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Serial engagement of distinct
motor learning mechanisms to
alter walking after stroke

Kendra M. Cherry-Allen'?*“, Han D. Huang?, Pablo A. Celnik?*>7 & Amy J. Bastian*>6

This study asked if combining different motor learning mechanisms—adaptation and reinforcement—
could produce immediate improvements in over ground walking after stroke. Fifteen adults with
stroke engaged in three conditions: (1) reinforcement following adaptation, (2) reinforcement alone,
and (3) adaptation alone. Adaptation involved split-belt treadmill walking to produce after-effects
that reduce step asymmetry. Reinforcement involved the use of real-time auditory feedback about
step length asymmetry. Auditory feedback was binary, signaling whether steps were asymmetric or
equal, but not whether to shorten or lengthen either step. Change in step length asymmetry was the
outcome assessed during over ground walking. Reinforcement following adaptation led to reductions
in step length asymmetry that persisted into an immediate retention period. Importantly, it led to the
desired pattern of lengthening the shorter step in a majority of participants. Reinforcement alone led
to no significant change in step length asymmetry, and sometimes produced a non-optimal pattern of
shortening the longer step. Our control condition of adaptation alone led to more transient reductions
in step length asymmetry. These findings reveal the potential for utilizing serial delivery of adaptation
and reinforcement to influence a complex movement in the real-world context of over ground walking,
in people with stroke.
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Locomotor learning is not a unitary process, but rather, refers to an array of different mechanisms with distinctive
features and neural substrates'. These include: instructive learning (e.g. “take a bigger step!”), error-based
adaptation (e.g. split-belt treadmill walking), and binary reinforcement (e.g., “correct” vs. “incorrect”)?>™. In
clinical practice, teaching and learning a new gait pattern relies heavily on instructive learning®. However, there
is significant potential to improve gait rehabilitation outcomes by moving beyond purely instructive learning
and directly implementing approaches that leverage other learning mechanisms in isolation or in combination.

Reinforcement is an important mechanism for learning new movement patterns. This learning is driven by
reward prediction and may engage basal ganglia and primary motor cortex circuits®®. During reinforcement,
feedback about movement success or failure drives exploration’. With practice, a person learns which movement
produces reward and repeats it, eventually acquiring a new movement pattern. While acquisition of new
movements via reinforcement may occur slowly, once learned, movements can be well-retained!®!l. Because
retention of learned movements is a primary objective of clinical rehabilitation interventions, reinforcement-
based rehabilitation interventions warrant further investigation.

Reinforcement-based protocols have been shown to promote learning and retention of novel reaching
movements in neurologically intact adults'? as well as in adults with stroke'®. The ability of people with stroke
to modulate their over ground walking patterns via reinforcement signaling has not yet been established. One
potential concern is that people with motor control deficits (such as those present after stroke) may be unable to
explore the walking pattern that elicits reinforcement feedback. For instance, if the rehabilitation objective is to
reduce step length asymmetry, participants would need some capacity to modulate their step lengths. Without
the ability to generate movements that fall within the reinforcement window, learning through this modality
may be limited.
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Another form of motor learning, locomotor adaptation, may represent a method of addressing this concern
by shifting the movements that can be generated by people with stroke toward the desired pattern. Adaptation
is driven by delivering a predictable perturbation that causes errors to a given motor pattern. In split-belt
walking adaptation, people normally learn to account for the perturbation over hundreds of steps and alter
their movement pattern to reduce or eliminate errors. In walking, this does not require the person to voluntarily
attempt to correct the pattern. There are several reasons that adaptation may be useful for improving gait in
persons with supratentorial strokes: (1) relevant subcortical neural substrates—e.g., cerebellum!*—are typically
intact, (2) adaptation can be paired with instructive learning without interference'®, and (3) several clinical
populations have shown the ability to learn new gait patterns via adaptation!®~18,

