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ExplicittdControllofiSte pllimingX
DuringiSplit-BelttWalkingiRevealsKX
InterdependentiRecalibrationtofX
MovementsiiniSpacelandXlimeX

Marcela Gonzalez-Rubio?, Nicolas F. Velasquez' and Gelsy Torres-Oviedo*

Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, United States

Split-beltlreadmillsihatinovelhellegskatitiifferenttépeedskrelhoughtoMipdatelinternalX
representationsXoftheenvironment, XsuchXthatXthisknovelXconditionXigenerateskaXnewiX
locomotoribatternBvithiistinctispatio-temporalfeatureskcomparediohoselbegulariX
walking Rtisiinclear@hellegreeloMvhichuchdecalibrationldnovementsiin®helpatialX
andtemporaldomainskiskinterdependent XInkhisKstudy,Xwekexplicitly®altered®subjects’™
limbMnotiondnkeitherdspacelbridimeluringiplit-beltvalking®oltletermineltsdmpactonX
theladaptationXoftheXotherXdomain.Kinterestingly,BveXobservedXhatXmotorXadaptationX
inkhelspatialomaindvasisusceptibleokaltering®heemporalomain, Mvhereas¥motoriX
adaptationdnhelemporalomain¥vasiesilient@oXnodifyinghelspatial®omain. XTI hisK
non-reciprocaldelationt$uggestsiébhierarchicallrganizationuchfhatfihelontrolfbMimingX
indlocomotionthaskaniffecttbnlheltontrolbb™imbibosition. X hisMistbranslationallihterest®
becauseltlinicalpopulationskbftenihaveldifreaterdeficitinbnellomainiompareddolheX
otherfurfiesultsisuggestihattéxplicittthangesBollemporallleficitsiannotccurivithoutX
modifyingihelspatialltontroldMhelimb.X

Keywords:Hocomotion,linotordearning,i&plit-belt,}spatio-temporal,sensorimotorfadaptation,(kkinematicsX

1.ANTRODUCTIONKX

Welhrelonstantlyddaptinglburlnovements®oliemandsmposediby®hanges¥in®helnvironmentX
orfburbbody.MnMvalking,MhiskequiresfheldaptationtdfpatialndemporallgaitfeatureslolontrolX
“where’lndX'when Bvelbtep Mespectively Xarticularly Mnplit-beltvalking¥vhentbneNdegknovesX
fasterfhanMhebbther,Mtthaseentbbserved¥hatBubjectsninimizeMpatialind¥emporaldsymmetriesX
byMdoptinginotortpatternsB¥pecificofhelplit®nvironmentie.g. Malonelttdl. [2012) HilsdhoughtX
that®hisKskhchieveddbyMipdatingXnternalepresentationsibf@helreadmillforheiontrollbthel
limbKinkspaceland®imeX Maloneletihl. 2012) Xl hereMskaclinicalXinterestinMinderstanding®thel
interdependencedn@helontrolbfRheselwolhspectstbfnovementhbecauselpathological’igaithbftenX
haskbgreaterdeficiencyMnbbnellomain®ompared®oMhelbtherMalonebandiBastian, /2014 inleyX
ethal. 2015) K hus,MherelsiMranslationaldnterestoMetermineff8patiallndemporaldsymmetriesX
inklinicallpopulationsiandbeMargeteddndMreateddndependently.X

FrontiersdnEumaniNeurosciencelvww.frontiersin.orgkl 1

July®0198R/olumelt 3gArticleR0 7K


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2019.00207
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2019.00207&domain=pdf&date_stamp=2019-07-03
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gelsyto@pitt.edu
https://doi.org/10.3389/fnhum.2019.00207
https://www.frontiersin.org/articles/10.3389/fnhum.2019.00207/full
http://loop.frontiersin.org/people/703411/overview
http://loop.frontiersin.org/people/67869/overview

Gonzalez-Rubiokéthl K

InterdependentiBpatio-TemporalfRecalibrationfbValking®

AmplelevidencelsupportsXthatXtheXadaptation,MandXhencel
control,XoflspatialandXtemporalKgaitXfeaturesXis¥dissociable.X
NotablyKstudiesXhaveKshownNthat}linter-limbXmeasures,XsuchX
asKstepMtimingX(temporal)KandXstepXpositionX(spatial)KadaptXatX
differentates{ Malonelnd®Bastian,X010;ombricketkhl.,X017),X
theyMexhibitXdifferentXgeneralizationXpatterns)(Torres-OviedoX
andXBastian,¥2010),KandXfollowXdistinctXadaptationXdynamicsX
throughoutievelopmentX Vasudevanketkal. 0011,/ Patrickietkal. X
2014)HorKhealthyXagingX(Sombric¥et¥al.,X2017) XInXaddition,X
several{behavioralstudies¥showNthat¥subjectsMadjustmentXofX
spatialdnetricsanfeflteredMaloneldndBastian,2010;MValonel
ethhl 012, onglethal. K2016)Bvithoutdnodifying®hebdaptationX
oftemporalXgaitifeatures. MHowever,XthelbppositekhaskhotXbeenkX
demonstrated XForXexample XalteringXintra-limbXmeasures¥(i.e.,X
characterizingiingleMeginotion)lMiming BuchksitancelimelX
durationX A fzallethl. ,)2015;XK rishnanbetial. f2016)MalsoMeadsikoX
changesdnMntra-limbMpatialeatures,BuchMsktrideMengths.XnkX
sum,BhelpatialinddemporallontrollbiftheMimbNsihoughtolX
beMlissociableButhltfemainsMinclearfiffhefdaptationtbfnternalX
representationsffimingdanfeMItereddndXvhatisihelmpact¥hfX
suchMnanipulationnMheMemporallomaindnMheMpatial@ontrolX
oftfheMimb.X

InKthisKstudyXweXaimedXtoKdetermineXtheXinterdependencelX
betweenKtheXspatialXandXtemporalXcontrol¥ofXtheXimbsXduringX
walking,MparticularlyMof¥inter-limbXparametersXcharacterizingX
bipedaloordination BV efhypothesizeddhatipatialldnd¥emporalX
inter-limbMeaturesfrefidapteddindependentlybbasedlbnbpreviousX
studiesdlemonstratingMheirMlissociation. X' oMestdhisthypothesis,X
subjectsXwalkedXonXaXsplit-belt¥treadmill ¥whichXrequiresXtheX
adaptationfbfpatiallind®emporal¥nter-limbMoordination.BWVelX
furtherMalteredXsubjects®movements¥duringXsplit-beltlwalkingX
byl eitherX instructingX themX “where”X (spatialX feedback)X orlX
“when”M(temporalXfeedback)XtoMtakeXaXstep.HWecontrastedX
thel impactX ofid explicitly® manipulating® movementsi inX onelX
domainXonKtheadaptationXof¥theXotherXdomainXtoXdeterminel
theirinterdependence.X

