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Abstract

Introduction

Accentuated-eccentric loading (AEL) takes advantage of the high force producing potential
of eccentric muscle contractions, potentially maximising mechanical tension within the mus-
cle. However, evidence is lacking on how AEL squatting may load the involved musculature,
limiting scientifically justified programming recommendations. The purpose of this study
was to investigate the effects of concentric and eccentric loads on joint loading and muscle
activity of the lower limbs.

Methods

Resistance trained males performed traditional squatting (20£100% of concentric one-repe-
tition maximum [1RM]) and AEL squatting with eccentric loads (110£150% of 1RM) provided
by a novel motorised isotonic resistance machine (Kineo). Kinetics and kinematics of the
hip, knee, and ankle joints were collected, with electromyography from the gluteus maximus,
vastus lateralis, biceps femoris, and gastrocnemius medialis. A secondary cohort under-
went a kinematic and electromyography analysis of squatting technique to compare Kineo
and back and front barbell squatting.

Results

Knee joint peak eccentric moments occurred at 120% 1RM (P = 0.045), with no further
increase thereafter. As eccentric load increased, the time course of moment development
occurred earlier in the eccentric phase. This resulted in a 37% increase in eccentric knee
extensor work from the 80% 1RM trial to the 120% 1RM trial (P 0.001). Neither hip nor
ankle joints displayed further change in kinetics as eccentric load increased above 100%
1RM. Electromyographic activity during traditional squatting was ~15+30% lower in all
eccentric trials than in concentric trials for all muscles. EMG plateaued between a load of
80+100% 1RM during the eccentric trials and did not increase with AEL. No significant differ-
ences in kinematics were found between Kineo and barbell squatting.
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Conclusions

The knee extensors appear to be preferentially loaded during AEL squatting. The greater
work performed during the eccentric phase of the squat as eccentric load increased sug-
gests greater total mechanical tension could be the cause of adaptations from AEL. Our
data suggest that AEL should be programmed with a load of 120% of 1RM. Further studies
are needed to confirm the longer-term training effects of AEL.

Introduction

Increasingmuscleforceproducingcapacityis aprimary goalfor strengthand conditioning
(S&C)practice asit canimproveperformancedn awiderangeof sportingactivities[1, 2].
Enhancedorceproductioncanbeachievedy increasedeuraldrive andthe addition of con-
tractile materialvia skeletamusclehypertrophy[3], both of which canbeachievedvith resis-
tancetraining [4]. Skeletamusclehypertrophyoccursasaresultof anincreasedet-protein
balancg5], whichinvolvesthe activationof mTORC1[6]. The stimulusfrom mechanicaten-
sionwithin the musclehasbeenhighlightedasthe primary mechanisnby which hypertrophy
occurg[7], with adose-responseslationshipbetweerthe peaktensionthe muscleundergoes
andtheactivationlevelsof mMTORC1[8]. Thesestimuli aredetectecby mechanosensoich
asthe kinasedomainof thetitin myofilamentprotein[7]. Furthermore atotal volumeof
mechanicatension,dueto morework doneby amuscle hasalsobeenshownto increase
markersof muscleprotein synthesi§9]. However highly trainedathleteshavea smallerphysi-
ologicalresponsée.g..endocrineresponsejo resistancéraining, leadingto an attenuationof
skeletamuscleadaptationcomparedo untrainedindividuals[10]. Thus,highly resistance-
trainedindividualsmayrequiregreateror novelstimuli to elicit adaptationTherefore S&C
practitionersseekadvancedraining methodsto facilitatecontinuedadaptationoften by
increasinghe peakmechanicatensionor volumeof mechanicatensionplacedupona
muscle.

Onesuchadvancedraining methodis eccentriaesistancéraining [11], wherebythe dura-
tion or loadingof the eccentridmusclelengthening)phaseof a givenexercisés manipulated
by applyingloadsabovethe individual'sconcentric(muscleshortening)one-repetitionmaxi-
mum (1RM), or throughthe useof isoinertialor isovelocitydevicesuchasthe Kineotraining
systemkineo) (v7.0,GLOBUS |taly) [12]. Theseraining methodsexploitthe greaterforce
producingcapacityof eccentriccomparedo isometricor concentricmusclecontractiong13].
During eccentriccontractions sarcomerdengthincreaseincluding activestretchof the
spring-liketitin myofilamentincreasingts stiffnes414], facilitatinggreaterntransferencef
forcesthroughthe sarcomerevhich canbedetectedy the kinasedomainof titin, potentially
leadingto adaptation.The magnitudeof eccentridforceenhancementecordeds dependent
on the conditionsof measurementwith forcesup to 80%greaterfin isolatedmuscle[15], and
forces/momentsip to 30%greaterfor single-jointmovementg§16] and 10%greaterduring
multi-joint exercisefl?]. Thesalifferencesrelikely dueto aneccentric-specifioeuralacti-
vationstrategy{17], anddifferencesn neuralactivationduring multi-joint movementg18].
To thatend,the questionarisesvhethersufficientlygreatermuscularforcesareachievediur-
ing eccentridraining to warrantthe complexityof theseraining designs.

During traditional (TRAD) squatting(i.e.,sameabsolutdoadfor the concentricandeccen-
tric phase)groundreactionforceshavebeenreportedto begreaterduring the concentricvs.
theeccentrigphasdq19], giventheloadmustbeacceleratedgainsigravityin the concentric
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phaseConsequentlythe loadduring the eccentricpphasdén TRAD squattingis significantly
belowthe maximumeccentriccapacity potentiallyunder-loadingthe musculatureandthere-
fore providing sub-optimalmechanicatensionto promoteadaptation However the degreeof
this under-loadingduring the eccentricphasecomparedo the concentricphasds currently
unknown.

