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Augmenting propulsion demands during
split-belt walking increases locomotor
adaptation of asymmetric step lengths
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Abstract

Background: Promising studies have shown that the gait symmetry of individuals with hemiparesis due to brain
lesions, such as stroke, can improve through motor adaptation protocols forcing patients to use their affected limb
more. However, little is known about how to facilitate this process. Here we asked if increasing propulsion demands
during split-belt walking (i.e., legs moving at different speeds) leads to more motor adaptation and more symmetric
gait in survivors of a stroke, as we previously observed in subjects without neurological disorders.

Methods: We investigated the effect of propulsion forces on locomotor adaptation during and after split-belt
walking in the asymmetric motor system post-stroke. To test this, 12 subjects in the chronic phase post-stroke
experienced a split-belt protocol in a flat and incline session so as to contrast the effects of two different
propulsion demands. Step length asymmetry and propulsion forces were used to compare the motor behavior
between the two sessions because these are clinically relevant measures that are altered by split-belt walking.

Results: The incline session resulted in more symmetric step lengths during late split-belt walking and larger after-
effects following split-belt walking. In both testing sessions, subjects who have had a stroke adapted to regain
speed and slope-specific leg orientations similarly to young, intact adults. Importantly, leg orientations, which were
set by kinetic demands, during baseline walking were predictive of those achieved during split-belt walking, which
in turn predicted each individual's post-adaptation behavior. These results are relevant because they provide
evidence that survivors of a stroke can generate the leg-specific forces to walk more symmetrically, but also
because we provide insight into factors underlying the therapeutic effect of split-belt walking.

Conclusions: Individuals post-stroke at a chronic stage can adapt more during split-belt walking and have greater
after-effects when propulsion demands are augmented by inclining the treadmill surface. Our results are promising
since they suggest that increasing propulsion demands during paradigms that force patients to use their paretic
side more could correct gait asymmetries post-stroke more effectively.
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Background nmore step symmetry adaptation and greater after-effect
Brain | esions, such as stroke, may result in aBghitenng incline split-belt walking relative to flat
gait, limting patients’nmobility and decreasi nbet heimal ki ng. W al so antici pated that steady-state sg

quality of life [31]. Mreover, gait asymmetrybebhn Wwabki hg and the followi ng after-effects from each
conorbidities further affecting post-stroke gai hdsuctuak coul d be predicted fromthe subject-specif
muscul oskel etal injuries [32] and joint pain [B8}el Pnengait; nore specifically, fromtheir baseline
ing studi es have shown that notor adaptati on pposbtbbes relative to the body at foot |anding (i.e.,
forcing individuals to use their affected |inbenbatjons)ineeded to walk at the speed and inclinatior
“constrai ned use therapy”[36], could |l ead to nmstor onmeach leg in the split condition [70]. Therefore
provements. For exanple, split-belt wal king (ieepectedsthat baseline wal king would be predictive of
noving at different speeds), has been shown tot hedstep | engths achi eved during split-belt walking an
gait asymmetries post-stroke [7, 39-41, 47, 62af68i-effects in an individual basis. These antici pate

Wiile this is encouraging, little is understoofliabbogstteul d suggest that therapies increasing bilat
mechani sms underlying this process and how to paopuision demands during wal king woul d be a good
tate it. This is relevant since not all individuabhsegypforei nprovi ng post-stroke gait.

their gait follow ng repeated exposure to split-belt wal k-
ing [7, 61]. Therefore, there is a scientific Methodsnica
interest to identify factors that underlie theWhenapsui gated the effect of augmenting propul sion de
effect of split-belt walking in order to augnemandehdbiing split-belt wal king on gait adaptati on unc
tative effects. di stinct slopes (i.e., flat and incline), which nodul a
Qur previous work indicates that |oconotor adgammH sion forces [42, 43]. To this end, we eval uated
tion in young, uninpaired subjects increases bgdapgati on and after-effects of 12 patients who have F
nmenting propul sion demands during split-belt wal & ngke (4 females, 60.3 + 10.0 years of age) in the
More specifically, greater propul sion demands dbrongci phase of recovery (> 6 nonths post-stroke) dur
cline split-belt walking resulted in greater chaggsespanate flat and incline testing sessions. Those
step lengths relative to flat split-belt wal ki hgvg@7bhd &nsiroke were eligible if they (1) had only u
vi dual s post-stroke have well-known deficits ihaparetiand supratentorial lesions (i.e., wthout bra
propul sion [4, 9] leading to asymetric step | engtlsebellar |esion) as confirmed by MR, (2) were ab
[65]. This deficient force generation raise’ thteoquaskiwint lekdut assi stance fromothers or a device for
whet her survivors of a stroke could increase thenrapanesetf-sel ected pace, (3) were free of orthopec
propul sion to walk in the incline split-belt cbngutyoar pain that would interfere with testing, (4)
and in turn exhibit greater adaptati on of stepnbeaghér neurol ogi cal condition other than stroke, (5)
asymetry during and after split-belt wal king, had me severe cognitive inpairnments defined by a Mni -
served in young, intact individuals [70]. We cbesiderState Exam score bel ow 24 [55], and (6) did not
that this would be a possibility since there itakeidedceations that altered cognitive function. Over
that survivors of a stroke can augnment their ppapul si pants that net the inclusion criteria were mnilc
forces when required by the wal king condition;tbonodarately inpaired post-stroke [13], as indicated
anpl e, when wal ki ng" at fast speeds [3, 24-26, BH¢ir Thaser Extremity Fugl-Meyer score and wal ki ng
we tested whether the adaptation of step |engthpasygntTable 1). Participants gave witten and inforne
metry in survivors of a stroke could be augnentedséwgtiprior to participation. The University of
creasing propul sion demands with incline splitPbetsburgh Institutional Review Board approved the ex-
wal Ki ng. perimental protocol experienced by all participants.
We hypot hesi zed that increasing propul sion demands
during the split-belt condition by inclining t@enesllpanadigm
surface, which naturally augnments propul sion fArcesubgé@cts experienced a split-belt protocol while e
43], would lead to greater adaptation of step Wwehkithg flat or incline throughout two separate experi
asymmetry during split-belt wal king and | argermaftal-sessions (Fig. 1la). The flat session was al ways
effects in individuals post-stroke. This was fpentibated first. The protocol was tailored (i.e., slor
on the basis of our results in young, uninpaireédrandonj dand speed) to each individual’s ability so tl
uals [70]. To test our hypothesis, we perfornmedaah subject could conplete both testing sessions at t
research study with subjects in the chronic phaasepeat ki ng speed, given that wal king speed directly
stroke, who experienced two split-belt adaptatfeats propul sion forces. The subject-specific wal king
protocols with distinct propul sion demands: a $paedcon-the treadm |l (i.e., the nmid speed, which is
figuration and an incline configuration. W expected in Table 1) was determined by subtracting 0.35
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Table 1 Clinical characteristics of stroke survivors

