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improvedifferentmusclepropertiessuchasincreasingnaximalstrength explosivestrength,
andhypertrophy[1+3]. Differentloads(% of 1-RM) resultin differentneuromusculaadapta-
tionsandlifting kinematicg4, 5]. Heavyloads(> 80%of 1-RM) havebeenusedto recruit
high-thresholdfast-twitchmotor units accordingto the sizeprinciple [5, 6], whereadighter
loads(30%+60%f 1-RM) havebeenusedto maintaintraining speedspecificityandenhance
mechanicapoweroutput [5, 7]. However performingballisticmovementswith lighter loads
couldleadto alowerrecruitmentthresholdandthereforerecruit the high-thresholdmotor
units[8]. Furthermore previousstudieshavedemonstratedhat peakandaverageelocity
decreaswvith increasingexternalload[9, 10]. Thejoint andbarbellkinematicschangewith
increasinghumbersof repetitions,andthe occurrencenf peakvelocitychangesvhenfatigued
[11,12]. However therehavebeenlimited studiesexaminingneuromusculagactivityand
kinematicswhenthe participantswereaskedo acceleratéifferentloads(% of 1-RM) at maxi-
mum intendedvelocity.

Increasinghe externaloadincreaseshe demandwf the muscleso produceenoughforce
to completethelifts andalsoincreaseshe chance®f accidentg5, 13]. A studythatinvesti-
gatedmuscleactivationduring lifts until full exhaustio12] found that activationincreased
mostfrom thefirst to the secondandthird repetitionsin 6-RM squatsandwaskeptstablein
thelastthreerepetitions.However becaus¢hat studyinvolvedonly five musclegvastudater-
alisandmedialis rectusfemoris,bicepsfemoris,and erectorspinae)jt doesnot offer full
insightsaboutthe behaviorof musclesluring squatsFurthermore the studiesnvolving mus-
cleactivationduring squatswvereall performedwith aloadabove80%of 1-RM, with several
repetitionsof lifts andwith no directiveto lift with maximalintendedvelocity[12,14+17].
Two studieshaveinvestigatednuscleactivationduring squatswith loadsvaryingfrom 60%,
75%,and90%of 1-RM[18, 19]. However,n thesewo studiesdifferentvariationsof back
squatsverecomparedwith eachother; with andwithout kneewraps[18], or the overhead
with the standardsquat[19], and not the differentloadswith eachother.

In heavyresistancéraining (> 80%of 1-RM), kinematicsand muscleactivationhavebeen
examinedThemajority of the previousstudieshaveincludedexplosiveparametergi.e.,jump
height,poweroutput, rate of forcedevelopmentput not kinematicsandin-depth analysesf
muscleactivationin training regimesoverthe wholespectrumof loadsincluding lowerloads
(30%+6096f 1-RM). Thereforelittle is known aboutmuscleactivationandtiming of maximal
muscleactivationcomparingdifferentloads(30%+100%f 1-RM) with maximumlifting
velocity. Theaim of this study,then,is to comparemuscleactivationpatterningandbarbell
kinematicsin free-weighbacksquatwith differentloadsin experiencedesistance-trained
athletesWe hypothesizéhat muscleactivity of the measurednuscleswill increaseonly after
60%o0f 1-RM (size-principle)andthat upwardphaseduration will increasgogetherwith
decreasedhaximalvelocity.

Materials and methods
Participants

Thirteenhealthymalesexperiencedvith resistanceraining wererecruitedfrom thelocalfit-
nesscenteratthe universitycolleggaged?24.2+ 2.0yearshodymass81.5+ 9.1kg, height
1.78+ 0.06m, experience.3+ 3.2years)Inclusioncriteriawerebeingableto lift 1.5times
their own bodyweight(133.8+ 16.7kg)in 1-RM squat(femur parallelto the floor) andno
injuries or painthat couldreducetheir maximalperformanceNone of the participantswere
competitivepowerliftersor weightlifters.The participantsdid not conductanyresistance
training of thelegs72hoursbeforetesting.Eachparticipantwasinformed of the testingproce-
duresandpossibleisks,andwritten consentwasobtainedprior to the study.Thestudy
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compliedwith the currentethicalregulationsor researclandapprovedy the RegionalCom-
mitteefor MedicalHealthand Researclkthicsin Norway (REK Ser-@st)andthe Norwegian
Centrefor Researclbata,in conformancewith thelatestrevisionof the Declarationof
Helsinki.