Oneeccentriaesistancéraining methodthat showspromisefor overcomingtheabove
limitations of TRAD squattingis accentuated-eccentrioading(AEL) [20] in whichtheload
is greaterduring the eccentrigghaséhanthe concentric By takingadvantagef the direction-
specificmechanicapropertiesof musclecontraction,AEL canincreasehe peakandvolume
of mechanicatensionexperiencedPreviouditeraturehashighlightedpromisingresultsfrom
AEL,with increase# both strengthandhypertrophy[11], aswellasmaintainedacuteendo-
crineresponsef?1]. Thus,manyelite S&Cpractitionersnow adoptAEL into their training
repertoire[22]. However thereis adearthof information regardinghow bestto program
AEL, especiallgonsideringasystematiceviewfrom 201 7found ~80%of eccentriccesearch
hasbeenperformedusingsingle-jointmethodologie$2 3], whereasnulti-joint movements
aretypicallyusedin appliedpractice(e.g. squatting).Thereis alsoa high variability between
individualsin the absoluteandrelativemagnitudeof maximumeccentridorcesproduceddur-
ing squatting[12]. Collectivelythesessuesnakeit difficult to producescientificallyjustified
AEL training recommendations.

Harden . [24] exploredtheissueof eccentricunder-loadingusinga pneumaticeg-
presgo deliverloadsequivalento 110,130,& 150%of isometricforce,andfoundthata
greatereccentridoadresultsin anincreasean eccentriogroundreactionforce[24]. Likewise,
Sarto . [25] demonstratedhatan AEL loadof 150%during aleg-pressesultsin a31%
increasen quadricepsnuscleactivity comparedo a TRAD eccentridoad of 80%0f 1RM.
Takentogetherthesestudiesndicateagreatedloadingof thelowerlimb musculatureduring
AEL.However,t is uncertainhowthis would translateto squatting dueto the differencesn
kinematicsand muscleactivity betweerthe squatandleg-pres$26]. Oneof the fewstudies
thathasexaminedhe eccentrigphaseof the squatwith AEL [27] found that this resultedin a
greatereccentriovork. Unfortunately,this wasonly assessedith one AEL load (105%of con-
centric1RM)anddid not investigatendividual joint kinetics[27], andthereforecomprehen-
sivetraining recommendationgannotbeestablished.

In orderto producecomprehensivéraining recommendationgor AEL squattingit is nec-
essarynot only to understandhetotal loadthat canbelifted, but alsoto understandhejoint
contributions,asnot all joints areloadedequallyduring multi-joint movementsAdditionally,
theloadingexperiencedn eachphaseof the squatmayvarydueto changeén squattingtech-
nigue.During the eccentrigphaseathletesnayaltertheir strategyto control theloadand may
not producemaximumeffortthroughoutthe full rangeof descenf{28], andthusdescenteloc-
ity canvary[29]. Thesechangesnayaffecttherate of momentdevelopmentywork, and peak
joint momentexertecby the lowerlimb muscleswith work beinganindicator of the total vol-
umeof mechanicatension,and peakjoint momentanindicator of peakmechanicatension
experiencedby amuscle Thereforejn orderto identify optimal AEL protocols,arangeof
AEL parametersieedso beassessedpplicationof squattingloadsgreaterthen 1RM canbe
risky andchallengingpor requiresspecialisequipmentsuchasthe Kineo,whichwehaveprevi-
ouslydemonstratedo be safeandeffectivefor this purpos€12]. Howeverwealsoneedto
understandvhetherthe squattechniquewhenusingthe Kineo differsto thoseof typicalsquat
variations(e.g. barbellbacksquat/frontsquat.

Thereforethe primary objectivef this studywereto studythe applicationof AEL during
squattingandto: 1) determinehowthe eccentrigoint momentsandwork of the lowerlimb
joints changewith the magnitudeof eccentridoad;2) determinehowthe concentricand

PLOS ONE | https://doi.org/10.1371/journal.pone.0276096 November 1, 2022 3/19


https://doi.org/10.1371/journal.pone.0276096

PLOS ONE

Biomechanics of traditional and accentuated eccentric squatting

eccentrigoint momentsandwork of the lowerlimbs differedduring TRAD loading;3) estab-
lishwhether/howowerlimb peakjoint momentsandwork from the AEL trials differ from
thoseachieveduring commonlyprescribedTRAD loadsusedfor resistancéraining. Second-
ary objectivesvereto investigatevhetheranychangesn joint momentsandwork areaccom-
paniedby changesn muscleactivity or changesn joint kinematicsandif the squat
kinematicsdiffer betweerbarbellvariationsandthe Kineo.

It washypothesisethat: 1) aseccentridoadincreasedthe joint momentandwork of the
lowerlimbswouldincrease2) concentricjoint momentsandwork of the lowerlimbswould
begreaterthaneccentrigoint momentsandwork during TRAD loading;3) eccentrigoint
momentsandwork during AEL would exceedhoseduring the concentricphaseof TRAD;
and4) anincreasedoint momentwould beaccompaniedy anincreasén EMG activity.