ID Age Gender Affected Lesion Location Fugl-Meyer  Slow, Mid, Fast Total # Adapt  Total # Incline
Side Score Speed (m/s) Strides Post Session
(flat/ incline) Strides  Slope
(flat/ ©)

incline)

P1 43 Female R Left MCA and basal ganglia 33 0.75 907/609 605/303 8.5°
1.13
1.50

P2 55 Female R Left MCA and ACA, temporal lobe, 26 0.54 867/301 642/300 5°
basal ganglia 0.81
1.08

P3 64 Female R Left MCA, frontal, parietal lobe and 29 0.40 617/368 307/10 5°
basal ganglia 0.60
0.80

P4 58 Female R Left medial, frontal and parietal area’s 21 0.30 901/406 625/10 5°
0.45
0.60

P5 66 Male R Left MCA, frontal, temporal and 30 0.51 606/452 599/302 5°
parietal lobes 0.77
1.02

P6 60 Female R Left frontal 26 0.60 907/597 600/300 5°
0.90
1.20

P7 77 Male R Thalamus 30 0.23 589/605 598/302 5°
0.35
0.47

P8 59 Male R Left MCA 32 0.47 905/608 600/306 8.5°
0.70
0.93

P9 52 Male R Left MCA 32 0.64 903/602 603/302 5°
0.96
1.28

P10 66 Male L Right frontal superior, parietal and 29 0.51 908/519 602/299 8.5°
posterior area’s 0.76
1.01

P11 75 Male R Left periventricular, temporal and 32 0.63 913/497 552/306 5°
basal ganglia 0.94
1.25

P12 49 Male R Frontotemporal parietal 33 0.47 931/450 303/300 5°
0.71
0.95

m's from each subject’s overground wal ki ng speexzhdlwof- the flat session were set to walk with a 5° slc
ing a Six-Mnute Wal king Test [64]. W sel ecteduthihg the inclined session, whereas those reporting
procedure to ensure all individuals conpl eted thetenuedeenergy at the end of the flat session were s
split-belt wal king protocol [29]. The speeds ekpewakkcedth an 8.5° slope. This was done to ensure th
during split-belt wal king were sel ected based ahl spajectipants could conplete the incline session. E
m d wal ki ng speed. The sl ow speed was defined 8% ©66.6% [28, 37, 54, 76]) and 8.5° (e.g., [42, 70])
of the mid speed and the fast speed as 133.3%uofitheed in previous work on the effect of sloped wal k
m d speed. These percentages were sel ected forohwburea-gait. The flat and incline sessions were sepas
sons: 1) to have a 2:1 split-belt ratio and 2)rabetabe 2B&-360 days without split-belt walking to
same averaged speed (i.e., (slow + fast) / 2 =nmidnspeethe effect of nultiple exposures to the split
t hroughout all experinmental epochs (i.e., basebéhe, eadapeonnent [45].

tation, and post-adaptation). W selected an i ndipetiinemtal protocols for both sessions consisted o
of either 5° or 8.5° based on the |level of physhceé épbtokss(i.e., Baseline, Adaptation, and Post-

of each patient, which was qualitatively assesAddptatihon). These epochs were used to assess subjects
subj ects’sel f-reported fatigue during the fl atbaseki na.wal ki ng characteristics and subjects’ability
More specifically, participants reporting fatigdeguat ahd recalibrate their gait for each session-spe
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Fig. 1 Experimental Paradigm and Kinetic and Kinematic Analysis. a Paradigm used for both the flat and incline sessions to assess locomotor
adaptation during and after split-belt walking. Subjects walked flat for the entire flat session, and incline (either 5° or 8.5°) for the entire incline
session. The walking speeds, duration of epochs, resting breaks and inclination were based on each subject’s ability. b The decomposition of step
length into leading (o) and trailing (X) leg positions with respect to the body is illustrated for each sloped condition. The body position, which is
computed as the average of the greater trochanters, is illustrate with a white dot, and the perpendicular projection of the body onto the surface

of the treadmill is illustrated as the black line coming from intersection of the legs. The position of the ankles is illustrated with white dots at the
intersection of the foot and shank. This decomposition was done because it is known that inclination affects these aspects of step length
differently [15, 16, 46]. Also note that when taking a step, the step length will depend on the position of the leading and trailing leg, which are
generating a braking and propulsion force, respectively