Procedures

Theparticipantsstartedwith astandardizedprogressivespecifiocwarm-upprotocolaccording
to Saeterbakkeand Fimland[20]. After ageneralvarm-upon atreadmill or cycle the proto-
col consistedf 15repetitionsat 30%,10repetitionsat 50% and 6 repetitionsat 80%of the
participants'self-reporteds-RM loadsin squatting After thewarm-up,free-weightack
squatsvereperformed.Thefree-weightbacksquatwasperformedin apowerrack (Gym
2000Modum, Norway)with an Olympicbarbell(diameter= 2.8cm, length=1.92m). The
exercisestartedwith fully extendedkneesandanaturalswayin thelowerback,whichwas
maintainedthroughoutthe entire executionUsinga self-pacedbut controlledtempo,the par-
ticipantsloweredthemselveto 80Ekneeflexion (180Bully extendecknee)measuredvith a
protractor (femurzfibula) Whenthe participantshadthe correctkneeangle ahorizontalelas-
tic bandwasadjusted20, 21]. The participantshadto touchthe band(mid-thigh) in every
repetitionbeforestartingthe concentricphaseA testleadergaveoral confirmationwhenthe
participantstouchedthe band.Beforestartingthe testsusingthe differentloads,1-RMin free-
weightbacksquatwasperformed After thefinal warm-upset,theloadwasincreasedo
approximatelyd5%of the participants'self-reportedl-RM. Theloadwasthenincreasedy
2.5+5.kg until failure. Failurewasdefinedby the following criteria: 1) the participantsfailed
to completealift, 2) the participantscould not completethelift with propertechniquepr 3)
both the participantandthetestleaderagreedhat the participantwould not beableto lift 2.5
kg more.The 1-RMwasachievedvithin 2+4attempts Eachattemptwasseparatedby apause
of 4+5minutes.After thefinal 1-RM attempt,a 10-minutepausevasgivenbeforestartingthe
testingusingthedifferentloads.Theloadsbegarfrom 30% with 10%incrementsuntil 100%
of 1-RM,whichwasbasen 1-RM achievedy eachparticipant.Importantly, the participants
wereinstructedto accelerat¢heloadsin the entire concentricmovementwhichresultedin a
jump usingthe lowestloads(i.e. 30%-60%f 1-RM). Two experiencedestleadersensured
thatthe participantsdid not land with the barbellon their neck.Thedifferentloadswereran-
domizedfor eachparticipant,with randomorderdeterminedby arandomnumbergenerator.
Two repetitionsperloadfrom 30%to 60%wereconductedwhile from 70%to 100% 1 repeti-
tion perloadwasperformed.A restof 3x5minuteswasgivenbetweereachattempt[22].

Measurements

WirelesselectromyographyEMG) wasrecordedby usinga Musclelab000systermandana-
lyzedby Musclelaby10.5.6 Goftwarg(ErgotestfTechnologyAS,LangesundNorway).Before
placingthe gel-coatedelf-adhesivelectrodegDri-Stick Silvercircular sEMGElectrodeAE-
131,NeuroDyneMedical, USA),the skin wasshavedabradedandwashedvith alcohol.The
electrodeg11 mm contactdiameterand 2 cm center-to-centedistancewereplacedalongthe
presumedlirection of the underlyingmusclefiber accordingto the recommendation®y
SENIAM[23, 24]. Theelectrodesvereplacedon theright legon the musclebelly of the biceps
femoris,semitendinosuggluteusmaximus rectusfemoris,andlateraland medialvastusTo
minimize noisefrom the surroundingsthe raw EMG signalwasamplifiedandfiltered usinga
preamplifierlocatedcloseto the samplingpoint. The EMG signalswvereconvertedo root
meansquarg RMS)EMG signalausingahardwarecircuit network (frequencyrespons&€0+
500kHz, averagingonstantLlOOms,total error + 0.5%).Themeanand peakRMSEMG
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signalsof eachmuscleduring the upwardphaseof thelift with eachioadwereusedfor further
analysisThebeginningandendof eachlift wereidentifiedby usingalinearencode(ET-Enc-
02,ErgotesfTechnologyAS,LangesundNorway)attachedat the insideof theweightsto the
barbell. Theencodemeasureshe upwardphaseduration of the barbellwith aresolutionof
0.075mm and countsthe pulseswith 10-msintervals[25]. Peakandaveragerelocityof the
barbellandtime to peakvelocityduring the upwardphasevascalculatedy usinga5-point
differentialfilter with Musclelabr10.73oftwarg(ErgotesfTechnologyAS,Langesund,
Norway).