Moreover, our lab has shown that people with chronic stroke can restore step length symmetry following
locomotor adaptation via split-belt treadmill walking®. In split-belt treadmill adaptation, the feet walk on two
independent belts that move at different speeds. The split-belt treadmill perturbation exaggerates a person’s
baseline step length asymmetry, leading to sensory prediction errors (i.e., the belts and their legs move at
different speeds than the person expects) and abrupt postural instability. With continued split-belt treadmill
walking, the person experiences locomotor adaptation—their nervous system learns to predict the environment
and produce an appropriate motor pattern to restore postural stability and walk in the split-belt treadmill
environment'*?. Importantly, this new pattern is stored and does not immediately return to normal when
the perturbation is removed. Consequently, adaptation allows the participant to temporarily walk with more
symmetrical step lengths on a treadmill?> and when walking over ground?}, even if they normally have difficulty
doing so volitionally. Long-term split-belt treadmill training can lead to improvements in step symmetry when
walking over ground but these effects are incomplete and not all people with stroke show benefits??. Thus, the
clinical utility of adaptation alone may be limited by its relative transience and incomplete transfer from the
treadmill to the real-world context of walking over ground.

While pre-adapting the walking pattern before engaging in a reinforcement-based learning task has not
yet been tested in stroke, there is evidence that pairing adaptation and reinforcement enhances retention of a
reaching task in healthy adults®. A similar approach of leveraging adaptation and reinforcement mechanisms
sequentially may also result in rapidly acquired and longer-lasting improvements in post-stroke gait.

The purpose of this study was to determine whether pre-adapting the walking pattern before engaging in
binary reinforcement learning-based training yielded greater learning and immediate retention of an over
ground gait pattern compared with reinforcement learning without pre-adaptation. Specifically, we strove to
elicit and maintain improvements in step length difference (SLD) during over ground walking in people with
stroke. We targeted SLD because it is common after stroke?® and is associated with instability, slow walking
speeds, and elevated energy cost?®?’. Reinforcement feedback was signaled when a subject successfully
produced symmetric steps during walking. Importantly, reinforcement could drive an individual to explore
different patterns: they could lengthen the shorter step, shorten the longer step or change both steps to achieve
symmetry. We hypothesized that pre-adapting step lengths via split-belt treadmill walking before over ground
training with reinforcement signaling would lead to greater improvements in SLD in people with stroke, relative
to training with reinforcement signaling alone. We also expected that participants who pre-adapted would be
better able to maintain that pattern when the reinforcement signal was withdrawn.

Methods
Following publication of this manuscript, the data that support the findings of this study will be made available
on Github or from the corresponding author upon reasonable request.

Participants

Fifteen adults with stroke >4 months prior (8 male; 55.5+8.3 years old) participated in this study. Inclusion
criteria were: (1) diagnosis of ischemic or hemorrhagic stroke confirmed by a neurologist and/or magnetic
resonance imaging, (2) ability to ambulate with or without an assistive device, (3) score of <34 on the lower
extremity subscale of the Fugl-Meyer, (4) baseline step length difference (|short step length—long step length|)
of >2.0 cm, and (5) gait speed of > 0.40 m/s. Participants were excluded if they had neurological injury other than
stroke, cerebellar signs or evidence of cerebellar involvement as confirmed by a neurologist or MRI, pregnancy,
orthopedic or other medical condition that could compromise walking performance or introduce a step-length
asymmetry, or unilateral spatial neglect with a Star Cancellation Test score of <44/55. We did not exclude
participants with aphasia or imperfect MoCA scores. The study protocol was approved by the Johns Hopkins
Medicine Institutional Review Board and was conducted in compliance with the Declaration of Helsinki.
Participants provided written informed consent prior to beginning the study and were compensated for their
time. Because the objective of this study was to test a protocol intended to normalize step length asymmetry, we
did not test neurologically-intact individuals who do not display this gait deficit.