2. MATERIALSXANDEVETHODSKX

WelrecruitedXtwenty-onekhealthyXyoung®subjects¥(13¥women,X
8Xmen,XmeaniageX24.69Xt 4Kyears)XtoXvoluntarilyXparticipate
inRhiskstudy BubjectsiveredandomlyMssigned®olhreedsroupsX
(nX=K7 Keach):X(1)KcontrolX(2)KspatialXfeedback,X(3)XtemporalX
feedback®olieterminelfiexplicitlykaltering®helimbMnotionlbni
either®helbpatialbrithelemporalomain®vithMrisualeedbackX
during®plit-belt¥valkingthadBnN¥mpactlbnMhefdaptationfbifheX
otherflomainXFigureX A) MNotably,Xfthelontrolkbfheselwol
domainsXvasilissociable,MlteringdneMvouldiothhaveldniftectibnX
thebbther MAlternatively XfiheyMvereMnterdependent,MnodifyingX
theladaptationXofXoneldomainXnot¥onlyXwouldXhaveXanKeffectX
onitheltargeted®domain Kbutiwillkhlsohlter®heXbtherXone XI'heX
protocol¥vasthpprovedibyiheMnstitutionallReviewlBoardkbheX
UniversitylbfPittsburghfndllBubjectsigavelnformed®onsentX
priorMoMesting.X

2.1.XExperimental®ProtocolX
AllX subjectsi walkedX oni all split-beltX treadmillX duringX fourX
experimentaldhases:MBaseline XFamiliarization,XAdaptation,FandX

Post-adaptation XTheXspeedXforKeach®belt}XduringXtheseXphasesX
is’shownXinKFigureX B.XThiskspeedXprofileenabledXindividualsX
to¥walkNatianXaveragedXspeedXofi10.75X m/sHthroughouttheX
experiment.XnikhelBaselineXphase,XndividualsivalkedMvith®heX
twolbeltskmovingKatlthelsameXspeedXof)0.75K m/skforX 150X
strides(~ 3Xmin).XRecordingsKfromXtheseXphaseXwereXusedXasX
thellreferencelgaitXforKeveryXindividual KInXtheXFamiliarizationX
phase XallarticipantskalsoXwalkedXatk. 75K m/skorXl 50t rides,X
butMonlyXsubjectsMinXtheXfeedbackXgroupsXreceivedXtheXsamel
visuallfeedbackXthatXtheyXwerelzoingktoXexperienceduringkthel
subsequent¥Adaptation®phase Xl hisBvasilonelobllowideedbackX
groupsMolbecomebhabituatedMoMiseMhelprovided®¥isualfeedbackX
toXcontrolXeitherMspatialX(spatialXfeedbackMgroup)XorXtemporalX
(temporaleedbacklgroup)aitieatures MnMheM daptationbphase,X
thelbeltskverelnovedidtbdiR: 1Matiol]1:0.58m/s)Mord 00N tridesi~ 13X
min) BV el8electedMhesedpecificbeltpeedsibecauselbtherBtudiesX
havelindicated®hat®heydnducelobustiensorimotorbadaptationX
(Reismanbethhl.,X2005;XMawaseletdhl.,X2014;8ombricketkhl. ,X017;X
Vervoort@tal. 2019)MndRveldbservedlinkpilotMestsihatBubjectsX
with¥isualeedbackMtMheseMpeeds@ould¥uccessfullyMnodifybdfhel
spatialfind®emporalizaitifeaturesibfinterest Xhebbelf-reportedX
dominantXegXwalkedXonXtheXfastXbelt XInXtheXPost-adaptationX
phaseKallXindividualskwalkedXwithXbothXbeltsdmovingKatX0.75K
m/sMordt508tridesd ~10Mnin) Kl'his¥phaseMvasMised®oMuantifyX
gaitthangesMollowing®heXA daptationdphase Kl'hedreadmillfbeltsX
werelstoppedbhtifhelendibfeachMxperimentallphase. MAkhandrailX
wasKplacedXinXfrontXofXtheKtreadmillkforKsafetyXpurposes,XbutiX
individualsiliddhotfholdRtRvhileMvalking MAMustom-builtlividerX
wasKplacedXinKtheXmiddleofXtheXtreadmillXduringXtheXentirelX
experimentallprotocololpreventibubjectsdromMteppingkonihel
sameXbel tXwithXbothKegs.KSubjectsKalsoXworeXaXsafetyXharnessX
(SoloStep,BD)MhatMlidthotdnterfereXvithMheir¥valking¥nofbodyX
weight®upport).X
Welfestedihreebgroups:¥1)Eontroltgroup,X2)BpatialfeedbackX
group,¥(3)KtemporalkfeedbackBgroup XTheXcontrolXgroupXwasi
asked®toljustBvalk’Mvithoutlanykpecificeedbacklbnfsubjects’™
movements.XEachKsubjectMinKtheXspatialKorXtemporalXfeedbackX
groupsiwaslinstructedXtol either maintain®his/herKaveragedX
baselinelstepKposition (spatialdfeedbackXgroup)¥orKaveragedX
baselinetepMimeMtemporaldeedbacklgroup)¥vhen®heMeedbackX
wasbkbn StepbpositionXvasilefinedMsiheMagittaldistanceMbetweenl
thelleadingleg’sMankleXtoXtheXhipKatlheelXstrikeX(FigureM C).X
StepMtimeXwasXdefined¥asXtheltimelperiodXfromXheelXstrikeX
(i.e..HfootMlanding)XofXoneXlegktoXheelXstrikeXofXtheXotherKlegh
(Figured D). XW eMlchoseXtolmanipulateXstepXpositionXandXstepX
timeMforXconsistencyMwithMotherKstudiesX(MaloneMetial. ,}X2012;X
LongKetlal. }2016)KandXbecauseXtheseXparametersiareMadjustedX
duringXplit-belt¥wvalkingXolreducelspatialkhnd®emporalXinter-
limbKasymmetries,KrespectivelyX(MaloneMetXal.,X2012) KPanelsX
CandXDXinXFigurel XshowXsampleMscreenXshotsKofXtheXvisualX
feedbackbbbservediby®achrouponklécreentplaced¥inMrontbb X
them BMoreBpecifically BvebpermanentlydisplayedititherpatialX
orXtemporalXtargetsK(bluelrectangles)XindicatingKtheKaveragedX
stepMposition¥(spatialkfeedbackMgroup)XorXaveraged®stepXtimelX
(temporaleedbackBgroup)FacrossiegsiluringfbaselineMvalking.X
Theseltargets®urned®reen®vhenfubjectskchieved®helargetedX
baseline}values¥andXtheyXturned¥redXwhenXtheyXdidXnot.XAK
tolerancelbfiR-0.758ndRE1.25 %M HhelbaselinelralueMvastiventoX
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FIGURERI{MEXpectedibutcomes,faradigmindeedbackWisualization A)REXpectedibutcomesioritiissociableBndinterdependentlinternalifepresentationsibspaceX
and®ime Hfitlissociable, Bheleedbackimanipulation®villbnlybaffect®helargetedomain®vithoutlthanging®helbtherflomain. Brorexample, Bpatialeedbackiindicated®
withibluelbutline)dvouldilterispatialeatures¥S)bRhelnotorpatternivhiledemporalbnesyT)Memaindnvariant. lONRhelbtherfhand, lthellomainskarednterdependent,X
feedbackimanipulationtbfbneMiomainivillkalsobhlter®helbthertlomain. Brorexample, BpatialeedbacklnodifyingispatiaMeaturestbhelnotoripatternBvouldihlsoX
changeemporalbnes. ¥B)XBplit-belt¥valking®aradigmilisedinklbgroups. BDashedinesibeparate®hebtifferentexperimentalfbhases. Bllgroupsiexperienced®helsameX
numbertbitridesiiuringdachiphaselBaseline:® 50,Mamiliarization:Xi 50,BAdaptation:X00,Mnd@¥Post-adaptation:®50). X helwobbeltstnovediatihelsamebbpeed®
(0.75%n /s)luring®heBaselinelnddramiliarizationphases . fOnlykubjectsdn®heleedbackiyroupsivalked®vhilelbbserving®heinovementskbnbbi ViscreenbplacedX
directlyindronttbhemiFeedbackiOn)iluring®helamiliarizationdbhase X heMeedback®oRheselyroupsivaskalsoiventtiuring®hefAdaptationdbhaseMgraydhadedarea)X
during®vhichbbnelbeltifastibelt)movediatil &n /skandihelbtherfbneMslowibelt)EmovediatdD. 58n /s Brinally,luring¥Post-adaptation®ubjectsivalkedbagain®vith®heRwol
beltsinovingatihelsamelbpeedt0.7 5N /s). HC, D)X/ isualeedbackibchematic BchematiclbfhellegsinihelopMowilustrate®helsteplpositionde.g. K r andX s)¥andX
step®imeNe.g. ¥s) BvhichBvere®helvalkingleaturesiisedin®hebbpatialland®emporaldeedback®asks, Bespectively.Bottomltowsdn{C,D)dIustrate®helscreentbhotsk
observedibyRndividualsin®helbpatialMeedbackigroupqC)briinkhelemporalMeedbackiyroupdD) MBlueltectanglesdndicated®helargetibtepipositionfbristepimelalueX
thatsubjectsthadiolachievelvithiachMeg B heselectangles®urnediyreenivhentbubjectsiinetheliesiredistepbositiontbristeplimelaluesiandied®¥vheniheydlidéhot. X
YellowRinesindicatediither®heltepiposition®aluei C)sbrithelbteplime/aluei D)satbheebtrikeMHS)XvhenRakingbbbste pvithRheltighttorieftlegMe. 9. Heftleg 'skstepk
positiondsihowniin®hebbcreenishot 1) Bnkhelexamplelhown,BhelbtepipositionBvasitorrectlorihelightlegibutbhotior@heleftleg. K heBlightirayiprogressionbarsi
showedinieal-timelither®heltlistancelromRhelankleRoRhelhipmarkerskasiubjectsiwing®heleglorwardq C)brithelimehat®helbubjectthadipentfdn®helbtanding®
legsincedtthithelroundqD).X