sl ope. Subjects first experienced a baseline epathgueasThag is, we ended the adaptati on epoch if par
at | east 50 strides, to characterize their basepanesgaithat had difficulty maintaining their body pc
the specific slope used throughout each sessionti 8abjrcthe central region of the treadmIl, if their
wal ked with both belts noving at the same nid speedreached 80% of their maxi mum heart rate (Max
(Table 1) in both the flat and incline sessi onseat bRaeki ne220- subj ect’s age [22, 23]) for 50 consecl
epoch with the belts noving at the sl ow wal ki ngi ¢eestrides, or if participants indicated the desired
(i.e., 66.6%o0f the nmd speed) was al so measurstdopuwahigi ng. Despite this variation, all subjects ext
the flat session. However, the slow baseline epephriwably simlar results. Finally, The Post-Adaptati
removed in the incline session to ensure that apbchubjastsng at |east 10 strides, was used to assess
could conplete the entire protocol. Next, the afiapt aefbacts when the split-belt condition was renove
epoch of at |east 300 strides (Table 1) was usBdt hobaksssspved at the sane nmid speed as in the Base-
subjects’ability to adjust their gait in respohsretepachpl We-counted the nunber of strides in real-
belt perturbation. During this epoch, the non-pametio tegul ate the duration for each epoch, where a
wal ked twice as fast as the paretic | eg. The patetite inag defined as the period between two consecu-
was defined as contral ateral to the |esion sitei¢ehhebll wasrikes (i.e., foot |andings) of the same |le
visualized with MRI). The paretic | eg al ways wphketlcbpants took resting breaks as requested, except
the slow belt in the split-belt condition, evenhefttansi eken fromsplit-to-tied wal ki ng where the be
perimental design does not al ways reduce step Wwengttopped and restarted as quickly as possible. No
asymmetry post-stroke [12, 40, 41, 61, 62]. Westhpsewere taken during the resting breaks; subjects
this experinental design, rather than placing sheogaoetsat still. Al so, all subjects wore a safety r
leg on the fast belt, because inclination augneatpdevéet falls. In addition, there was an instrumnent
sl ow | eg’s propul sion in young, intact subjectsdradravi righ front of the treadnill for bal ance support
the split-belt condition [70]. Thus, we focuse@heuhartiudyl data was used to quantify potential diffe
on testing if incline split-belt wal ki ng woul deates Bmoghandrail hol di ng between the incline and fl at
ment the paretic propulsion in survivors of a sesskens. Interestingly, the average force nagnitude g
who have known deficits generating paretic propll edoat the handrail was not different between the in
forces [4, 9]. The duration of the adaptation epbnb &pd flat sessions for Baseline (p= 0.75), Late
each individual is presented in Table 1. W haddapt agi dbor(p= 0.66), or After-Effects (p= 0.97). Al sc
the duration of the adaptation epoch based on eubjetti2 individuals that held on to the handrail
specific abilities. Mre specifically, we stoppedotpeoadapach experinental session did not qualita-
tation epoch if participants expressed or showedveignsexbibit smaller changes in adaptation or after-
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effects across sessions than their counterpartsebhedanerehen averagi ng step | ength asymetries across
therefore, included in the study. subj ects since they were wal king at different speeds.

Data collection

Ki nematic and kinetic data were used to characterize SLNon-Paretic  =SLParetic

) SLNon-Paretic _“SLParetic
subjects’ability to adapt their gait during Adaptsatﬁpll%nﬂt,h asymmetry % SLNon-Paretic P SLparetic
and retain the | earned notor pattern during Post- . SLFast “SLSlow alp

Adapt ation. Kinematic data were collected with a passive SLFast p SLSlow

motion anal ysis systemat 100 Hz (Vicon Mdtion Sys-

tens, Oxford, UK). Subjects’behavior was charactEadlzest ep | ength was al so deconposed into anterior
with passive reflective markers placed synmetraodl pgsoari or foot distances relative to the hip posit
the ankles (i.e., lateral malleolus) and the h{pbe(average of the greater trochanter positions; Fig.
greater trochanter) and asymmetrically on the abanksprevious work [20]. This was done to quantify th
and thighs (to differentiate the legs). The oriegadi nff &hé trailing | egs’positions relative to the bo
ki nematic data was rotated with the treadnm || whebheakhng a step because inclination is known to aff
cline conditions such that the z-axis (‘verticalliése threadurags [ 16, 46]. The leading leg’s position (‘o
condition) was always orthogonal to the surfaceasfcoimputed as the anterior-posterior (i.e., along th
treadm ||l (Fig. 1b). Gaps in raw kinematic dataxiw)edistance in mllinmeters between the |eading |eg"
filled with a quintic spline interpolation (WaAanhkiagand the hip at heel strike; simlarly, the trail
Vi con Nexus Software, Oxford Uk). Kinetic datal eglseposition (‘X) was conputed as the anterior-
collected with an instrunented split-belt treapostériaor (i.e., along the x-axis) distance in mlline
1000 Hz (Bertec, Colunbus, OH). Force plates weeewzen-the trailing | eg’s ankle and the hip at heel st
oed prior to each testing session so that eachTherbep position, which is a proxy for the body’s pos-
pl ate’s weight did not affect the kinetic neasurtdnent ssas estinmated as the nmean instantaneous positic
In addition, the reference frane was rotated adctbss hip markers. By convention positive aval ues inc
session-specific inclination such that the anteaterthat the foot |anded in front of the hips, wheres
posterior forces were aligned with the surfacenegatwhvehX val ues indicate that the trailing |l eg was &
t he subjects wal ked. A heel -strike was identifheddi hheehi ps. Note that the magnitudes of aand X
time when the raw normal force under each footsummed to the leading leg’s step length. As indicated i
reached a threshold of 30 N. This threshol d waBi gho&bn aand X were conputed aligned to the tread-

to ensure accurate counting of strides at all sl bpsssubirace in all sloped conditions.

ing data processing we used a threshold of 10 N on mne-

dian filtered data (with a 5 nms wi ndow) to det Koteticluata analysis

timng of heel strikes nore precisely. Kinetic data were used to characterize the adaptation
ground reaction forces (GRF). W focused our analysis

Data analysis on the propul sion conponent of the anterior-posterior

Kinematic data analysis GRF because they are associated with wal ki ng speed,

Ki nemati ¢ behavi or was characterized with stephksngahetic severity [9], and step length asynmetry [4
asymmetry, which exhibits robust adaptation inTkel abteei or-posterior GRF (AP forces) were first |ow
paradigns (e.g., [60]) and is of clinical intepass {BllteBa&d with a cutoff frequency of 20 Hz. Then,
59]. It is calculated as the difference in stepoteagthnbBewt ons were nornalized by each subject’s
tween the two | egs on consecutive steps (EQ 1)bo&yepei ght in kilograns to get a unitless neasure ths
length (SL) is defined as the anterior-posteribs (bbast to difference in subjects’body weight. Siml
along the x-axis) distance in nmllineters betweenptéei ous studies reporting the effect of sloped wal
ankl e markers at forward | eg heel strike (e.g.onphustncgaiep[28, 42] and previous split-belt studies
length is defined as the distance between the {®8, abkl e70] we conputed peak propul sion forces as the
markers at the paretic heel strike). Thereforemaegmm APeporce (Pp,qic and Py, pareiic) €Xcluding
lengths result in zero step length asymetry. theosnitfival positive AP forces follow ng heel strike.
step length asymetry indicates that the non-pohatiwe did not renove sl ope-specific biases due to

l eg’s step length was |onger than the paretic lg@sisyepecause we focused on anal yzi ng changes in
length. Step length asynmetry was nornalized bprepul deon forces between epochs of interest. The