Materials and methods

Participants

Nine maleparticipantswererecruitedfor this study(age24 2yearsbodymassf1.2 8.6
kg,height;178 5cm). Thissamplesizeexceedethe minimum participantsamplesize

(n = 7) determinedusingjoint momentdatafrom previousresearch30] with powerand
alphalevelssetto 0.8and0.05 respectivelyAll participantshadcompletedatleastwelve
monthsof resistancéraining prior to this studyandhadameanrelativebarbellbacksquat
1RMof1.71 0.17bodymassPrior to commencementparticipantswereinformed of the
studyproceduresand gavewritten informed consentThe studywasapprovedy the Liver-
pool JohnMooresUniversityresearclethicscommittee(19/SPS/038).

Experimental protocol

All squattingtrials (both TRAD and AEL) wereperformedon the Kineo Training System
(Kineo) (V7, GLOBUS |taly), whichis amotorisedcablepulleysystenthat facilitate SAEL
squattingviaautomaticloadadjustmentsat pre-definedrangesof motion. We havepreviously
showntheKineoto bereliable accurateandsafein applicationof accentuated-eccentrioads
during squatting[12]. Participantseportedto the LiverpoolJohnMooreslaboratorieson
threeoccasionsThefirst visit wasusedfor familiarisationto the Kineo and AEL squatting.
During the secondvisit, eachparticipant'sconcentriclRM squaton the Kineowasmeasured.
Experimentabatawerecollectedon thethird visit, consistingof kinetics,3D kinematicsand
electromyographyEMG) during TRAD and AEL Kineo squatting Eachsessiorbegarwith a
standardisedvarmupfollowing the RAMP protocol[31].

Familiarisation and squatsetup

Participantswerefitted with ashoulder/hipharnessadjustedor goodnesf fit, beforebeing
attachedo theKineoviaacable(Fig 1). Rangeof motion wasdetermined sothatthe eccen-
tric phasecommencedintil the participanthadsquatteddown to adepthatwhich the top of
thethighswereparallelto the ground.An audiblesignalwasgivenwhenthis depthwas
attainedand confirmedvia 3D motion analysisThe concentricphasébeganmmediatelyafter
theend/completionof the eccentrigghaseand until the participanthadfully extendedhe hips
andkneesThecorrespondingcablepositionswereprogrammedand savedwithin the Kineo
softwarecontrol systento facilitateautomaticload change$or AEL squattingduring the
experimentatesting.Participantdinishedthe familiarisationsessiorwith severasetsof
TRAD and AEL squattingrangingfrom 20+150%f estimatedconcentriclRM,to become
familiar with the automaticloadadjustmentsiuring AEL.
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Fig 1. Exampleof participant performing asquatutilising the Kineo Training SystemThe participantis attachedo the machineutilising ashoulder/hip
harnesswhichisthenattachedo acableprotruding from thefloor beneattthe participant A) Startof eccentre phaseB) endof eccentriqpphase/starbf

concentrc phase.

https://da.org/10.1371durnal.pon®276096.g0D

One-repetition maximum testing

Participantseportedto thelaboratoriesn afedandhydratedstate Bodymass 0.1kg)and
height( 0.5cm)weremeasuredSECA704/202Germany).Participantshenperformeda
standardiseavarmup,finishing with severaprogressivelyeaviersquatson the Kineo, follow-
ing protocolsof the National Strengthand Conditioning Associatior{32]. Participantswvere
thenallowedamaximumof five attemptsto establisra TRAD squattingl RM usingisotonic
loadsappliedfrom the Kineo,adheringto thetechniqueoutlinedin the familiarisation,with
3i+5minutespassiveestbetweerattempts.

Kinetic, kinematic, and electromyographytesting

On thethird visit (5 7dayspost1RM), participantsreportedto the laboratoryatasimilar
time of dayto that atwhichtheyperformedthe 1IRMtesting.Upon completionof the
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standardiseavarmup,participantswerefitted with reflectivemarkersand surfaceslectromy-
ographyelectrode¢BlueSensoAmbu, Denmark).

Thirty-six sphericaleflectivemarkerswereusedto defineandtrackthelowerlimb seg-
ments.Thisincludedamodified CODA pelvismarkersetto definethe pelvissegmentvith
additionaltrackingmarkerson theiliac crestto aidin pelvistrackingandto overcomeASIS
markerocclusionduring deephip flexion. Theremainingmarkerswereplacedon the lateral
& medialfemoralepicondyleslateral& medialmalleoli,heel and 1! & 5" metatarsalo
definethethigh, shank,andfoot segmentsAdditionally, rigid four-markerclustersetsvere
placedon thelateralthighsand shankdo aid in thigh andshanktracking.Jointcentresof the
hip andkneewereidentified by functionalmovementtrials thatisolatedmovementof those
joints, andwerecalculatedisingthe Gillettealgorithm [33]. Surfaceslectromyographglec-
trodeswereplacedon the gluteusmaximus vastudateralis bicepsfemoris,and gastrocnemius
medialisaccordingto the SENIAM guidelineq34]. Prior to electrodeplacementthe skinwas
preparedby shavingandabradingto enhancesignalquality.

Participantgerformedtentrials of squatting(five TRAD, five AEL) in arandomisecbrder.
TRAD squattingappliedthe sameabsolutdoadfor both the concentricphaseandeccentriqgphase
(20%40%60%,80%,and 100%1RM). AEL squattingappliedanincreasedoad (comparedo con-
centric1RM)in the eccentrigpphasg110%,120%,130%,140%and 150%1RM) whilstthe concen-
tric loadremainedat 60%1RM for all AEL trials. A load of 60%1RMwaschoserfor the concentric
trials basedipon pilot testing,asit enablecenoughpreloadto enablemaximaleccentriccontrac-
tions[16], whilst minimising excesfatigue Loadadjustmentetweerthe eccentricand concentric
phasdor AEL trials wasperformedautomaticallyby the Kineo oncethe programmedransition
point hadbeenreachedAll trials wereperformedwith threerepetitions jnterspersedby five min-
utespassiveecovery Theaverag®f thethreetrialswasusedfor dataanalyses.