subjectsbin®heRpatialndBemporalfieedbackigroups,Mespectively ¥ 2.2.4DatalCollectionX

YellowKlinesKindicatedXtheactual¥stepXpositionMandXstepXtimelX
forkeachMeghhtieveryMtep K hus,BubjectskouldkppreciatefhowlX
farktheyRwereXfromKtheltargetedXspatialMor¥temporalXvalueXatiX
everyMtep.X

KinetickindXkinematicXlatalvereKcollected®ojuantifylbubjects®
gait.XKinematicXdatawasXcollectedXatX1 00XHzRwithXaXmotionX
capturelbystemX VICONKnotion®ystems,MOxford XUK) XPassiveX
reflectivelnarkersBverelplacedMbilaterallydbnibonydandmarkskitX
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thelankleX(malleolus)XandXthelhipX greaterdrochanter) XKineticX
datalvasiktollectedtXl,0008HzZXwvith®heMnstrumented®plit-beltX
treadmill{Bertec, XOH) Kl'helhormallground®eaction®orceX F,)X
washisedMobtletectdvhenMheMootMandedNi.e. ,Bheeldtrike )Mbri¥vask
liftedift (i.e.,Hoeldft) MAMhresholdMbf 10 NMvaskised forMletectingX
heeltrikeshnddoelbfsdorilatabdnalysis,Mvhereasihreshol db X
30NNvasHisedMorounting®tridesdniteal-time.X

2 3./ DataAnalysisX

2.3.1. Gait Parameters
WeltomputedBixbgaithparametersbpreviouslydisedq Malonebétial., X
2012)RoMjuantifyhebbdaptationtbfiépatialinddemporaliontrolX
oftheMlimblduringXsplit-beltkwalking:XS 1, KT g, XS 4 KT 4 XS, 4 ,X
andX T, 4 XWeKusedXS,,,x andXT,,x becauseKourXfeedbackXwasX
designedXtoldirectlyMhlterRtheseMmetrics XForXexample MsubjectsX
inhelbpatialeedbackBzroupliverelsivenleedbackolnaintainX
thelbamelbaselinelbteplposition¥nbbothMegs. X5, mis,Bherefore, kX
goodMnetricdfbperformancelorthelpatialleedbackigroupiinceltX
quantifies¥heMifferencednBteplpositions,X gandX s MvhenMakingX
alteplvithMhelfasttnd¥lowlleg Mespectively.BFormallylxpressed:X

M~ K

Sou= (I)M

mt &

msilengthMneasurementMhatiindicatesfhebpositiontMhelnkleX
markerelativeMolhefhipdnarker®tbheeltrike Rl'helubscripthiX
canbbeleither{orkXforktheXegithatiskbnithelfastibel tbrislowX
belt,Krespectively MByXconvention,XS,,, miskpositivelvhenktheXfastX
legsiootandsKartherfhwaylrom&helbodyXvhen®akingMMtepk
thanMhellowHeg’sbbnel{i.e.,.X "> ) BoumiskeroMuringMbaselineX
andMubjectsiiniheMeedbackigroupBverednstructeddolnaintainX
this®ralueMluring®plit-beltMvalking. X
Similarly,B8ubjects¥ndheMemporalMeedbackigroupMverebgivenX
feedbackoMmaintain®helamebbaselineltepimesdnibothMegs.X
Toumis,HhereforeMgoodMnetrickbdperformancedorhedemporalX
feedbackbgroupBincedtiuantifiesdhelifferenceMnitepMimes, M
andXEbteplimelt wisttlefinedfs®hedimeMntervalldoMakebhlbtepl
onMhellowbbelti{i.e. MurationMrombheeltrikelbnltheMastibel ok
thelubsequentbheeldtrikelbnihellowdbelt)Mhnd¥icelersabforid X
Formally®xpressed:X

t— tﬁg t— t]g
Lt tﬁZ B TstridelZl

Toum— 2

Wherell';,;jmiskhelbtridedimeli.e.,RimeXntervalkbetweenXwol
consecutivefheeltrikes®vithihelameleg) Bylonvention, Xy,
is¥positiveXwhenXtheMslowkleg'sXstepKtimeNisKlongerXthatXtheX
fastMeg’sMone NI, miskzerokduringkbaselineMand¥subjectskinXthelX
feedbackMgroupMwerefinstructed®toXmaintainXthisXvalueMduringX
split-beltwalking KitkhaskbeenKpreviously¥shownXthatXS,,, mandX
Toumaredaptediuring®plit-beltivalkingMoMninimizelpatialdndX
temporalbaselineMsymmetriesXlefinedMdsi srand¥ 4 HespectivelyX
(Malonelethal. 2012) Ml herefore MvelhlsoXuantifiedXS agandXl 4q
becauseltheseXareladaptiveXparametersX(ReismanXetial.,X2005;X
MalonelandXBastian,X2010;XMaloneXetdal.,X2012)XthatMcouldibeX
indirectlyXalteredXbyXourXspatialdandXtemporalXfeedbackXevenX

ifsubjects¥inXtheseMgroupsXwereXnotXexplicitly)instructedXtoX
modifyhem X

Sam quantifies¥ldifferencesdbetweenXtheXlegsKinKwhereXtheyX
oscillatelvithMespectMolfhedbody Rl hebbscillationlbfachHeglvasX
computeddhs@helatiodetweenMwoldistances:MtepkpositionXX )X
and®trideNength®X )Xi.e. Mnterior-posteriordistancelromXootX
positionit heel¥trikeMoMpsilateral foot positionft toefbff) Khus,X
Sax(legsPbrientationsymmetry)XvasomputedisiheMifferenceX
between®heselatiosdvhen®akingkhlteplvithhelblowlegii.e.,X
slowllegeading)Xs.MheMastHegMseeEquationd).X