Statistical analysis

To assesthedifferencesn EMG activity during the upwardphaseof the differentloaded
squatsaone-wayanalysiof varianclANOVA) 1x 8 (percentagef 1-RM: 30+100with
repeatedneasuresvasusedlf significantdifferencesverefound,aHolm+Bonferronipost-
hoctestwasperformed.In casesvherethe sphericityassumptiorwasviolated the Green-
housexGeissedjustmentof the p-valuesverereported.To assesdifferencesn timing of
thebarbellduring the free-weighbacksquatdestingwith differentloads,.aone-wayANOVA
with repeatedneasuregpercentag®f 1-RM) wasused A two-wayANOVA 6 (muscleshy 8
(percentagef 1-RM) with repeatedneasuresvasusedto evaluatghetiming of maximal
muscleactivationduring thelifts. Thelevelof significancevassetatp < 0.05.Whenp was
betweerD.05and0.10it wasindicatedwith atrend [26]. Statisticabnalysisvasperformed
with SPSSersion23.0(SPSInc, ChicagolL). Effectsizewasevaluatedvith n2p (Etapartial
squared)vhere0.01< n? < 0.06constitutesasmalleffectamediumeffectwhen0.06< 1n? <
0.14,andalargeeffectwhenn? > 0.14[27].

Results

Theaveragdarbellloweringvelocitywasapproximatelithe samewith all loads1.7+0.4s,
exceptwhenwith 1-RM load,whichwassignificantlylonger(1.98+0.4%). Theaveragend
peakvelocitieschangedsignificantlyoverlifted loads(F > 75.8,p < 0.001n? > 0.84).The
post-hoccomparisorshowedhat averagend peakupwarddlifting velocitydecreasewith
eachincreasen lifting load (Fig 1). A significantchangen upwardphaseduration (F = 59.5,
p < 0.001n?= 0.84)wasfound with increasindifting load (Fig 1). The post-hoccomparison
showedhatthe upwardphaseduration significantlyincreasedvith eachincreasingoad (Fig
1). Timing of peakvelocityoccurredlaterwith eachincreasingpercentagef 1-RM (Fig 1).

A significanteffectof lifting loadwasfound for EMG activity for semitendinosug§F = 3.2
p =0.049n% = 0.23)andrectusfemoris(F = 5.0p = 0.007? = 0.31) whilefor the otherfour
musclesatrend (F > 2.47,0.054< p < 0.081% > 0.18)wasfound. The post-hoccomparison
indicatedthatwith regardto the EMG activity,only the rectusfemorisshowedegular
increasef activationwith increasingoadfrom 30%to 40%,40%z+70%&and 70%+100%f
1-RM (Fig 2). Themedialandlateralvastusgncreasedn activationonly whenperforming
1-RM comparedwith the otherloads(Fig 2), while gluteusmaximusactivityincreaseanly
betweerloadsof 60%+80%f 1-RM (Fig 3). The semitendinosugcreasedctivity between
30%zx70%nd50%+100%f 1-RM loads(Fig 3), while bicepsfemorisincreasedn muscleacti-
vationbetweer80%+40%nd 40%+90%f 1-RM loads(Fig 3).