Dataacquisition and analyses

During alltrials,groundreactionforceswerecollectedrom two forceplatessamplingat 1500
Hz (9287cKistler, Switzerland)amplified (9865 Kistler, Switzerlandand convertedo adigi-
tal signal Reflectivamarkersweretrackedat 200Hz usingsix 3D motion capturecameras
(Opus3 seriesQualisysSweden)Electromyographisignalsveresamplecat 1500Hz and
transmittedwirelesslyResearcTS,Noraxon,USA).All force,motion andEMG datawere
recordedsynchronouslyn QualisysTrackManagerQualisysSweden)beforebeingexported
to Visual3D (C-Motion, USA)for analysed-orceand motion datawereprocesseavith alow-
passA™ order Butterworthfilter, with acut off frequencyof 6 Hz. EMG datawasbandpasdil-
teredbetweerlOand 250Hz androot meansquaredvith amovingaverag®f 100ms.
Jointrangeof motion (E)andjoint velocity(E ') during the concentricandthe eccentric
phasesverequantified.Inversedynamicscalculationsvereusedto calculatgoint momentsof
thehip, kneeandankleduring the concentricand eccentrigphase®f the squatwhichwere
normalisedto bodymasgN m kg™). Integrationof thejoint powercurveallowedfor the cal-
culationof eccentricand concentricjoint work (J).Jointwork wasreportedasanabsolute
magnitudejrrespectiveof direction (+ or -) for easeof comparisorandgraphicalrepresenta-
tion. Electromyographylatawereanalysedor peakEMG, andtotal integratedEMG of the
eccentricandconcentricphase®f eachjoints individual rangeof motion. All EMG datawere
normalisedto the equivalenimeasurebtainedduring the concentricTRAD 100%rial.

Statisticalanalyses

Mauchly'stestfor sphericity Levene's¢estfor homogeneityof varianceand Shapiro-Wilk's
testfor normality wereperformedon all data.Greenhouse-Geisseorrectionswvereusedon
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datathatviolatedthe assumptiorof sphericity All datawerenormally distributed( =0.145+
0.814)andhadahomogeneityof variance( =0.157+0.987).0 assesstudyobjectiveone,a
one-wayrepeatedneasure&ANOVA wasusedto determineif eccentridoad(20to 150%
1RM) hadaneffecton the kinetics, kinematics and muscleactivity during the eccentrigphase
of the squat.To assesstudyobjectivetwo, atwo-wayrepeatedneasuresANOVA wasusedto
comparethe kinetics, kinematics and muscleactivity during the concentricandeccentric
phaseof the squatduring TRAD loading(20to 100%1RM). Studyobjectivethreewassubse-
guentlyassessedith aone-wayrepeatedneasure ANOVA to comparethe joint moment
andwork from the AEL trialsthatleadto the greateseccentridkineticsto the concentric80%
and 100%trials. Bonferronipost-hocanalysesvereusedin all testswhereappropriate Effect
sizesverecalculatedor all ANOVA testsusing 2, with valuesf 0.01,0.06,and0.14indicat-
ing asmall,mediumandlargeeffectsize respectively35]. Additionally, a paired-samplet
testwasusedto performacomparisorbetweerthe 80%1RMand120%1RMtrial. A Cohen's

effectsizewascalculatedvith valuesof 0.2,0.5,and0.8representinga small,medium,and
largeeffectsize respectively.

Coefficientof variation (CV) wasusedto identify repetition-to-repetitionreliability. Peak
joint moment(CV = 2.6x4.1%)jpint work (CV = 1.8+2.4%)jpint velocity(CV = 4.7+5.2%)
andEMG (CV = 7.2+18.6%hadacceptableeliability andwassimilarto previousliterature
[30]. Forall data,statisticakignificancevasassessedith analphalevelof 0.05 All analyses
wereperformedin StatisticaPackagéor the SocialScience§SPSSersion27,IBM, USA).

ComparisonbetweerKineo and barbell squatting

A secondaryohortof resistancérainedmalegage25 2yearsweight:78 7Kkg, height:
179 6cm;URECcode21/SPS/035)erformedbarbellbacksquatbarbellfront squatand
Kineosquatunder50,85,and 100%of bodymassijn arandomisedorder.Movementkine-
maticswasassessed the samewayasdescribedearlierand EMG wascollectedrom gluteus
maximusandvastudateralis For adetaileddescriptionof the methodologypleaseseethe
S1File.

Results

Therewasasignificanteffectof loadingcondition on the peakjoint momentsin the eccentric
phaseor thehip (F=2.773, =0.007, 2=0.17)(Fig 2A) andknee(F = 16.408,<0.001, 2
=0.61)(Fig 2B), but not on theankle(F = 0.254, =0.985, ?=-0.08)(Fig 2C).Post-hodest-
ing revealedhattherewasaplateaun peakeccentrianomentataloadof 80%for the hip

( =0.039)andat 120%for theknee( =0.045).

Analyse®of eccentrigoint work found that therewasa significanteffectof loadingonly on
theknee(F = 5.438,<0.001, 2= 0.31)(Fig 2E),with no effecton thehip (F=1.2, =0.307,
2=0.02)(Fig 2D) or ankle(F=0.171, =0.996, ?=-0.09)(Fig 2F).Post-hodestingof the

eccentridkneework revealediplateauataload120%(P = 0.022).