Su= — — L

3)X
T 3

In¥heMemporalomain, X ygquantified®heMlifferencedniloubleX
supportXtimesX(i.e.,Xperiod¥during®whichXbothKegskarelonktheX
ground)XwhenKtakingXaKstepXwithXtheKfastXlegX(DS;)KorKslowiX
legKDSﬁj MrespectivelyXseeXEquationi¥) Mnkbtherdvords,XDS xisX
deﬁned&sﬁheﬁimeﬁromﬁasﬁiﬂleeltrikeﬁolowﬁoe%ﬂﬁndﬂ)sj@as&
theMimeMromBlowMheelBtrikeMoMastMoelbf.X

Tax—= DSsx— DS (4)X
Lastly,Bveltomputediaitdparametersiliefinedbbsks, sgandXl’, 4 ,HokX
testheMpecificity®fburbeedback BNamely,MthasfeenbpreviouslyX
observedhatMhesebparametersilobhotihangebdsBubjectsHvalkBnX
thelplit-beltkenvironmentX Reismanle il 2005;XMalonele il X
2012;R¢ okoyamabethhl. X2018) Rl hus,BhesedneasuresfredhoughtX
toimplyMeflectfheMpeedMifferencefbetweenMheMegs,MndMhence,X
weltxpectedhattburfeedbackXvouldbhotilterlhem Bpecifically,X
SnamuantifiesdheMifference®etweeniheMastdndXlowlegsiangesX
offfnotionX gandX  Bormallybxpressediis:X

Ll
mt &

SnAg— (5)X

Thel non-adaptiveX measurel inX thelX temporal¥ domainX T' 4z
quantifiesthelifferencebbetweenihelslowkhndXfastdegsistanceX
timeldurations¥whichKsXlefined¥asitheXintervalkivhenktheXootX
isdnMontact®¥vithihelground) ,E«rhichENeMabeled&sﬁngandIXSTﬁ@
respectively.fFormally®xpressediis:X

ST STJN

(6)K
Tstride&

Thag—=

2.3.2. Outcome Measures

Wel computedN steadyM stateX andX after-effects¥ toX respectivelyX
characterizelhebhdaptationfhndXecalibrationfbfvalkingXnihelX
spatiallind®emporaldomains.BothlbfheselbutcomelneasuresX
wereltomputedorfachbfaitbparameterMlescribed¥nMhebpreviousi
section.XSteadyNstatelwasKusedXtoXcharacterizeMtheXspatial¥andX
temporalXfeaturesXofithefhdapted¥motorXpatternKoncelsubjectsX
reachedXaXplateauXduringMsplit-beltlwalking XSteadyXstatelwasX
computedXasKtheXaveragedXoftheXlastX40KstridesXduringthel
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AdaptationXphase,KexceptiorkthelverydastbistrideskolexcludeX
transient¥steps¥whenXsubjects¥wereNtoldXtoXholdXonXtoX thelX
handrailbprioroNtoppingheMreadmill M fter-effectsMvereMiseddoX
characterizeMhelecalibrationtbféubjectsMnternalfepresentationX
ofitheenvironment¥ RoemmichkandXBastian,}2015)KeadingXolX
gaitXchangesXthatXwereKsustainedXfollowingsplit-beltkwalkingX
comparedXolbaselinelpatialkhind®emporaldgaitieatures.XAfter-
effectswerelcomputed¥as¥theXaveraged¥valueMforKeachMgaitX
parameterdverlhelfirsthirtyltridestbpost-adaptation lWeblisedX
30Mtrides,MatherfhanMnlyMhelfnitiald - 5Ktrides,BecauselvelivereX
interested¥nMharacterizingongNMastinglfter-effectsqLongetal. X
2015;XRoemmich¥andXBastian,X2015;XMawaseXetihl.,X2017) XWeX
removedbbaselinelbiasesrombbothMneasurestbylubtractingihelX
baselinelaluesiorieachMaitlparameterthveragedbveritheMast®0X
stridesiluringbbaselinelminus®@helreryMast¥ransientbMtrides).X
ThiskvasdoneltolexcludefindividualkbiasesXbeforeXaggregatingX
subjectsPutcomeMneasuresdniverydgroup.X

2.4 BtatisticallAnalysisX
WekperformediseparateXtwo-wayMrepeatedmeasuresXANOVAsX
(factors:¥groupand¥epoch)Xcomparing}theXcontrol¥groupXtoX
either®theltemporallbrispatialfeedbackiroups Xl hiskivasionel
toketerminelheleffectfbffexperimentallybblteringieitherfspatialX
orltemporallmeasuresXduring¥split-beltlwalkingKonKoutcomelX
measuresdnfothMomains.fWhenMnainkftectsbbdgrouplbri@pochX
werelfoundX(p< 0.05),MvelusedXFisher'sKLSDXpost-hodXestingX
tobhssessMfnainkeftectsBvereliriventbyiifferencesibetweenhelX
controllgrouplinddeedbackigroupBniitherdomain MWeMhppliedX
alBonferroniltorrectionMolccountor®RomparisonstbMinterestX
resulting®nbdignificanceMevelet®ol = 0.025.HVelelecteddoX
dolburbnalysis®vithMinbiasedMlatal{i.e. Mubject-specifichaselineX
biasiemoved)®olteducednter-subjectMrariabilityduelobdistinctX
baselinelbiasesXandXfocusonXgroupeffects¥dueloXtheldistinctX
experimental¥nanipulations.X.astly,Bvefperformed¥independentX
samplel-testsioldetermineXifisteadystateMorMufter-effectsiwereX
significantly}different¥fromXbaseline. XW elappliedXBonferroniX
correctionsMoMiccountorfourtomparisonsbtbnterestibaselineX
vsMsteadyHstateandXbaselinelvs after-effectsXforKeachXofXthelX
experimentallyXtargetedXS,, g andXT,,m parameters)XsettingXthelX
significanceMevello = 0.0125KForfhlldbtherfarameters,XveX
setihelbignificanceMeveltoX = 0.025K0MhccountMorkbnlywol
comparisonsibfXinterestXbaselinelvs Mafter-effectsdinithelspatialX
and¥emporaldomains) Xl'hisBvasilonelincedvedveredprimarilyX
interesteddnMhempactbMhelxperimentalMnanipulationtdnMheX
after-effectsMofthelparametersithatidvereXnotiexplicitlyltargetedX
with¥heMrisualMeedback X

3.0RESULTSKX

3.1.ConfirmationfoffResultsiSupportingX
DissociableRepresentationtofiSpatiallandX
TemporallWalkingiFeaturesX
SpatialandXtemporalXgait¥featureskadapted¥andXrecalibratedX
independently®¥whenKfeedbacklwasKusedXtoXalterdtheXspatialX
controlfbftheMimb XIhisKisKndicated®yXthelsroupMifterencesX
qualitativelyX observed¥ ini thel S, 's¥ timel courses¥ duringX