I ength, which is the sum of two consecutive stapteengthposterior kinetic data for one leg for a sing
resulting in a unitless paraneter that is robusubiecindering the flat testing session was |ost due t
subject differences in step size. This is parthavteatg nal function. Thus, analysis of the paretic
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propul sion forces was perforned with 11 subj ecAdaphahieon behavior. W considered this to be an ad-

than 12 subj ects. equate estimation of the overall changes that occurred
in Post-Adaptation, but this is a linmtation of our ar
Kinetic and kinematic outcome measures lysis. Therefore, readers should consider the possibil

We conputed 5 outcome neasures for each kinetithandaPost val ues might be smaller than those reported
ki nematic paraneter: Baseline, Late Adaptationsi Abeepeople might not return to their baseline behavi
Ef fects, aAdapt, and aPost. These 5 outconme neaftieesa | ong period of wal king (not recorded). aAdapt
were conputed for the flat session and the inchndeaBest were cal cul ated such that an increase in the
sion. In brief, these outcone neasures were usedghbtude of a paraneter resulted in positive val ues &
characterize regular wal king (i.e., Baseline) andechangas

during the Adaptation (i.e., Late Adaptation) and Post-

Adapt ati on epoch (i.e., After-Effects) rel ati v8tatistichleanalysis

Basel i ne epoch. Finally, we also used these neassirgsitiocance | evel of a= 0.05 was used for all stati
characterize gait changes within either the Adbestsj owhi ch were perfornmed either with Stata (StataCc
epoch (i.e., aAdapt) or the Post-Adaptation epbfh Cbl kege Station, TX) or with MATLAB (The

APost). More specifically, the outcone measureMaahMédks, Inc., Natick, Massachusetts, United States)
Basel i ne was quantified as the average of the NastakDty was assessed with the Lilliefors Test. Excer
strides of the nid speed Baseline epoch, as infprevheustep | ength asymetries during baseline, all o«
studies [27, 29, 70]. This was done to characteui zet eachength asymmetry and propul si on out cone
participants’gait prior to adaptation in everyneassires. were normally distributed, thus paranetric

We used these Baseline nmeasures for each sessipes{ing.was utilized.

the flat and for the incline session) to characterize

changes in step length asymmetry and propul si oGroup aralyses

beyond those observed by wal king incline (wthdattebeed the effect of slope on step |l ength asymetry
split condition). Thus, Late Adaptati on was de&ndeprapul sion forces. In all statistical analyses we
the difference between the average of the |astudbi aseddeal ues. This was done to identify slope-relat
of the Adaptation epoch relative to the baselidef beheamtes beyond changes in baseline gait features.
in each session (i.e., outcone nmeasure called Basdl paejed t-tests to conpare outcone neasures (e.g.,
The outcone neasure call ed Late Adaptation indhddaped, aPost, Late Adaptation, After-Effects) in the
the steady state behavior reached at the end ofsthencline sessions for all gait parameters. W quant
Adapt ation epoch and it was characterized withthbeefstt size with a Cohen’s difference, d, which is
40 strides for consistency with previous work pfdprRate2Bor paired data [17]. In addition, we tested
40, 44, 48, 49, 56, 62, 72]. The outcome neasustepabehbtl val ues post-adaptation (i.e., aPost) were
After-Effects was defined as the difference benhineeoahhky different fromzero at each slope with one-
average of the first 5 strides of Post-Adaptatsanp(ée.e-tests, where each p-val ue was corrected for
Early Post-Adaptation) and the Baseline measureul(tiple conparisons with Bonferroni corrections.
early Post-Adaptation - Baseline), as in previ ourstngdibesel i ne wal king, it was also of interest to |
[14, 21, 29, 40, 44, 48, 49, 56, 62, 72]. Positifne dftfeerences between the paretic and non-paretic p
Ef fect values indicated increnents in nagnitudpub§ian forces in addition to determning the effect
speci fic paranmeter during the Post-Adaptation spbopbé on outcone nmeasures. Therefore, we performed
relative to the Baseline epoch, and vice versaANGVAsegat hvendi vi dual subjects as a random factor to
val ues. W also characterized the behavioral changest for the paired nature of the data set and sl op
wi thin Adaptation and Post-Adaptation with aAdapd | eg as fixed, repeated factors. Effect sizes (n?
and aPost, respectively. aAAdapt was conputed asonipeted for each factor. These ANOVAs were per-

di fference between Late Adaptation and Early Aflaptrad on the peak propul sion values and the trailing
tion (i.e., average of the first 5 strides durieg'st poshdapnabecause our study was focused on the pr
tion epoch, as in previous studies [14, 19, 29pul8ioddphd8e of the gait cycle, which is associated t
49, 51, 56, 72]. aPost was conputed as the diffbesacewo paraneters.

bet ween Baseline and early Post-Adaptati on (e.g.TheBadmnges of both step | engths during the Adapta-
line - Early Post-Adaptation). Baseline was ustedonnahdaBost - Adaptati on epochs for the flat and incli
of | ate Post-Adaptation because the duration ofesheons was al so of interest. Therefore, we perfornec
Post - Adapt ati on epoch was not sufficiently |ongni ANGWA wnth individual subjects as a random factor
dividuals to extinguish split-belt After-Effects.adbosnt for the paired nature of the data, and the
Basel i ne behavi or was used a proxy for the | atki Redtfactors are slope, leg, and epoch. Slope and | eg
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were consi dered repeated factors in the anal ysPear Epnchorrel ati on coefficients (r) are presented as
is not repeated and is treated as a between-subpdctafactof effect size.
given that these epochs are not directly associated [70].
Ef fect sizes (n?) were conputed for each factor.