During TRAD squatting the peakjoint momentsweregreatefin the concentricthan
eccentrigphaseor the hip (F=3.982, =0.049, 2=0.03)knee(F = 24.729,<0.001, 2=
0.13)andankle(F=3.691, =0.044, 2=0.03)(Fig 3A+3C).Similarly,joint work wasgreater
in the concentricthan eccentricphasefor the hip (F=3.783, =0.045, 2=0.02)andknee
(F=31.58,<0.001, 2=0.19)Howeverno differencewasfound betweerthe concentric
andeccentricanklework (F=0.819, =0.368)Fig 3D+3F).Post-hocanalyseglentifiedthat
the concentricandeccentridkneeextensiorpeakmomentandwork increasedvith loadup to
100%1RM( = 0.003)Concentricandeccentrichip extensiormomentandwork did not
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Fig 2. Box-plots(median IQR) displayirgthe eccentrigpeakmoment(N m kg'*) andwork (J)for the hip (A andD), knee(B andE), andankle
extensorgC andF) during the eccentre phaseof the squatwith anexternaloadof 20+150%4RM. = significart increase.

https://da.org/10.1371durnal.por.0276096.902
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Fig 3. Box-plots(median IQR) displayirg the concentrt (red bars)and eccentrigbluebars)peakmoment(N m kg™®) andwork (J)for the hip (A and
D), knee(B andE),andankleextensorgC andF) during TRAD (20+100%$quatting. = Eccentrigoint kinetics(momentor work) is statisticaly
smallerthan concentricjoint kineticsatthe samegivenload.# = JointKineticsis statisticallydifferentto the precedingrial.

https://da.org/10.1371durnal.po.0276096.908
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Fig4. Mean SDeccentrickneeextensiormoment(N m kg™) overthe eccentriqphaseduration (%) graph,demonstating theincreasen earlyrateof
momentdevelomentaseccentrt loadincreasedrom 80%1RM (A), to 120%1RM (B). = significantincreasén peakmoment.

https://doiorg/10.13714urnal.pon®276096.9g004

significantlyincreasgast60%( = 0.039)andthe ankleextensorsawno effectof loadingon
eitherpeakmomentor work for eitherthe concentricor eccentriqpphasg = 0.084).

Asboth eccentrickneemomentandwork plateauedit 120%thesedatawerecomparedo
the concentrickneemomentsandwork at 80%and 100%(moment:F = 2.775, =0.05, %=
0.1,work: F=2.251, =0.125, ?=0.08).t wasfound that peakkneemomentin the eccentric
phaseof the AEL 120%trial wassignificantlylessthanin the concentricphaseof 100%

(' =0.042)but not significantlydifferentfrom concentric80%trial ( = 0.839)Eccentric
kneework at 120%wassignificantlygreaterthanat80%( =-6.444,<0.001, Cohen's effect
size=0.81)(Fig 4).

Thekneemoment-timegraphsduring the eccentrigphasgnormalisedto eccentrigphase
duration) (Fig 4) revealkchangesn thetime courseof momentdevelopmenasloadincreased,
which helpsto explainthe effectof loadon peakmomentandwork during the AEL trials. As
externalloadincreasedrom 80%to 120%1RM, eccentrickneeextensopeakmoment
increased17%)andthen plateauedyith adistinct peakoccurringtowardsthe endof the
rangeof motion. Furthermore with eachincreasen load,momentdevelopmentin thefirst
half of the movementwasgreaterresultingin a37%increasen work from the 80%1RMtrial
to the 120%1RMtrial (Fig 4).

Analyseof EMG activity identified greatempeakmagnitudesduring concentricthan eccen-
tric phasesluring TRAD squattingacrossll loadsgluteusmaximus(F = 51.952,<0.001, 2
= 0.58) vastudateralis(F = 29.81,<0.001, ?=0.27)bicepstemoris(F=20.852, =0.002,

2=0.35),andgastrocnemiusnedialis(F = 18.545,<0.001, 2= 0.14)(Fig 5). Additionally,
eccentridoadinghadan effecton EMG activity,with anincreasen activity asloadincreased
up to 100%for the gluteusmaximus(F = 4.069,<0.001, 2= 0.23),80%for thevastudatera-
lis(F=2.165, =0.033, 2=0.10)andbicepsfemoris(F = 2.754, =0.007, ?=0.14)whilst
therewasno effectof loadon the gastrocnemiusnedialisactivity (F= 1.00, =0.447)Fig 6).

Thejoint angularrangesof motion kinematicsdid not differ betweeroadsfor the hip
(F=0.274, =0.98) knee(F=0.276, =0.979)or anklejoints (F=0.155, =0.998)

(Table 1). Thejoint angleatwhichthe peakmomentoccurred,during both the concentric
andeccentrigphasesyasnot differentbetweeroadsfor thehip (F=7.03, =0.426)knee
joints (F=5.228, =0.052)pr anklejoint (F=0.610, =0.658)Howeverthepeakconcentric
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Fig5. Box-plots(median IQR) displayingthe concentrt (red bars)andeccentrigbluebars)normalissd EMG for the gluteusmaximus (A), vastudateralis
(B), bicepsfemoris(C) andgastrocemiusmedialis(D) during TRAD (20+1006) squatting. = Eccentricmuscleactivityis significarlly smallerthan
concentrt muscleactivity atthe samegivenload.