Adaptation¥andXPost-adaptation¥(left¥panelXinKFigures® A,B,X
respectively)XcontrastingXtheloverlappingtimeXcoursesKofXT 'y,
inXtheXcontrolXgroupM(redXtrace)KandXspatialXfeedbackKgroup
(blueltrace)M(rightXpanel¥inXFigures®A,B).XAccordingly,KweX
foundiibbignificantroupkeftectlonlXs,, m(pK= 0.0039),MbutkhotX
aroupX p=0.3748)Mbr¥rouplbyXepochKnteractionXeffectbniX
Toum(p¥=0.2293) KPost-hodkhnalysisKindicatedXhatXheMspatialX
feedbackleduced®helsteadyMbtatelbfX,, mrelativeloltheltontrolX
groupl(SX— SHpK= 0.0021);%uch®hatthelteadybbtatelaluesk
reachedXbyXtheMspatialXfeedbackigrouplwerelnotXsignificantlyX
different®romMeroXpX= 0.0481),Mvhereas@hosefbfthelontrolX
groupXdifferedXfromXzeroM(pl = 0.0004) XThisXindicatedXthatiX
individualsXnMhelpatialeedbackBgroupBverefhbledoknaintainX
theirtbaselinel§,,, mvaluesdvithMheiisualdeedbackbbnMhisdnetric.X
InKcontrast,XtheMsteadyKstateRvaluesKof) T, x wereMsignificantlyX
differentfromMero¥nbothiroupsicontrolgroup:3pK< 0.0001;X
spatialeedbackBroup:XpK= 0.0004) Xl'helissociationfbetweenX
spatiallind®emporaltontrol®¥vaskhlsolhownkbyRhebfter-effectsX
of¥S,,m andX T, m inKtheMcontrolXvs MspatialXfeedbackMgroupsX
(Figurel2B) Post-hoddnalysisBndicated®hathelpatialfeedbackX
groupbhad®educedbhfter-effectsto b, mcompared®oltheltontrolX
groupl(S¥— SHpK=0.0159)kndRhatXonly®helontrolXroupk
hadbafter-effectsMlifferentromMeroMcontroldgroupFpk= 0.0003;X
spatialXfeedbackMgroup:¥pK = 0.0164).XConversely,XT,,x wasX
oncelagainKhotMqualitativelyXdifferentibetweenXtheXsroupskandX
thefafter-effectsXwereXnon-significantlyXdifferentdfromXzeroXoni
eitherdgroupMcontrolgroupfp= 0.4235;8patialfeedbackifroup:X
pPR=0.1023) KinKsum XspatialfeedbackXhadXal¥domain-specificX
effect:Htbltered¥helddaptationfndiecalibrationtb s, x(targetedX
spatialX parameter)X withoutX modifyingX thell adaptationX andX
aftereffectstdf8tepMimel T, ) .X
ThedissociationXinXadaptationXandXrecalibrationXofspatial
andXtemporallrepresentationsXoflwalkingXwasKalsoXsupportedX
byMthelanalysisKofXspatialdandXtemporalfeatureskknownXtoX
beXadaptedXbyMtheMsplit-beltXtask,Mbutlnotidirectly¥targetedX
byMourXfeedback XNamely,KtheMspatialXfeedbackialsoXmodifiedX
theAdaptationXandXPost-adaptationXtimeXcoursesKofXtheXlegs®
orientationfsymmetryMjuantifiedbyl$ 4 XvhichHskxpectedigivenX
itstelationMol8,,,; MNoteMhatifheMimeloursest S sforheldpatialX
feedbackMgroupM(bluektrace)XandXcontrol¥group® redXtrace)XdoX
not¥bverlap®luringXA daptationfhndXPost-adaptationXleftipanelX
FiguresiBA,B) KnXontrastRheltimekeourseskbfoublelsupportX
asymmetryX(T 4 )XwereRnot¥alteredXbyXtheMspatialXfeedback,XasX
shownbbyRhebbverlaplb ¥l ygvalueskluring®A daptationthnd®Post-
adaptationfbfthelemporalkfeedbacklindXontrolXsroupsKrightX
panelXFiguresBA,B) Monsistently,MveMoundMMignificant®groupi
effectlinXS g (pX=0.0091)XandMaXnon-significantXgroupk(pl =
0.8679)Xor¥groupXbyXepochKinteractionX(p = 0.2229)KinXT’4 X
Post-hodXanalysesXrevealedXthatXbetweenXgroupXdifferencesKinX
SagwereMdrivenXbyXthelsignificantlyXdifferentXS sésteadyXstateX
(S¥— Sap pM= 0.0177)KandXrendingiifferencesXnkXS 4psbhfter-
effectsd(SX —  Saw pX = 0.0358);¥such¥thatMafter-effectskwereX
significantXinktheXcontrolXgroupXpl=0.0009)KbutkhotXinXtheX
spatialfeedbacklgroup¥pR= 0.0542) Monversely,Mfter-effects¥nX
doubleBupportdsymmetry T4 )X¥verelignificantlyMifferentromX
zeroXnkllXsroupsX control¥roup:pk=0.0044;¥patialeedbackX
group:p¥= 0.0007) Rlheseresultskeiterated®hatihangesdnihel
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spatialdomainiidhotnodifydheldemporal®ontrolfbf®hedimbX
inlheltemporalomain,Xeplicating®previousiindingsK MalonelX
etl]. }2012;8.onglktkl. X016).X

3.2.NewiEvidenceforinterdependentX
RepresentationsiofiSpatiallandemporalX

Walking®¥eaturesX
Interestingly,XwelkfoundXthatMspatialkhndXemporalXzaitkfeaturesX
werebhotdindependentnMheirddaptationfindMecalibration®¥vhenX
feedbackMwasKusedXtokalterXtheXtemporalXcontrolXofXtheXimb.X
Thisls¥ndicatedfbyMheMjualitativeldlifferencesibetween®helimel
coursest X, mand®,, mduring®helA daptation FigureM A )¥ndX
Post-adaptation¥phasesX FigureldB) MNamely,MhekontrollroupX
(red¥traces)XandXtemporalXfeedbackKgroupX(yellowtraces)XareX
differentlinibothMpatialinddemporalkparameters.Xonsistently,X
welfoundkibignificantgroupkeffect®onks,, m(pK=0.0005)XandX
Toum (pX = 0.0034) KPost-hodXanalysesHrevealedXthatXtheXT,,,, 'sK
steadyBtatelvasiignificantlyiifferentfromierolnihelontrolX
(p¥= 0.0004)Mnd¥emporaleedbackbgroupMpl= 0.0092).Rhus,X
subjectsdnMheMemporaldeedbackdgrouplidkhotfully¥naintainedX
thelbaselineMaluestb X, MvenHffheyMverelibleMobhiseMhelrisualX
feedbackMoNignificantlyfeduceMhel ,, mteadyNtateMluring®plit-
beltivalkingielativeMolhefontrollgroupd 78— TH pK< 0.0001).X
WhilefheMemporalfeedbackdgroupXvasilesignedollterX,,  KveX

