondition,which suggestshatthe peroneusongusandgastrocnemiusnuscles

contributeto maintainingbalancegspeciallyin the straightkneecondition.

6.8  Future Research

Futureresearchersanconductthe samestudyto compareand contrastmaleandfemale
EMG muscleadivity. Statistically,femaleathletessuffer more ACL injuries thanmaleathletes
(Agel et al., 2007) (Ireland, 1999) (Slauterbacket al., 2002). By comparingresultsfrom male
and female athletes,the researchemay be able to determinethe sex differenes in muscle
engagemenbetweenthe two groups.This study can be replicatedto investigatethe difference
betweenhealthy athletesand athleteswho have suffered ACL injury. This study can also be
replicatedby tracking the athletesover a period of time and retestingthe athleteswho have

sufferedan ACL injury in orderto seedeterminehow the valueschangepostinjury
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Joint kinematicscan also be studiedand comparedwith the EMG muscleactivity. The
data can also be comparedbetweenmale and female athletes to investigateif there are
similarities or differencesthat can explainthe ACL injuries in female athletes.This study can

alsobereplicatedo investigatadifferencesn muscleactivity in youngathletes.
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8.0  Appendices
8.1 Appendix A

Graph 17 MeanEMG Valuesof LateralGastrocnemiuduscleDuring Different Perturbations

Mean BEMG of Lateral Gastrocnemius during different Perturbations
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Graph2i MeanEMG Valuesof Medial GastrocnemiuduscleDuring Different Perturbations

Mean BMG of Medial Gastrocnemius during different Perturbations
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Graph3i MeanEMG Valuesof Tibialis Anterior MuscleDuring Different Perturbations
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Graph4i MeanEMG Valuesof Peroneus.ongusMuscleDuring Different Perturbations
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