Results

Adaptation and recalibration of step length asymmetry
Regression analyses are augmented when walking incline
W tested the association between | eg positionstép BBAgth asynmetry adaptation and recalibration wer
‘X') during speed-specific Baseline and Late Adapgatneed by incline wal king conpared to flat wal ki ng.
to deternmine if Late Adaptation values coul d bpi guee 2a illustrates the evolution of step length
dicted from Baseline values in survivors of a atymietrasthroughout the flat and incline sessions.
observed in young uninpaired subjects [70]. VeFsgecPh-indicates that there was a wi'de range of indiv
ically tested the nodel |[y|= alzl, where yis theupieBaseline step length asymmetries (colored lines, g
dicted leg position during Late Adaptation andtivé Vvheues indicate that the non-paretic step | ength
l eg position recorded during Baseline. W al sol bagtedt hhe the paretic step length) and slope did not
i psilateral association between as during LatecPhdagieat he group average biases (p= 0.30, t (11) = 1.C
tion and Post-Adaptation and the contral ateral dassocil5). During Adaptation, participants exhibited
ation between Xs during these epochs in surviver i barachanges in step length asymmetry fromearly tc
stroke, since these relations were al so observedt énAlapngtion (Fig. 2d, p= 0.75, t (11) = 0.33, d =
intact individuals [70]. Thus, we tested the npdelthey were nore symmetric in the incline than the
|yI= alzl, where y is each leg’s position during fHait ysession in Late Adaptation (Fig. 2c, p= 0.004, t
Post - Adaptation and z is either the ipsilateral1®jpesiBie8, d = 0.98). Furthernore, the incline sess
recorded during Late Adaptation or the contral ahdrbhr gér magni tudes of After-Effects during early Pc
position recorded during Late Adaptation. An apgaptéeion relative to the flat session (Fig. 2e, p= C
val ue of zwas utilized so that the data would notib)as -3.21, d = 1.08). Thus, incline wal king aug-
the results of the regression to be linear by heMi®g 8tep |length symretry during Late Adaptation
cluster of positive (a) and negative (X) data p@idnt$e magnitude of After-Effects.

Fig. 2 Step Length Asymmetry Adaptation and Recalibration. a Stride-by-stride time course of step length asymmetry during Baseline,
Adaptation, and Post-Adaptation for each session are shown. Note that each subject’s baseline bias has been removed, resulting in average step
length asymmetry values of zero during Baseline. Each data point represents the average of 5 consecutive strides and shaded regions indicate
the standard error for each session. For display purposes only, we include in the time courses stride values that were computed with a minimun
of 10 subjects and the late adaptation behavior is aligned to the end of each subject’s adaptation epoch. The black arrow indicates a
discontinuity in the data caused by many subjects taking a resting break at the same time. b-e The height of the bars indicates group average
step length asymmetry + standard errors. Individual subjects are represented with colored dots connected with lines. b Baseline: Baseline step
length asymmetry is not influenced by slope. c Late Adaptation: Note that each session plateaued at different step length asymmetry values
during the Adaptation epoch such that subjects reached more symmetric step lengths in the incline session than the flat session (d) AAdapt:
Participants changed their gait by similar amounts during the Adaptation epoch in both sessions. e After-effects: Subjects had larger After-Effects
during early Post-Adaptation in the incline session than the flat session, which is consistent with the Late Adaptation differences across sessions
J
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Both step lengths contribute to step length asymmetry not different fromzero, Pgyrecieq = 1-00, t (11) = 0.92
adaptation and after-effects during incline walking in the whereas step lengths for both | egs had significant de-
asymmetric motor system adaptation in the incline session (i.e., non-zero APos

Survivors of a stroke adjusted both step | engtpg,durdyng0.005, t (11) = 4.3 ). Survivors of a strok
split-belt wal king. The survivors of a stroke wedubatk their paretic and non-paretic |leg to counters
both their slow (paretic) and fast (non-paretithessppit-belt perturbation and both | egs are recalibr
| engt hs during Adaptation and have After-Effectel dani ng i ncline adaptation.

Post - Adaptation (Fig. 3a). The change of each step

length during the Adaptati on and Post - Adapt at i 8tope and speed-specific walking demands determine the

epochs are quantified in Fig. 3b. There was a disgnctfstepri¢ngth asymmetries across inclination

effect of epoch (pepocn = 0.001, Fgpoen (1, 22) =cdBdBiénsn? =

0.38) and interaction between | eg and epoch (pSpese.,ard sl ope-specific leg orientations nediated the
0.001, F eguepoch (1, 22) = 94.23, n?2 =0. 81) i ndi dditstrigndthedt ep | ength asymmetries sel ected during Late
the step length with the paretic leg is reducedddptangon and early Post-Adaptation. Figure 4a illus-
Adapt ati on, but increased during Post-Adaptatibnabes a top-down view of the baseline | eg orientatior
vice versa for the non-paretic leg. Overall, stbpat dodtnbbute to each step length relative to the hi
alter step length changes (pgope = 0.16, Fy . Wi [22)ae=found significant Iy different leg orientation
2.14, n? =0.09, plg= 0.44, Feg(1l, 22) = 0.61, nacLB,individuals (colored lines, P, giviqua = 0.002, F
Psiopeieg = 0- 18, Fgopemeq (1, 22)*= 1.88, n=0. 084yaPs{ plse- 11) = 6.99, n? =0.87), we observed that the tr
poch= 0. 17, Fslopetepoch( 1, 22) = 1.97, n? =0.08), exceptl dprposition, X, was larger in the incline than fl
the paretic |eg's de-adaptation as quantified byonffasiton for both legs (pggyp = 0.042, Fg, (1, 11) =
( pleg#epochissiope = 0. 016, Flegepochisiope (1, 22) = 6.%6, n8.32, n? =0.33, preg= 0.22, Fieg(11l, 11) = 1.72, n2 =0. 1
0.24). More specifically, the paretic step |enpyls..di,d=n0t76, Fgpeneq (1, 11) = 0.10, n? =0.01). The
exhibit de-adaptation in the flat session (i.escheRastcisn Fig. 4b illustrates the relation between

Fig. 3 Step length Adaptation and After-Effects. a Time courses of step lengths when stepping with either the non-paretic leg (top panel, fast leq
during Adaptation) or the paretic leg (bottom panel, slow leg during Adaptation) during three epochs: Baseline, Adaptation, and Post-Adaptation|.
Note that each subject’s baseline bias has been removed, resulting in average step length values of zero during Baseline. The negative values
the non-paretic step lengths indicate that on average subjects are taking shorter steps with the non-paretic leg relative to baseline walking,
whereas the opposite is observed with the paretic one. Each data point represents the average of 5 consecutive steps and shaded regions
indicate the standard error for each group. For display purposes only, we include averaged values during Post-Adaptation that were computed
with a minimum of 10 subjects and the late adaptation behavior is aligned to the end of each subject’s adaptation epoch. b The effect of slope
on each leg’s change during Adaptation (AAdapt) and Post-Adaptation (APost) is illustrated. Note that both the paretic and non-paretic leg
adapted similarly. While the non-paretic leg has recalibrated (APost#0) following both the flat and incline session, the paretic leg is only
recalibrated following incline Adaptation