Thetime of occurrenceof the maximalRMSof the differentmuscleshowedhat both per-
centagef 1-RM (F = 5.1p < 0.005n% = 0.32)and musclegF = 10.99 < 0.001n%= 0.50)
hadan effectuponthe occurrenceof maximalRMS.Furthermore asignificantloadmuscles
interactionwasfound (F=1.54p = 0.0291? = 0.12) . Thepost-hoccomparisorrevealedhat
the occurrenceof maximalmuscleactivationstartedwith the rectusfemoris(20%in upwards
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phase)followedby the vastuamedial(40%).From the medialvastusall othermuscles
appearearound549%to 62% with no significantdifferencein occurrencebetweerthesemus-
cles(Fig 4). The post-hoccomparisonof percentagesevealedhatthe timing of semitendino-
suschangednly from loadswith 50%to 80%of 1-RM,andfor gluteusmaximus timing
changedrom 30%to 50%andagainfrom 50%to 90%of 1-RM, which alsocauseso interac-
tion effect.
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Discussion

Theaim of this studywasto comparebarbellkinematicsand musclepatterningin free-weight
backsquattingwith differentloads but with maximumlifting velocity,in youngmaleswith
resistanceraining experienceAverageand peakupwardslifting velocitydecreasedyhile
upwardphasedurationincreasedyith eachincreasingoad(Fig 1). Timing of peakvelocity
occurredlaterwith eachincreasingpercentagef 1-RM. Thetiming of maximalmuscleactiva-
tionswasnot affectedby the differentloadingsfor the quadricepsbut thetiming was
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sequentiahndindependenbf loading(rectusfemorisbeforevastusmedialbeforevastudat-
eral). Themaximalactivationin the gluteusmaximusandsemitendinosugcreasedvith
increasingoads.n generalthe muscleactivationin all musclesncreasedvith increasing
loadsbut wasnot linear.

With increasindoads the barbellvelocitydecreasedhe upwardphasedurationincreased,
andthe peakvelocityoccurredlater. Theresultswereashypothesize@nd supportedby previ-
ousstudieq9, 10]. Theforcexvelocityelationshipdemonstratedn the presentstudyis not
surprisingand could be explainedby the lawsof Newton(F = m x a). Theaccelerations then
theforcedividedby theweightdlifted. With increasingoads but with approximatelysimilar
maximalforcein eachlift (the participantswereinstructedto lift at maximalintendedveloc-
ity), the acceleratiorhadto decreas#vith increasingoads.This couldalsoexplainthe occur-
renceof peakvelocitylaterin the movementwith increasingoads With thelowestioads(30%
of 1-RM), the peakvelocitywasobservedt 60%0f the barbelldisplacementipwards while
the peakvelocitywith the highestioads(1-RM) wasobservedt 90% .With greatedoadsthe
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accelerationwaslowerin the beginning,resultingin lowervelocityandlongerupwardphase
duration,which eventuallyresultedin the peakvelocityappearindaterin the movementwith
increasingoads[28, 29]. Furthermore with heavyload (> 85%of 1-RM) or fatigue the stick-
ing regionoccurredwhich causesilongerupwardphaseduration[12,15,16]. In addition,
shorterleverarmsand more cross-bridgebetweercontractilefilamentslaterin the move-
mentsmayalsoexplainthe kinematicsin thesefindings[30+33].