https://da.org/10.137 1§urnal.pon®276096.g00

anklejoint momentoccurredin asignificantlymore dorsi-flexedpositionthanthe peakeccen-
tric moment(34 1Evs26 1E) =0.006)Table 1).Lastly,concentricjoint angularvelocity
wasgreaterfor all joints, atall loads thaneccentrigoint angularvelocity(Table 2). Forthe

hip (F=17.219,<0.001), velocityduring concentricand eccentriqgghaseseducedasload
increasedip to 80%1RM, afterwhichit plateauedSimilarresultswerefound for the ankle
(F=8.516,<0.001) with aplateauafter60%.However the kneejoint angularvelocityonly
showeda plateauafter100%1RM (F = 22.837,<0.001). Therewasno further decreasé
angularvelocityaseccentridoadincreasedbovel00%( = 0.6980 0.99).

ComparisonbetweerKineo and barbell squatting

Analyse®f joint rangesof motion found that therewasno effectof squattingvariationon the
rangeof motion for thehip (F=0.338, =0.719)knee(F = 3.365, =0.109)por anklejoints
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Fig6. Box-plots(median IQR) displayingthe eccentrimormalisedEMG for the gluteusmaximus (A), vastudateralis(B), bicepsfemoris(C) and
gastrocnerius medialis(D) during the eccentriqpphaseof the squatwith anexternaloadof 20+150%4RM. = significantincrease.

https://da.org/10.137 1§urnal.pon®276096.g06

Tablel. Jointanglekinematics(mean SD)for the hip, knee,and anklejoints during the concentricand eccentricphasef the squatwith externalloadsranging
from 20%to 150%of concentric one-repetition maximum. = Jointangleduring the eccentre phases statisticaly smallerthan during the concentrt phaseatthe same

givenload.
Loading Condition (percentag of concentriconerepetition maximum) (%)
20% 40% 60% 80% 100% | 110% | 120% | 1305 | 140% | 150%
JointAngleat PeakMoment(E)| Hip | Concentic | 84 17E| 83 18E|76 16E 79 14E| 81 13E
Eccentric | 80 11E| 86 14E| 86 11E| 86 11E| 77 10E 77 13E 74 12E 77 14E 77 10E 80 14E
Knee | Concentic | 102 11E| 104 10E 101 7E| 101 8E| 99 14E
Eccentric | 104 10E| 107 9E 105 6E| 105 10E| 103 10E| 101 8E 102 9E| 98 7E 101 9E 103 9E
Ankle | Concentic | 37 36 4E | 34 4E| 32 5E | 30 4E
Eccentric | 23 26 12E 24 8E| 29 9E | 27 8E| 25 7E| 23 7E| 23 7E| 26 9E| 23 S5E
Rangeof Motion (E) Hip 89 12E| 93 14E| 91 9E| 93 11E| 89 10E|88 10E| 89 10E 88 10E/ 90 10E 90 10E
Knee 112 8E| 112 8E| 111 8E 111 9E| 108 6E | 108 8E| 109 8E| 108 7E| 109 8E 110 8E
Ankle 41 3E| 40 3E | 40 2E| 40 3E | 40 3E | 40 3E| 40 3E| 40 2E| 40 2E| 40 3E
https://da.org/10.1371durnal.pon®276096.t001
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Table2. Joint angularvelocity kinematics(mean SD)for the hip, knee,and anklejoints during the concentricand eccentricphasef the squatwith external

loadsranging from 20%to 150%of concentricone-repetiion maximum.

samegivenload.# = Angularvelocityis statisticallydifferentto the precedingtrial.

PeakAngularVelocity (E s') Hip
Knee

Ankle

AverageAngularVelocity (E ) | Hi

p

Knee

Ankle

Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric
Concentric
Eccentric

20%

40%

Loading Condition (percentageof concentricone-repetition maximum) (%)
100%

60%

80%

110%

120%

1305

140%

= eccentrt angularvelocityis statisticallyslowerthan concentrt angularvelocityat the

150%

200 83EE | #180 65EE | #194 66EY | #182 57ES | 185 55EF
91 30Ed | #113 41E8 | #81 17EE | #102 2968 | 84 27ES | 77 35E¢ | 80 22E¥ | 80 30EE | 79 23EF | 74 22EF
257 74Ed | #251 62EE | #260 62EE | #250 55EE | 256 42EF
126 26E | #142 43ES | #116 3268 | 115 3268 | #101 31EE | #91 25E¢ | 98 25EE | 95 28EE | 104 29E¢ | 97 28E%
107 41E% | #102 23E% | 103 25E% 101 28E% 105 26E%
48 16E¥ | #57 16EE | #49 13E% 46 1263 40 11E3% 36 8EE |38 11E¢ |38 11E8 | 43 1268 | 39 9EF
94 20EY | #86 24EE | #77 18EE | #68 17EY | #60 12E%
52 15e¢ #57 20E3 #48 15E ¢ #44 13E3 41 13E$ | 39 40EE | 42 156 | 38 14ET | 40 17ES | 41 16EE
128 28EE | #117 21E¥ | #107 16EE | #92 14E3 | #79 14E3
74 18E¥ | #79 21E¥ | #69 16EE | #63 16EY | #57 16EE | 55 18EE | 60 20EE | 54 20EE | 56 24EE | 53 23EF
36 10E% #32 SEE #30 SEE #26 4EF 24 SEE
19 48 21 4§ 19 3E§ 18 3ES 17 5§ 17 48 | 18 S5EE | 16 5E§ | 16 6EE | 16 S5EF

https://da.org/10.1371durnal.pon®276096.t002

(F=1.295, =0.281)Howevertherewasamediumeffectof squattingvariationon pelvis
rangeof motion (F = 4.127, =0.039, 2= 0.08)with theKineosquat(11 8E)havingasignif-
icantly smallerpelvicrangeof motion thanboth the barbellbacksquat(21 6E)andbarbell
front squat(20 5E) (Fig 7). Externalloaddid not haveanyeffecton joint rangeof motion

( =0.09+0.754Fo0r analysesf joint velocitiesand muscleactivity pleaseseethe S1File.