diddhotMnticipatefMeduction¥nihel,, ;' sHteadyHtateMelativedoX
theltontrollgroup 78— SHpK= 0.0027)bbecauselhisdparameteriX
waskhotiirectlyMargetedibyMheMfeedback KI'helnterdependencelX
between¥spatialkhnd®emporalkdomainsXvasXalsoXshownXbyXthelX
analysisKofXafter-effectsKinXPost-adaptationX(FigureMB) XPost-
hodXanalysesKindicatedXhatlemporalXfeedbackididXnotchangelX
thelrecalibrationXofXT,,m (T — THpK= 0.4663)KbutkhlteredX
thelrecalibration¥ofS,,m (T — S¥pX = 0.0010).XTheXnon-
significantiéffecttbn®helecalibrationddXl,, mwaskxpected¥givenX
thatlfter-effects@n¥hisbparameterfrelerylhortlivedMesultinginX
Toumafter-effectdralues®hatfhrelhon-significantly®ifferentromX
zeroX(controlXgroup:Xp = 0.4235;KtemporallfeedbackMgroup:X
pPX=0.8550).XMnKcontrast,Mothksroupskhad¥hfter-effectsdnlS,,,
thatlverelignificantly®ifferent®romMieroX controlgroup:Xpi=
0.0003;®emporalXfeedback®roup:XpX=0.0021),XbutitheyXiwereX
unexpectedlydmallerd¥n®hefemporaldeedbackigrouplomparedX
tothelontrollgroup Mnkbum,BhelemporalfeedbackMmpacttbni
adaptationfndMecalibrationt® 8, s spatiallparameter)dndicatedX
anNnterdependencefbetween®helpatialdhnddemporaliontrolbiX
theflimb.X
ThelpossibleXnterdependenceMnipacefandiimeMvasiurtherd
supportedXbyXthelanalysis¥ofXspatialdand¥temporalkfeaturesX
knownXtoXbeXadaptedXbyKtheMsplit-beltXtask,Xbutlnot¥directlyX
targetedXbyXourifeedback KMNamely,XheXtemporalXfeedbackXalsoX
modifiedXthelA daptationXandXPost-adaptationXtimeXcoursesXofX
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thelegsKorientationXasymmetry,XquantifiedXbyXS 4 ,KwhichXisXalX
spatiallmeasurelrelatedXtoXstepXposition. MNoteXthatktheXtimeX
coursestH S sgfordheMemporalMeedbackigroupMyellowMrace)dndX
controlgroupHreddrace)XlofottbverlapMluringkA daptationbndX
Post-adaptation¥left¥panelXFiguresi$ A,B) Mnkontrast®helimelX
coursestbfoublefsupportthsymmetryX T4 )BverelhothhlteredbyX
theltemporalXfeedback,MasKshownXbyXtheMoverlapMofXT ygvaluesX
during\daptationnd®Post-adaptationtbffhedemporaldeedbackX
and®ontrolgroupsqrighttpanelFiguresi A,B) Monsistently,RveX
founddiroupeffectlinXS sm(pH= 0.0029)Eand¥akhon-significantX
groupXpi= 0.8151)MbrdgrouplbydpochMnteractiond{pk= 0.3189)X
iniI'y Xpost-hodhnalysesievealedihatitheseleffectsByerelirivenX
bylgroupMifferences®inl® 4 s¥teadyMtatel TX— S,x p¥= 0.0138)X
andX 4 'skfter-effects] T— S,x pH¥= 0.0163) Burprisingly,XvellidX
notfindMifferenceslonXr 4 siéteadybbtatelandbhfter-effects,MvhichX
welexpectedXgivenXthelrelationXbetweenXT ygandXtheltemporalX
measurel| Ty, )MirectlyMltered®¥vithMheMemporalfeedback K'hus,X
after-effectsfin® srandX yswerelignificantlyMifferentMromMerofniX
alllgroupsM controligroupx pX= 0.0009¥ndXI"yx pX= 0.0044;X
temporaleedbacklgroup:3 4z pi= 0.00806ndXI 4z pK= 0.0009),X
butXonlyXthoseXof)S sz wereXreducedXinKtheXtemporalKfeedbackX
grouplompared®olontrols XMnlum,BheselesultsdndicatefthatX
temporalXfeedbackididMhotfhavelhXubiquitousKeffectXin¥allXzaitX
parameters,fbutitidkhlterlhefhdaptationfhnd®ecalibrationibfX

theMegsTbrientation,Mvhichblsolharacterizes®helpatialltontrolX
oftfhellimblnHocomotion.X

3.3..femporalfreedbackiModifieditheX
Split-BeltfTaskXolalGreatertExtenttThanXheX

SpatialFeedbackX
Surprisingly,®emporalXeedbackMltered®heMifferencedntanceX
timesdetween®helegsX T),4 ) BvhereasihelspatialeedbackiidX
not.XThisKwasXunexpectedXgivenXpreviousMiteratureXindicatingX
that®S,, sgandXl’, sgdofhotichangefhsibubjectskwalkXinXthelbsplit-
beltkenvironmentX(ReismanKetXal.,X2005;XMaloneXetKal.,X2012;X
Yokoyamalethal. }2018) HT'hus,MweMhnticipated®thatXeitherXtypel
ofifeedbackX(spatiallortemporal ) KwouldXhotbhlterXtheseX ‘non-
adaptive’®gaitlfeatures.XQualitatively,KweKobservedX thatMthisX
wasKtheMcaseMforMtheMspatialX(S,,4 ) Kbut¥notiforKtheXtemporalX
(Ty4)¥“non-adaptive’®parameterX(Figurelb A ) XNoteXthat®S, sx
hasXtheXsameXtimeNcourselforXbothMgroups,KwhereasX T, sy hask
aldifferentXtimelcourselfortheXcontrol¥groupX(redXtrace)XandX
theltemporalXfeedbackMgroupH(yellowKtrace) XConsistently,Xwel
foundXalsignificantXgroupMeffectl(p¥ = 0.0030)KandXgroupX
byXepochKinteractionX(pK = 0.0047)Kin¥ T, 4, XwhereasXaXnon-
significant®groupM(pl=0.3860)XbrXzroupkbyXepochMnteractionX
effect¥(pX =  0.3719)KinKXS,, 4 KPost-hodXanalysisKrevealedXthatX
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theMtemporallfeedbackXgroupXreachedXaXsignificantly®lowerX
steadyMstatelwhenXcomparedXtoX theXcontrolXgroupM (T —
Thaw pX < 0.0001).XConversely,XtheXspatial¥feedback¥groupX
exhibitedXtheXnon-adaptiveXbehaviorXofXtheseXparametersXS, an
andX T, ax thatwelanticipated XNamely,KtheltimeXcoursesKofX
Snar (Figurel6B KleftXpanel)KandXT', 4x (Figurel6B,KrightXpanel)X
wereld overlappingl inX thesel twolXl groups.X¥ ThisX similarityX isX
substantiatedXbyMtheXnon-significant¥groupleftectX(S, ax pX =
0.2338MandXT, 45 pX = 0.3002)Kor¥groupXbyXepochXinteractionX
(Snar p¥=0.7452KandXT, 45 pH= 0.8163)XinKthelhon-adaptiveX
spatialMandXtemporal¥parameter.KInKsum Xfeedback®modifyingX
theladaptationXof¥spatiallandXtemporal¥gaitlfeatureskhadXakX
distinct¥effectninon-adaptive”®emporalkparameterskthoughtX
tokbnlyMlependibnithelpeedifferencelbetweeniheMegsinithelX
split-beltMask.X