Therelationshipbetweemuscleactivity andincreasingoadshasbeenshownto beclose
to linearin isometriccontractionandin dynamiccontraction[34,35].In the presentstudy,
increasingmuscleactivationwasobservedvith increasingoadsbut wasnot linear. For exam-
ple,therewereno differencedetweeroads30%+90%f 1-RMin vastudateral 40%+60%
and70%+90%n vastugnedial,and 50%=90%n rectusfemoris.However,in the quadriceps,
greatemuscleactivationwasobservegerforming 1-RM comparedo the otherloads Forthe
gluteusmaximus greatemuscleactivationwasobservedor theloads80%+100%f 1-RM,
but only comparedo theloads30%+60%f 1-RM. Theseresultscorroboratethoseby Yavuz
andErdag[17] andGomesetal.[18], who alsofound increase gluteusmaximusactivity
with increasingoads.Theresultsin vastudateralwerein contrastto previousfindings.
Gomesetal.[18] reportedanincreasecomparing60%+90%f 1-RM loads,and Yavuzand
Erdag[17] reportedincrease the vastusnedialbetweerB0%and 90%of 1-RM loads.The
discrepancyn findingsin someof the muscleswvith thesepreviousstudiescouldbetheresult
of experiencé3 yearsvs.6 yearsof resistancdraining experienceandstrengthlevel(107and
120kg as1-RMcomparedwith 130kgin 1-RMin the presenistudy).Onecould speculatéhat
greatemperformancdevelin the presentstudycould berelatedto longertraining experience.
This might suggesabettermusclerecruitmentandfiring frequencystrategytestingthe spec-
trum of differentloads[36, 37] andexplaintheinconsistentesultscomparedo previousstud-
ies[17,18].

To theauthors'’knowledgethis is oneof the fewstudiesexaminingmuscleactivationwith
increasingoadsin squatsvherethe participantswereinstructedto lift atmaximalintended
velocityoveralargespectrumof loads.In comparisonCochraneand Barneq38] examined
muscleactivationin deadliftwith 30%,40%,50% and 75%o0f 1-RM andalsofound no differ-
encedetweertheloadsin the bicepsfemorisor gluteusmaximus.ln contrastto the present
study,Pinciveroetal.[35] examinedmuscleactivationin the quadricepsn kneeextension
with increasingoads(20%+90%f 1-RM) andfound anearperfectlinearrelationship
betweermuscleactivationandloading,which wasalsoreportedduring isometriccontraction
in single-jointandmulti-joint exercise the quadricepg34]. Howevernoneof thesestudies
examinedheinfluenceof movementvelocity which mostlikely canexplainthe contradictory
findingsfrom the presentstudy.However the presentstudycorroboratesesultsfound by
McBrideetal. [4], who examinedvastudateralactivationin squatausing70%,80%,and90%
of 1-RM. Theparticipantswereinstructedto lift at maximalintendedvelocity.Eventhough
theaim of that studywasnot to comparethe muscleactivationbetweerloads the difference
betweeriv0%and 90%of 1-RM wasonly 1.3%.

For the antagonisbicepsfemorisand semitendinosu# the upwardmovementtherewere
no differencedetweertheloads60%+100%f 1-RM. Still, lifting 70%+100%f 1-RM demon-
stratedgreatemuscleactivationthanthe lowestioad (30%of 1-RM). Theresultswerenot sur-
prisingin termsof hamstringmuscleseinganantagonisin the upwardmovementand
thereforeto alesseextentbeingaffectedby the loading.To the authors’knowledgeno previ-
ousstudieshaveexaminedhe antagonistiactivationin squatswith increasingoads.
Increasednuscleactivationusingloadsabove70%of 1-RM maybetheresultof co-contrac-
tion to stabilizethe kneeandpelvisin theturnoverfrom eccentricto concentricmovement.
Thehamstringmuscleontributeto avoidingaforward rotation of the pelvis.While an

PLOS ONE | https://doi.org/10.1371/journal.pone.0217044 May 16,2019 9/13


https://doi.org/10.1371/journal.pone.0217044

@ PLOS|ONE

Muscle activity and kinematics during squats with different loads

increasedctivationof therectusfemoriswould increasehe hip flexortorque,the activation
of thehamstringmaybe of moreimportanceastheloadsincreasendlifting velocitydecreases
[39].