Discussion

In this studywehaveestablishedhejoint kinetics,mechanicaloadingandkinematiccharac-
teristicsof traditional and AEL squatting Supportingour first hypothesiswediscoveredhat
peakeccentridkneeextensomomentsoccurredat 120%of 1RM, plateauingwith further
increasef externalsquatioad. The hip andankleextensorshowedo increaseabovel 00%
1RMin eccentrigoint momentor work during AEL squatting Although only smallincreases
in peakkneejoint momentwereobservedeccentriomnomentdevelopmenbccurredearlier
during the eccentrigphaseaseccentridoadincreasedFig 4), contributing to acontinuous
increasen kneejoint work up to 150%of 1RM.Furthermore the vastudateralisappearso
experiencehe greateseccentricEMG activity (Fig 5/6) (relativeto concentriclRM activity).
Takentogethertheseresultsindicatethatthe kneeextensorsratherthanthe hip extensors,
contributemostto theincreasingsquatoadandexperiencehe greatestoading[stimulus]in
theform of peakjoint momentandjoint work during AEL squatting.

A secondargomponentof this studywasto investigatevhetherthe kinematicsandmuscle
activity during squatgperformedon the Kineo differedfrom barbellsquatting Our findings sug-
gestthatthe Kineo squatinvolvessimilar rangesof motion to both the barbellbacksquatandthe
barbellfront squatfor the hip, knee,andanklejoints. However the Kineo squatpresentedh
reducedpelvictilt rangeof motion, thatresultedn lessposteriorpelvictilt whenthethighswere
parallelto the ground.Muscleactivity during the Kineo squatwasmore akin to the front squat
thanthe backsquatbut the differencen muscleactivitywassmall(differencein normalised
EMG = 8%).Thereforethefindingsobtainedfrom the primary focusof this studyshouldbe
transferabldo the barbellsquattingvariants providing loadingis appliedin asafemanner.

Thefirst aim of this studywasto identify whetherincreasedquatioadingwould resultin
anincreasedccentrigoint momentandwork. We canaccepthefirst hypothesissincethere
wasanincreasen both kneeextensomomentandwork aseccentridoadincreasedvith a
plateaun kneeextensomomentoccurringat 120%1RM,andaplateaun hip extensor
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Fig7. Mean SDjoint angle(E)during the eccentic phaseand concentricphaseof the barbell backsquat,barbell front squat,and Kineo squatwith
an externalload of 100%of bodyweigtt. Positivepelvictilt angleis representate of anterior pelvictilt, with anegativeanglebeingrepresentatve of
posteriorpelvictilt. Positiveankleangleis representatieof dorsiflexon, with anegativeanglebeingrepresentatieof plantarflexion.

https://doiorg/10.1371furnal.pon®276096.9g007

momentoccurringat 80%1RM. This contrastswith whatis known aboutthe concentricphase
of squattingjn whichthe hip extensomomentincreaseso agreaterextentthantheknee
extensorasloadis increased30, 36]. Althoughthis maybeexplainedoy differencesn kine-
maticsand muscleactivation,wefound no changesn joint rangesof motion or velocitiesas
eccentridoadincreasedbovel 00%(i.e.,AEL). Howeverduring heavyconcentricsquatting
(70%1RM) the forwardsinclination of thetrunk canincreaseby ~16Ecomparedo lighter
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loads(30%1RM) [37], increasinghe momentarm of the centreof massaboutthe hipsand
reducingthe momentarm atthe knee explainingjoint-specificcontributionsin thosestudies
[30,36]. Thereforejn the presentstudyit could bethatthe preferentialoadingof the knee
extensorgluring AEL is aresultof the participantshavingnot alteredtheir kinematicsand
joint dynamicswith increasingeccentridoadby keepingthe trunk morevertical.The prefer-
entialloadingatthekneeduring AEL squattingis further supportedby the EMG data(Fig 6)
whichis consistentvith previousliterature[38] showingEMG activity of the hip extensorss
lowerthanthe activity of the kneeextensorsluring eccentricsquatting Howevercaution
mustbetakenwhenextrapolatinghe resultof this studyto barbellsquatting We haveshown
thatthe barbellandKineo squathavesimilar kinematicsand muscleactivityin the lowerlimbs
undertraditional loadingconditions.For this datato betransferabldgo barbellsquatting the
participantsmustbeableto maintaintheir kinematicsduring the eccentrigphaseduring AEL,
whichmaybeamore complexmovementpatterndueto the high centreof massawith the bar-
bellbeingpositionedon the posteriordeltoids.Therefore AEL squattingmayonly beapplica-
bleto well-trainedindividuals.