=]
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Fig. 4 Leg orientation Adaptation and After-Effects. a Leg orientations are depicted for individual subjects (as indicated with different colors) in
both the flat and incline conditions. Note that subjects orient their legs about their bodies differently and that leg orientations are based on
slope. Thick vertical black lines indicated a significant effect of leg (i.e., paretic or non-paretic) and slope (i.e., flat or incline) on trailing leg
positions. b Schematic of the slow and fast (predicted) baseline behavior for the paretic and non-paretic leg orientations, respectively. The speed
specific leg orientations were regained during Late Adaptation. ¢ The similarity between leg orientations across the speed-specific Baseline and|
Late Adaptation epochs is illustrated by the significant regression (solid cyan line; |y| = a |x|, 95% confidence interval for a = [0.92, 1.13]). Recal
that a slow Baseline was only collected in the flat session, thus only the slow Baseline and Late Adaptation for the paretic leg (which walked slo
during Adaptation) are shown. Note that the regression line closely overlaps with the idealized situation in which baseline and late adaptation
values are identical (dashed gray line; i.e., y=x) and the behavior of young, healthy adults ([70], dashed magenta line). d Schematic of the leg
orientations during early Post-Adaptation. The forward leg positions are ipsilaterally and the trailing leg positions are contralaterally maintained
from split-to-tied walking. e The ipsilateral and contralateral similarity between a and X, respectively, across the Late Adaptation and early Post-
Adaptation epochs is quantified with a significant correlation (solid cyan line; ly| = a |x|, 95% confidence interval for a = [0.94, 1.02]). The idealized
situation in which Late Adaptation and early Post-Adaptation values are identical (dashed gray line; i.e., y=x) and the behavior of young, health
adults ([70], dashed magenta line) are presented as a reference

basel i ne speed-specific leg orientations and |atai Adagt begs’ ori entati ons were swapped between the le
tion [70]. Figure 4c indicates that the partic{paetslLaeég Adaptation X, .. = Post-Adaptation X, paye.
orientations during slow Baseline wal king predjctamél Vi ce versa). This is supported by the significa
those achieved during | ate Adaptation (solid cyahatiorship between Late Adaptation and Post -
|yl = a*|x|; 95% confidence interval of a = [0A®&@pt dtil®},l eg orientati ons observed when i ndi vi dual
tsiope(95) = 20.0, R2 = 0.76, p< 0.001, r = 0.84)subjecdalssoal ues for each | eg and both sl oped sessions
show as a reference, the relation between (recoededysed (Fig. 4e; solid cyan line; |y| = a*|x|; 95%
Basel ine and (predicted) Late Adaptation |eg oderoeainberval of a = [0.94, 1.02], tg ope (95) = 47.5,
values for both Iegs and both inclinations in QodAg pr-0.001, r = 0.86). We al so show as a reference
i npai red individuals [70] (rmagenta dashed |inethé|yel & ion between (recorded) Late Adaptati on and
a*|x|; 95% confidence interval of a = [0.91, O(P6pdittggh) Post-Adaptation leg orientation values for
(95) = 73.04, RE = 0.89, p< 0.001, r = 0.94). Noté tkgssand- both sloped conditions in young, intact
larity between the intact and | esioned behavi or ndcyaduaks (nagenta dashed line; (|y| = a*|x|; 95%
magenta |ines). confidence interval of a = [0.95, 1.03], t (95) = 47.5
Moreover, we found that the leg orientations Richki @&v&8, p< 0.001, r = 0.87). Note the simlarity be
during Late Adaptation were predictive of subjebesi Robatt and | esi oned behavior (cyan vs. nagenta lin
Adapt ati on behavior (Fig. 4d). Specifically, tBen kadinhg the intact notor system the |esioned notor
leg’s orientations were sinmilar before and afteyygstaarvied able to recover speed and sl ope-specific |eg
of the split-belt perturbation (i.e., Late Adaptrenbatibgps during Late Adaptation, which predict aft

tic = Post-Adaptation op, ;. and vice versa) whefdascttdheduri ng Post- Adaptati on.
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Larger after-effects of propulsion forces following split- changes in propulsion forces fromearly to |late Adapta
belt incline walking tion were sinilar across sloped conditions (Fig. 5d; r
Sl oped wal ki ng i nfluenced the extent of recalipanéetba pfopul sion: p= 0.92, t (11) = 0.10, d = 0.02,
the non-paretic propul sion forces. Figure 5a shamsttbapropulsion: p= 0.33, t (10) = -1.04, d = 0. 33)
propul sion forces were altered during the AdapWhiienparetic propul sion After-Effects are similar in
epochs. These data are plotted relative to Basehénespoped conditions (Fig. 5e, p= 0.43, t (10) = .82

pul sion forces (i.e., md speed), which were |@ar@@), i nheheron-paretic After-Effects are larger in nmag
incline condition and the non-paretic | eg for botla Ebbbedi ng incline adaptation (p= 0.015, t (11) =
conditions (Fig. 5b: Py givigqua = 0.-007, F giviquad (110. 82). Note that the paretic propul sion forces cha
4.84, n2 =0.83, psiope< 0.0001, Fsiope(1l, 10) = 4.8%e Aost during Adaptation (Fig. 5d), whereas the non-
0.85, pLeg= 0.040, Freg(1l, 10) = 5.42, n2 =0. 33, ppsigt# c propul sion forces are the ones exhibiting afte
Leg= 0. 43, Fslopeeg(1, 10) = 0.69, n?2 =0.06). Noteftéats during Post-Adaptation (Fig. 5e). In summary,

subj ects were closer to generating Baseline-Ilikecpropuhal king results in augnmented paretic propul sic
sion forces during Late Adaptation in the inclfaecessdupinng Adaptation and reduced non-paretic pro-

conpared to the flat session for both legs, repul siog farce After-Effects.

| arger Late Adaptation paretic propulsion forces in the

incline session (Fig. 5c). Even though the Lat®igdagsian

ti on behavior was different across sessions (FSgmndary non-

paretic propulsion: p= 0.032, t (11) = 2.46, dW On¥8stipgated the effect of | oconotor propul sion de-
etic propulsion: p= 0.015, t (10) = -2.94, d =mdn@8)ontmmet or adaptation and recalibration of gait in