The presentstudyfound a sequentialind significantdifferencein maximalpeakactivation
betweerthe quadricepsnusclesstartingwith rectusfemoris,vastuanedial,andthenvastus
lateral. The peakactivationpatternwasindependenbf loadsandfairly constant(see~ig 4).
Thepeakactivationoccurredat approximately85E+103Eneeflexion,asshownby vanden
Tillaar[15]. Thefindingswerepartly supportedoy a previousstudyby Escamilleetal. [40].
Theydemonstratedi peakactivationat approximatelyl00E+110gheeflexion for the quadri-
cepamusclesexaminingl2-RMloadsamongexperiencegbarticipants However the 12-RM
loadswerelifted in aslowandcontinuousmanner(1+1.5secondsn the upwardphase),
which mayexplainthe minor variationin peakactivation.YetEscamilleetal.[40] did not
reportanydifferencesn maximaltiming betweerthe quadricepsnusclesThequadriceps
musclesomponentmay provideadifferentcontribution to kneeextensotorquedueto their
anatomicaktructure[30, 31]. For examplethe rectusfemorishasabi-articular function asa
hip flexorandkneeextensof39,41]. Therectusfemorismaythereforebethefirst muscleto
activateto stabilizethe hip. A latertiming of peakactivationmaytherebyincreasahetorque
of thehip.

Thegluteusmaximusdemonstratedlifferencesn thetiming of maximalactivation
betweerB0%and50%of 1-RM andfrom 50%and 90%of 1-RM. The changen timing may
betheresultof lowerlifting velocitywith increasingoads.The participantsweremore depen-
denton the contributionsand coordinationbetweerthe differentprime movers,n contrastto
lighterloadswherethe participantshadarapid acceleratiorirom the lowestposition.To the
bestof our knowledgeno previousstudyhasexaminedhetiming of gluteususingdifferent
loads However severastudieshaveexaminedhe peakhamstringmusclegbicepsfemoris
andsemitendinosusindreportedthe peakto bebetweenl 10Eand 130Bkneeflexion[39,40].
Thefindingsof the presentstudysupportthesepreviousstudiesHowever the bicepsemoris
demonstratecsimilar maximaltiming acrosgheloads while the semitendinosufadsignifi-
cantlatermaximaltiming betweerb0%and80%o0f 1-RM. Greatercoactivatiorwith the heavi-
estloads(> 80%of 1-RM) mayavoidahip flexiontorque causedy the rectusfemoris
activationwith increasingoads[39,42].

A limitation of the presentstudyis that only resistance-trainethaleswvereincluded,and
theresultsmaythereforenot begeneralizedo other populations Furthermore thereis always
arisk of crosstalk from nearbymusclesisingsurfaceEMG, which therebywould generate
inaccuratemeasurements:inally,the studydid not includemeasurementsf peakor angle
velocityof theankle,knee,or hip, andno analysisvasperformedon differentpartsof the
upwardphasewhich could demonstrataifferenttechniquegestingwith the differentloads.

Practical implications

The presentstudyincludedresistance-traingmalesandtheresultsmaythereforenot begen-
eralizedo otherpopulations Basen the presentstudy,resistance-trainedthletesnay
decreas¢heloadsbut havesimilar muscleactivitywhenlifting with maximallifting velocity.
Bydecreasingheloads the mechanicabtresslecreaseandtime to recoveris reduced Using
lowerloadswith maximallifting velocitymaythereforeallowathletedo increasehetotal vol-
umewithout increasingherisk of injuries. With the exceptionof the heaviestoad (1-RM),
the prime movers(quadricepsand gluteusmaximus)havesimilar muscleactivationshetween
70%and 90%o0f 1-RM and betweert0%and 60%of 1-RM. Therefore athletesandtrainers
couldvarytheloadingwithin theloadwindowsandexpecthe sameeffect.Thisis important
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in regardto accommodatingthletespreferenceg-urthermore the forcerequirementdiffers
during differenttasks/sportsandavariationin theloadingcould helpto dealwith this
differentiation.

Conclusions

With increasingoad,averagand peakupwarddlifting velocitydecreasedyhile upward
phasedurationincreasedogetherwith alateroccurrenceof peakvelocity.In generalsimilar
muscleactivationsn the prime moverswereobservedor loadsbetweem0%and 60%0f
1-RMandbetweer70%and 90%of 1-RM, with 100%0f 1-RM beingsuperiorto the other
loadswhenthe loadswerelifted at maximalintendedvelocity. This meanghat maximallifting
velocitymaycompensatéor increasedoads which mayallowresistance-trainedthletesand
thosein rehabilitation(resistance-trainedthletes}o avoidheavyloadsbut still getthe same
muscleactivation.
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