Supportingour seconchypothesisthe joint momentsin the concentricphasevere11+20%
greaterthanin the eccentrigphasgFig 3). This differencewassimilar for the hip, kneeand
ankleextensorsthereforeproviding moreevidencehat during TRAD squattingthe eccentric
phaseas underloadecand maythereforebe sub-optimalasatraining stimulus,considering
peakeccentrigroundreactionsforcesduring isovelocitysquattingare~10%greaterthan con-
centric[12]. Takinginto accountthatanincreasedccentridoadresultedn anincreased
eccentridkneemomentandwork for the kneeextensorgFig 2), AEL would beableto reduce
the underloadingthat occursduring TRAD and canberecommendedor inclusionin S&C
practice.

In the presentstudy,eccentrikkneeextensompeakmomentplateauedfter 120%1RM
(2.2 0.3N m kg™). However this valuewaslowerthanthe greatestoncentricmoment
(2.5 0.5N m kg at100%1RM), suggestinghat the underloadingof the kneeextensorss
reducedput not completelyovercomeduring AEL squattingthuswerejectour third hypoth-
esisThereareseverapotentialreasondor this. Firstly, the relativemuscularcontribution of
thekneeextensorsluring asquatis ~60%comparedo their single-jointisometricmaximum
[39], whichis partially explainedoy the low (<50%) muscleactivity during asquatcompared
to single-jointmaximumyvoluntarycontraction[40]. Consideringthat neuralactivationis
lowerduring the eccentrigphasecomparedo the concentric(Fig 5), the potentialto produce
amaximalkneeextensormomentmight befurther reduced Theseneuralcharacteristicsnay
thereforeexplainwhy eccentrigoint momentsdid not exceedhe concentricmoments,even
with AEL.

Although eccentrickneeextensomomentwaslowerthan concentric it washypothesised
that EMG would increaseaseccentridoadand momentincreasedluring AEL [38]. However,
our data(Fig 6) showedo significantdifferencesn vastudateralisSEMG asloadsincreased
aboveB0% despiteanincreasan the meandor joint momentandwork. This suggestéactors
independenbf the neuralinput, with aplausibleexplanatiorfor this beingrelatedto the force
producingpotentialof eccentriccontractionswhich benefitsfrom the spring-likebehaviour
of thetitin myofilament[41]. Additionally, otherpassive-elastiissuessuchasthetendons,
mayalsobecontributing to theincreasedoint moments.Greatertendonforceshavebeen
observedindereccentricversusconcentricconditions[42], which maybepartly dueto
greatettendondisplacementandthusincreasedendonstrain[4 3], facilitatingthe storage,
andsubsequenteleasef elasticenergy{44]. Thereforewerejectour fourth hypothesighat
theincreasedccentrigoint momentsduring AEL areaccompaniedby increasednuscle
activation.
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Practicalimplications

Althoughthe greatespeakjoint momentsoccurredduring the concentricl00%1RM, training
volumealsoregulateshe hypertrophicstimulus[45] and greatereccentriovork wasper-
formedduring the AEL trials, whichwould facilitatea greatervolumeof mechanicatension.
Forexamplecomparingthe eccentriovork during the 120%trial to the eccentriovork during
atypical TRAD protocolfor strengthtraining (e.g..80%1RM)would resultin the kneejoint
experiencinganincreasef 37%for eccentriowvork, aswellasa 17%increasen the eccentric
peakmoment.A training loadthat maximiseghejoint moment,but alsofacilitatesmultiple
repetitionsatahigh loadis likely to optimisehypertrophyand strengthgains.Therefore,
accordingto the presentstudyusingthe Kineo systemit appearshis maybebestachieved
with AEL training usingaload of 120%1RM during the eccentrigphaseof the squat.It
remainsto examinewhetherthekineticsduring AEL squattingarealteredasprogressiveepe-
titions areperformed,aspreviousresearcthasdemonstrateca decrease kneeextension
momentandacompensatoryncreasen hip extensiormomentundertraditional loadingto
volitional failure[46].

Our datasuggestthatthe kneeextensorarepreferentialljjoadedduring eccentricsquat-
ting, experiencingyreatempeakmomentsand muscleactivity thanthe hip extensorsThere-
fore,squattingwith AEL maybenefitsportingactivitiesthat rely heavilyon the kneeextensors
suchascycling[47], rowing [48], and sprinting [49]. Furthermore AEL squattingmayelicit
eccentric-specifiadaptationn theform of anincreasedascicldength[50], andthuscontrac-
tion velocity.Asthereappearso beapreferentialoadingof the quadricepsthesesccentric-
specificadaptationsnay provebeneficiato change®f directionandbrakingability [51], and
injury prevention/rehabilitatiorof the knee[52]. Usingthe datacollectedn this study,future
training interventionresearctshouldtestwhetherthesdoadingcharacteristicef AEL train-
ing translatento the hypothesiseimprovementsn performance.

Conclusion

In conclusion the kneeextensorsverepreferentialljoadedduring eccentricsquattingand
demonstratedncreasingoint momentandwork aseccentridoadincreasedwith eccentric
kneejoint momentplateauingat 120%1RM. However despiteeccentriccontractionshaving
the potentialto producethe greatesjoint moments AEL squattingdid not elicitaneccentric
kneejoint momentgreaterthanthe concentricjoint momentsproducedduring aone-repeti-
tion maximum.Increasingeccentridoadresultedin agreatenvolumeof work (suggestingn
increased/olumeof mechanicatension)specificallyin the earlierphaseof the descentwhich
mayin turn enhancehe stimulusfor hypertrophicadaptationThedatafrom this studysug-
gestghanan AEL of 120%1RM shouldmaximisekneeextensoloadingduring the eccentric
phaseof the AEL squat.Futureresearctwill beneededo confirm if the greatedoadingresults
in increasedraining adaptations.
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