~

Fig. 5 Propulsion force Adaptation and After-Effects. a Stride-by-stride time courses of propulsion forces of the non-paretic (top panel) and
paretic leg (bottom panel) are shown during self-selected Baseline, Adaptation, and Post-Adaptation. Note that each subject’s baseline bias hag
been removed, resulting in average propulsion values of zero during Baseline. Each data point represents the average of 5 consecutive strides
and shaded regions indicate the standard error for each group. For display purposes only, we include stride values during Post-Adaptation that
were computed with a minimum of 10 subjects and the late adaptation behavior is aligned to the end of each subject’s adaptation epoch. b-e
We display group average values for propulsion force outcome measures + standard errors. Individual subjects are represented with colored dofs
connected with lines. b Baseline: Thick horizontal black lines indicated that there is a significant effect of leg (i.e., paretic or non-paretic) and slope
(i.e., flat or incline) on propulsion forces. On average, stroke subjects generate larger propulsion forces with their non-paretic leg, and they
generate larger propulsion forces with both legs when walking incline. However, some individual stroke subjects generate larger propulsion
forces with their paretic than their non-paretic leg. c Late Adaptation: Stroke subjects were closer to their baseline propulsion forces in the incling
than the flat sessions. Moreover, baseline propulsion forces in the incline session were larger than the flat session (Fig. 2c). Taken together, thgse
results suggest that stroke subjects are forced to propel more during incline split-belt walking with both legs compared to flat split-belt walking.
d AAdapt: Propulsion forces were similarly modulated during the Adaptation epoch for both sloped conditions. e After-Effects: Even though both
sloped sessions did not change the extent of propulsion force adaptation (AAdapt), slope influenced the After-Effects for the non-paretic leg, bu
not the paretic leg

J
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the asymretric notor systemby altering the slopei ofmrovemrents in the unusual split condition [50]. V
the split-belt wal king surface (i.e., flat vs.obsetvad tbhatlisurvivors of a stroke reach distinct asy
tions). Survivors of a stroke adapted their steptfrgngehels across the incline and flat conditions. T
asymmetry nore in the incline than the flat coaditiesults support previous findings [40, 41] indicat
resulting in Late Adaptation step | ength asymmehati est is not baseline gait asynmetry, but Kkinetic de
that were snmaller in magnitude (i.e., nore sucoesd§ut hgt govern the degree to which patients adapt
recovered baseline step length asymetry). W thsor notor patterns in the split-belt task. Mre spec
found that the speed-specific leg orientationsallye.sunandors of a stroke adjusted their leg oriente
x) for both |egs during Adaptation were predictiovaugirent the propul sion forces required for walking
those Post-Adaptation, |eading to greater stepi hengehincline split condition as observed in young,
asymmetry after-effects in the incline than fl heabebgiadalts [70]. In other words, the forces geners
Lastly, larger step length asynmetry after-efftotpropsul brd’s body forward constitute an inportant
fromshorter paretic step lengths and | ower nooepareticariable regulating the adaptation of novement
propul sion forces during Post-Adaptation in thenihheihatact and asymetric notor systens. Further, &
session. In summary, the ability to control |egeoenenstudy suggests that individuals adjust leg orie
tion to meet speed and force demands during sptibnbetd harness energy fromthe treadm |l in the spl
wal ki ng i s mai ntai ned post-stroke, which can beondition [67]. Wile this theory explains well the or
exploited for designing effective gait rehabiliataioonof the leading leg, it does not match well the

i nterventions. served orientation of the trailing leg (Additional fi
Per haps, other factors, such as stability [10], also c

Post-stroke gait adapts more in response to larger tribute to the control of leg orientation in walking.