4.’DISCUSSIONKX

4.1.BummaryiX

OurllstudyX confirms¥ previousX results¥ suggestingX thatX thereX
arelinternal¥representationsXofXspaceXandXtimeXforMpredictivelX
controlXofXmovement XW elkreplicatedXpreviousXresultskshowingX
thatMalteringX theX recalibrationX ini thel spatial¥ domainX doesX

notlimpact®theXtemporalXdomain KHowever,XwekhlsoXobservedX
thatXtheMopposite¥wasKnotitrue XThatXis,MexplicitlyXreducingX
thelrecalibrationNinKtheltemporaldomainXaltered¥movementX
controlXinKspace,Msuggesting®somellevelXofXlinterdependencel
between theseX twoll domains.X Interestingly,X doubleM supportX
asymmetrydvasitonsistentlydtorrectedMcross@hebMlistinctpatio-
temporalX perturbations¥ thatX subjects¥ experienced,X whereasX
spatialasymmetries¥wereXnot.XThisXindicatesXthatMcorrectingX
asymmetriesNinKspaceXandXtimeXisXprioritized¥differentlyXbyX
theXmotor¥system.XOurKresultsKareMofXtranslational¥interestX
becausel clinicalX populationsX oftenX havel greaterl deficitsX inX
either¥ thel spatialX orlX theX temporalX controlX ofX theX limbX
andX ourl findingsX suggestX thatX theyX mayX notX belX treatedX
inMsolation.X

4.2 BeparatelRepresentationsHoriX
PredictivelControllofiMovementsiniSpaceX
andXlimeX
WelfindXthatXadaptationMofmovements¥toHaXnoveldwalkingX
situation®results®in®helecalibrationdfXnternalXd-epresentationsX
forl¥predictiveXcontrolXoflocomotion;XwhichXarelexpressedXasX
robustbfter-effectsin®emporalandipatialdnovementieatures.X
ThisKisKconsistentXwithKthelXideaKthatXthelmotorXsystemXformsiX
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FIGUREBNAdaptationfandipost-adaptationdorhefdaptivelbutthon-targetedibarametersib 4 (legibrientationfasymmetry)ind® 4 (doublelsupportimefsymmetry)dnX
theemporaldeedbackinditontroligroups. Bbtride-by-stridelimeltoursesibhowheleffectibiteringtsteplimesiiniiheldaptationA)and¥post-adaptation}B)b RS 4
and¥ 4 BEachMlatabpointin®helimeltoursesiepresentsBhelveragelbiveltonsecutiveltrideslndihadedireaskround@heliatalpointsiepresent@helbtandardX
errors.Barbplotsindicate®helneanthveragefehaviorin®@helepochstbfinterestiindicated®vith®hefblack®ectangles) Bhelgraybtiotsdhdicate®aluesHoriindividualbsubjects,X
and¥erticalfblackBineskarelstandard¥errors.BHorizontallinesibetweenibarsMllustratebsignificantiifferencesibetweenigroupsio < 0.025). K herelvaskbbignificanttgroup
effectlin®s 4, EbutbtholnX 4 HA)KSBteadyiBtateMaluestofid 4 andb 4 :Rhebsignificantgroupieffectton®s 4 waskiriventbybtifferencesibetween®helemporaldeedbackiandX
controligroupln®helhon-targetedispatianotorfbutputiadaptivelinotortutput) YB)sAfter-effectstb 4 andkb 4 :BveMoundiignificantigroupktiifferencelns 4 .HColored®
asterisksndicatelafter-effect®alueskrelsignificantlyiifferentromierodo < 0.025)according®obbost-hoc analysis.K

internalrepresentationsKofspaceX(Marigold¥andXDrew,X2017)X
andXtimeX(DrewNandXMarigold,¥2015;X AvrahamXetXal.,¥2017;X
BreskaXandXIvry,}2018)XforKpredictive¥motorXcontrol.XSeveralX
behavioralBtudiesBuggestB¥eparatelfecalibrationfbfMtheselnternalk
representations of¥ spaceld andX timel inK locomotionX becauseX
spatialKandXtimingXimeasuresXexhibitXdifferentXadaptationMratesX
inX theX matureX motoriX systemX (MaloneX andX Bastian,X 2010;X
DarmohrayXetial. X2019)Xthroughoutldevelopment®(VasudevaniX
etial.,}¥2011;XPatrickNetial. X2014)KorXhealthyXaging®(SombricX
etal.¥2017).XSpatialandXtemporal¥recalibrationXalsoX haveX
distinct¥generalizationXpatterns¥acrossXwalkinglenvironmentsX
(Torres-OviedoXandXBastian,X2010;XMariscalXetXal.,X2018)XandX
mostNimportantly,XalteringXtheKadaptationKofXspatialXfeaturesX
doeskhotXimodifyXtheXadaptationfhndXrecalibrationXoftemporalX
ones,X asi shownlX byX usX andX othersX (Malonel etid al.,X 2012;X
Longletal.[X2016).8ThisKideaKofXseparate}representationsXofX
spaceandXtimeNinXlocomotionXisKalsoMsupported¥byNclinicalX
andXheurophysiologicallstudiesKindicating®hatMdifferentfheuralX
structures¥mightXcontributeXtoXtheXcontrolX¥(Lafreniere-RoulalX
andX McCrea,}X 20058 Rybakid etX al. X 2006)K and¥ adaptationX
(ChoiXetKal.,X2009;X VasudevanX et al.,X 201 1;X StattonX etk al.,X
2018)X ofX theld spatialXl andX temporalX controlX ofXl thelX limbX
inMocomotion.X

4.3.MHierarchiclControlloffTimingd_eadsXoX
InterdependentifAdaptationtoffMovementsX

inlBpacefandXlimelX

Nonetheless,Xvefhlsoound®hatixplicitiontrollbXtepRimingX
modifies¥theXadaptationKandXrecalibrationXof¥movements¥inX
space Xl'hisKesultMirectly®ontradicts®heMlissociablefhdaptationX
ofispatialkandemporallfeaturesKiponXexplicitlyXmodifying®thel
adaptation¥ofXstepMpositionXspatialkparameter)X(MaloneXetial. X
2012;XLongKetXal.[X2016).XW elfindXtwoNpossibleXexplanationsX
tolreconcilelheselfindings XFirst,&thereXmightfbelhkhierarchicalX
relationshipfetweenMheMpatialdnddemporaliontrolibhellimb,X
suchXthatXtimingMcannotbemanipulated¥without¥obstructingX
thefhdaptationfbfMpatialfeatures.XWekbelievelhatithisktypeXofX
hierarchicallbrganization¥sihotixclusivelolexplicitontrol BbutX
itXisKalsoXapplicableltoXimplicitX¥controlXKofXtheXlimbXinKspaceX
andXtime XThisKisKsupported®byXalrecentMstudyXindicatingXthatX
lesionsioMnterposelterebellarhuclei®hlteringithefhdaptationkbfiX
doublefsupportfhsymmetryX temporal¥parameter)khlsoreducedX
theafter-effectsMofXspatialXfeatures¥(DarmohrayXetXal.[X2019),K
whereasMhelfecalibrationfpatialfeatures@anealtedXvithoutX
modifying®heltemporallbnes Darmohrayletkal. [2019) KrutureX
studiesXareXneededXto¥determineifXsimilarKresultskwouldXbelX
observedinthumanbipedallocomotion R hisMypelbhierarchicalX
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organizationBuggestsithat®helxecutiontbpatialhind®emporalX
controlXoftheMimbXcankbelencodedXbyMseparateXinterneuronalX
networksH(Lafreniere-RoulaandXMcCrea,X2005;XRybakXetXal.,X
2006),MbutithelolitionalecruitmentfbfthoselhetworkskannotX
occurllinKisolation MSecond Xit)isXpossibleMthatXtheMobservedX
interdependencelaroseMas¥allbyproductMofhowXweXtestedXit.X
Namely RtRemainslnbbpenMjuestion¥ffburdindingsKesultfromX
altering®tepMime,fbrimilarfinterdependenceMvoul dbelbbservedX
ifvebhad¥nanipulatedfbtheremporal¥neasures,BuchfasiloubleX
supportlsymmetry.Morelpecifically,lburbeedbackldnitepMimel
inadvertentlydeduced®hefstancelimebhsymmetryFhssociated®olX
split-beltdwalking XTheMstanceXtimeNasymmetryXisXthoughtXtoX
belriticalkforforcing®subjectsiobhdjustitheir®aitluringplit-