propulsion demands shoul d be pointed out that we only tested the relation

We found that survivors of a stroke behaved sibetaeéy teg orientations during baseline and adaptatic
young, intact adults in their response to sl oped spki pabettc | eg. W specul ate that the sane woul d
wal king [70]. Specifically, survivors of a strbkeewbeenabbeerved in both | egs and sl oped conditions
to augnment their propul sion forces in responseltbkeiynoungeadults [70]. This is a reasonabl e expect at
split-belt wal king as observed in young, healtgiyvadut hat survivors of a stroke exhibited sinilar con
[70]. It should be noted that all our analysi sofralseglooei ent ati ons to young adults during Late Adapta
with peak forces, but we found sinilar effectstiwohhanthearly Post-Adaptation for both | egs and sl ope
metrics to quantify propul sion, such as inpul seondi hieans. Nonet hel ess, future work is needed to veri
force (data not shown). Qur observation is conshatenhe rel ati on between baseline and adaptation is
with previous literature indicating that patiesesved fhe distinct inclination conditions, or if the
chroni ¢ phase post-stroke can nodul ate pareti cwerepwdtki ng at different belt-speed ratios than the o
sion forces in response to task demands [3, 24w@6uséd] .
In particular, we observed during split-belt walking (i.e.,
adaptati on period) that individuals exhibited Bi#atgesl adaptation in survivors of a stroke contrasts
paretic and paretic propul sion forces rel ati veubitatbes @dapgtion in young adults
and early adaptation, respectively. These incr8oenigoaseof a stroke recruited both legs in order to
possi bly enabl ed by augnenting | atent central ddape their gait, whereas young adults primarily adapt
plantarflexors [2]. Interestingly, we find sigonéitcagt Netably, we observed that survivors of a stro
duction in the fast (i.e. non-paretic) |eg’s pragaptsdroth the paretic (slow belt) and non-paretic (
forces post-adaptation (i.e., after-effects) rkéht)vstéep basgths, whereas we previously found that
line wal king. This finding is consistent w th poungriemdousdual s predomi nantly adjusted the fast belt
study in young, uninpaired adults [70], but nostepthength [60, 70]. This could be because survivors
ot her studies reporting no significant changesst nopeopay-require nore repetitions in the altered env
sion forces following split-belt wal king in thenfreat E@BHito recover their baseline |leg orientation
tion [57, 66]. W speculate that this nmight bewbebaukeir paretic |eg, whereas intact subjects can dc
we use nore naturalistic wal king speeds than ihnpedivabaky after the split condition is introduced. A
experimental designs [57, 66]. ternatively, it could be that the | arger neural coupl
Qur results provide further evidence that theadapta-oke [ 35] enhances bil ateral adaptation. In oth
tion of step length asymetry can be predictedwbrds) it might not be possible for individuals who hs
Basel i ne wal ki ng. Notably, it has been previ ouskpesugnced a stroke to adapt one leg in isolation due
gested that patients’gait asymmetries during baseliahedrive sent to both |inbs. Regarding post-
wal ki ng determine the extent to which they canaddppation, paretic after-effects were only observed
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the incline condition. Mre specifically, parebasebiep wal king pattern [67, 68]. In sunmary, the |or
| engt hs become | onger than in baseline wal ki ngt emwrni béanefit of split-belt wal king may originate from
may be beneficial for survivors of a stroke whpraekieci ng and reinforcing notor patterns inposed by
short paretic step lengths [4]. On the other hehd,spbint condition, rather than repeating the briefly
paretic after-effects were observed regardl essabf et hef fects.
sl oped condition. This was atypical since the non-paretic
leg wal ked fast in the split condition and you@tniadlindications
only exhibit after-effects in the | eg that wal 8pdi sl bel { 704l ki ng has been shown to induce |ong term
Thus, it was unexpected to observe non-pareti cchapges that could inprove the nobility of those who
I engths shorter than those taken during baselihaveThad a stroke [7, 47, 61]. Previous studies have
shortening of non-paretic step |lengths m ght beestisgabted the inpact of training design (e.g., paret
egy to recover balance (e.g., [18]), which is ohathengkdw belt vs. fast belt) on the therapeutic eff
upon removal of the split condition [10, 29]. &plsunbelt wal king [40, 61]. Qur work contributes to t
mary, survivors of a stroke adapt both | egs duringrapuiée-by indicating that this choice depends on t
belt wal ki ng, but paretic step | ength after-effehabi hi eabnbg outcome of interest. For instance, our
observed followi ng incline split-belt wal king.sults suggest that placing the paretic leg on the fast
woul d force subjects to augnment their paretic propul si
Neurorehabilitation through reinforcement of a corrective  forces and | engthen their paretic steps during split-k
pattern during adaptation, rather than short-lived after- wal ki ng, which could be advant ageous to sone patients.
effects post-adaptation This idea is consistent with a pilot study show ng tha
The long-termtherapeutic effect of |oconotor pHapaefl exor nonents trained on the fast side increase
tion with split-belt treadnmills may be due to fral kongng nultiple split-belt wal king sessions [8]. Tr
with the notor demands of the split-belt task,thatbpeutic effect is beneficial to individuals with b
than the adaptation effects observed post-adaptaheoasymetries due to shorter paretic step |engths
Split-belt wal king has been shown to reduce | oogupkedh with plantar flexor weakness [6]. It remains
gait asymetry [7, 47, 61]. Little is known abbowevee, aan open question the extent to which incline
pects of split-belt walking that underlie thesepl bhgbekt mmal ki ng coul d augnent paretic propul sion
changes: the cunulative effect of brief after-efiectBeppatetic leg is placed on the fast belt. Futur
adaptation or the repeated exposure to notor detmdides are needed to test this given the linmted chan
specific to the split condition during the adaphapaoatic propul sion that we observed post-adaptati on
period. After-Effects could |ead to notor inprowspened to controls [70]. In sum our study provides
[5] such as tenporarily reduced gait asymmetrygfd&te62)nder st andi ng of the notor denmands associ at ed
However, these after-effects are short |lived and teerspkiet -belt task, which could be harnessed for g
as individuals experience nultiple days of praneuconghabglitation.
split-belt condition [38, 45, 71]. It is known tihetl imegwri t-belt training may be a promising way t«
treadnmi || wal ki ng cannot nodify gait asynmetriesgpest-| oconotor and adaptati on and recalibration in
stroke [33, 58, 69], suggesting that the specifhe hesiooned notor system Not everyone who has had a
demands of the split-belt task mght be inportantokerre-learns to walk symmetrically follow ng sever
neurorehabilitation. For exanple, we observe twaekshef flat split-belt training [7, 47, 61]. Thus,
split condition (during the adaptation period)cfbniceal bp-relevant to explore alternative strategies
tients to take | onger paretic step | engths andngenheadaptation in survivors of stroke other than in-
greater paretic propul sion forces. Perhaps practéeasi nf the speed difference [7, 77] since not al
these gait features through nultiple exposurespabi ehes can wal k with | arge speed differences. Wile
split situation reinforces those patterns and uhtsmabekyi ndi cates that adaptation can be augnented i
|l eads to long-termreductions of gait symretrypaveents, previous work indicates that overground wal k
ground. It is also possible that the strenuousi ngt post o6troke is nost inproved follow ng decline, re
split-belt wal king increases neural plasticitythas shamni ncline, interventions [11]. Mreover, it ha
with other high-intensity exercises [1]. Thus, beenl pnevi ously observed that notor patterns observed
split-belt wal king may be beneficial not only éortheduceadnill do not fully transfer to overground
greater paretic propul sion, but also because iwal ki mprg63, 71, 73, 74]. Thus, future studies are nee
denmandi ng than | evel wal king [30]. Lastly, thetondéiatndne-if the augnmented adaptation in the inclin
ruption of step length asynmetry night triggereexptonaent transfers to flat overground wal ki ng. Fur-
ation of new | oconptor patterns [52] that coul thernore, we designed our study to eval uate changes in
converge to nore netabolically efficient gait shap Lteegth asymetry relative to baseline wal king. It
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however, clinically relevant to determ ne if tRenaulgdgements

ment ed adapt ation and after-effects lead to r e‘aﬁel@*ﬂrs qu@pledge the valuable input from Pablo Iturralde and Digna
. . . d .

I ength asymetry in absolute terns. Finally, i tEKﬁ‘rﬁst be

noted that participants were noderately to m | glityork®ontributions

pai red (i ., e, 21 < Fugl - I\/byer Assessnent | eg B ¢ and C.S. were involved with the conception and design of the work.

score < 34) Ther ef or e it remains an open 'uesCTS' collectettand analyzed the data. C.S. and G.T.-O. interpreted the results.
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We investigated the influence of augnenting propul sion

demands during wal king on the plasticity of | of6Hhiitoef data and materials

, R . The gatasets used andior analyzed during th { stud ilable at
post-stroke. V& found that individuals who havgesiffsis“se andioranalyzed during the current study are avariable &
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fered a stroke adapt their gait nore during split-belt
wal ki ng and have greater after-effects post-ad&jpicatbrypval and consent to participate

when pr opul si on demands are i ncreased by incli Wimﬁ nft iﬂf rmed consent was obtained from all participants prior to
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by each participant’s leg orientations achieved during
split-belt wal king, which in turn is predictedCBiFeaiigjryication
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specific leg orientations during baseline wal king. These
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