beltXwalkingM(Reismanketihl. X2005) MT'herefore MsubjectsKinXtheX
temporalXfeedbackMgroupMmightXhaveXreducedXtheMadaptationX
ofpatiallparametersibecauselhel perturbation”®nducing®heiriX
updatelvasieduced HnBum MuturelvorkNskheededMolleterminelX
theKgeneralityXofXtemporalkmeasuresKinfluencingspatialXones,X
howeverlburB8tudydprovidesdnitiallvidenceforMinterdependence.X

4.4 RelevanceloffDoublelBupportX

SymmetrylOverlSpatiallAsymmetriesX
WeNdemonstrated¥thatXdouble}supportdsymmetry(i.e.,X T4 )X
is¥recovereddinXallXgroups,XregardlessXofil theltask.X ThisKisX

in¥ accordance withX multiplel observationsX thatX individualsX
consistentlyXreduceXdoublelsupportlasymmetriesXinducedXbyX
split-beltMvalkingMincelrerylarlydgeMPatrickietdl. 2 014)Mrdifter
lesionsMolerebral}ReismanXethhl. )2007)MorKcerebellarregionsX
(Vasudevanb@thl.,x2011).Mnly®hildren®viththemispherectomies,X
wherefhalfXofXthelcerebrumXiskmissing,XdoXnotXcorrect®doubleX
supportl asymmetryX when thisK isX augmentedX (Choi et} al.,X
2009) Xrhefdaptationfand¥hfter-effectsibfoublelsupportBvereX
surprisingXtoXusXbecauselprevious¥workXshowedXthatXhaltingX
theladaptationX ofd stepX positionX (S, 0)X limitedX theX
correctionXof¥spatialXerrorsi(definedX¥asXS 4 )X(Malonelet¥al.,X
2012) Mnkankhnalogous¥nanner,Bvelanticipated®hat®preventingX
thel adaptationX ofX stepl timesX (T, 0)X duringM split-

beltwalkingKwasK goingX toXlimitX theXadaptationX ofl doublelX
supportMasymmetryX(i.e. XtemporalXerror®MaloneXetXal.,X2012).X
However,Bvebbbserved®hatlindividualskprioritizeiifferentlylhel
correctiontbfpatiallind®emporallhsymmetries:®heyXninimizeX
temporalMasymmetries,XbutlnotMspatialdones.XThisKmightXbelX
becauseldoublelsupporttimeXisKtheXtransitionXperiodXwhenk
thelbodyX mass¥ isK transferredX fromX onellegi toX thei other,X
whichHisXdemanding}linKtermsXoflenergyMexpenditurel(Perry,X
1992) KT herefore, XdoubleXsupportXsymmetryXmight®beXcriticalX
for efficient¥bodyX transferXbetweenX theXlimbsi (Kuol et} al. X
2005;XRuinalet}al. K2005) KlakenRtogetherMourkresul tsisuggestsX
that¥thelmotorXsystemKprioritizesXtheXmaintenanceXofXdoublelX

I

~
~
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supportymmetry,MvhichMnighttbelriticalortbalancelontrol¥niX
bipedallocomotion.X

4.5.Explicittys.AmplicitProcessesiniX

LocomotorXAdaptationX

Ourl studyX contributesH toX recentX effortsi to unveilX theX
potentialXinteractionXbetweenXexplicit¥correctionsKandXimplicitX
sensorimotoriXrecalibrationXin®ocomotionX MaloneXetial. ;201254
LongXetXal. ,X2016;XRoemmichXetial. X2016;XStattonXetkal. X2016;X
MaedaletXal.,X2017) MInterestingly XweXfoundXthatXpreventingX
foothhdjustmentsiluringlplit-belt¥valkingiignificantly®educedX
post-adaptationBeffectshicomparedXtoXtheXcontrol¥group.XThisK
waskhlsobbbserved¥vhenMisingxplicitiorrections®oleducelheX
adjustmentfMootbplacementBnMesponseMol®: 18peedMbeltiatioX
(Malonelethal. [012)MbutkhotlinKesponseltofhMargerB: 1KspeedX
belt¥ratiol(Longetal. X2016) XNotably,Xafter-effectsKfollowingX
thelB:16perturbation®BverelquallyMargelvithBbridvithoutkexplicitX
corrections®uring®helspliticonditiond Longiethhl. [2016).MOneX
interpretationMor®hesel-esults¥sihatihedmplicitdensorimotorX
adaptationXinXwalkingHisXscaled¥withKperturbation®magnitude.X
Thus Xexplicit¥lcorrections¥preventingffootdadjustmentsXinXthelX
splitondition®villkhaveldNMessermpactlbnlhfter-effects¥nducedX
byNMlargeMperturbations.KThisKinterpretationXisXconsistentXwithX
thelproportionalkrelationfbetweenXperturbation¥sizeXand¥after-
effectskluponXexperiencingXunexpected®¥constantiforcesX(GreenlX
ethhl. X 010X orres-OviedokndMBastian,X2012;XY okoyamalethl. X
2018),XcontrastingitheXfixedXamountXofXimplicit]dsensorimotorX
recalibrationMipon¥isuomotordperturbationsM KimPtal.,[2018).X

4.6.8tudydmplicationsX

WelprovideXaXnovelXapproachKformanipulating®stancelXtime,X
whichXisXaXmajorKdeficitXinKstrokelsurvivorsX(PattersoniXetial.,X
2008) MItkwouldXbelinterestingXtoXdetermineNifXthisKtypelofX
feedbackbbvergroundbribniRegularreadmilltould¥eaddolgaitX
improvementsipost-strokefs¥hoselnduced®yXplit-beltdvalkingX
(Reismanbétbdl. ,)2013;Mewekbétldl. ;2018) MDurMesultshdlsoMndicateX
that¥nanipulating®hebhdaptationtbfnovements¥nihedemporalX
domainialters¥movementsXinKtheXspatialldomain,KsuggestingX
that¥spatialandXtemporalXdeficitsKinXindividualsXwithKcorticalX
lesions¥(MalonelandXBastian,X2014;XFinleyXetkal. X2015)XcannotX
beRreated¥niompleteMsolation.MOnlyRhelorrectionkbfimingX
asymmetriesfhroughrror-based¥ensorimotorfdaptation®@ouldX
occurlwhile}preventingXtheXadaptationXofXspatial¥ones,KasXwelX
did¥inXtheMspatialXfeedbackMgroup.KHowever,XtheXoppositelisX
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