Clinical assessments

Participants underwent clinical examination during a pretest session. We administered the Montreal Cognitive
Assessment (MoCA)?® to assess cognitive function, The Star Cancellation Test?® to screen for unilateral spatial
neglect, the lower extremity subscale of the Fugl-Meyer test (FM-LE)* to quantify motor impairment. For
proprioception testing, participants were supine with their eyes closed. The examiner stabilized the proximal
joint segment and passively moved the distal segment to a position above or below the neutral starting position
(neutral position was midway through the joint’s range of motion). The participant reported whether the position
of the joint was above or below the starting position. Paretic hip, knee, and ankle joints were each tested at six
different positions (18 total probes). We measured self-selected and fast over ground walking speeds by having
participants walk two passes at each speed across a six-meter electronic walkway (Zeno Walkway, ProtoKinetics,
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Havertown, PA). SLD, used to determine study eligibility, was measured by the electronic walkway during the
self-selected walking speed assessment. Participants who customarily wore an ankle-foot orthosis or walked
with a cane, continued using these items throughout the study.

Experimental design
Participants completed a pretest session during which they signed consent forms, underwent eligibility screening
and clinical examination, and performed: (1) 2 min of baseline over ground walking, (2) 2 min of ‘voluntary
correction’ over ground walking, (3) 2 min of baseline treadmill walking, and (4) 2 min of ‘voluntary correction’
treadmill walking. For voluntary correction blocks, participants were instructed to “try to take equal length
steps’, but were not told which was their shorter or longer stepping leg. These periods of walking with instruction
allowed us to determine whether or not participants were able to voluntarily correct step length difference with
just simple instructions (rather than requiring our protocol of reinforcement with or without pre-adaptation).
Eligible participants then engaged in three, randomly ordered sessions (2 experimental, 1 control), each
involving a different learning condition (Fig. 1A). Sessions were separated by at least 3 days (mean: 9 days;
range: 3-33 days) During the Reinforcement + pre-adaptation condition (AR), participants performed split-belt
treadmill walking followed by over ground walking with reinforcement signaling. During the Reinforcement
Alone condition (R), tied-belt treadmill walking was followed by over ground walking with reinforcement
signaling. Tied belt-walking was not expected to elicit learning or improvements in the walking pattern but
was included in order to match the total amount of time spent walking between conditions and control for
potential fatigue effects. During the control condition of Adaptation Alone (A), participants were exposed to
split-belt treadmill walking followed by over ground walking without reinforcement signaling. We included this
control condition so that if an advantage of AR over R were detected, we would be able to determine whether
improvements resulted from the pairing of pre-adaptation with reinforcement or were derived entirely from the
adaptation process.

Experimental paradigm

Experimental sessions consisted of (1) Over ground baseline: 2 min of over ground walking (no reinforcement).
(2) Treadmill baseline: 2 min of treadmill walking with tied-belts. (3) Treadmill walking: 10 min of walking
on the treadmill with either split-belts (Reinforcement with Pre-adaptation and Adaptation Alone conditions)
or tied-belts (Reinforcement Alone condition). (4) Over ground training: 10 min of over ground walking with
either reinforcement signaling on (Reinforcement with Pre-adaptation and Reinforcement Alone conditions)
or no reinforcement signaling (Adaptation Alone condition). During the over ground training portion of all
conditions, participants were instructed to try to take equal length steps. (5) Over ground retention: 10 min
of over ground walking with no reinforcement signaling. During over ground retention for all conditions,
participants were told that auditory feedback was ‘off” and were encouraged to continue trying to take equal
length steps. As described above, the term retention here refers to the period of over ground walking during
which participants attempted to continue producing equal length steps in the absence of the reinforcement
signaling. It is critical that the behavioral changes elicited by any gait training protocol outlast the feedback used
during training. Therefore, measuring SLD during retention was essential for us to identify whether any changes
in step length difference persisted in the absence of feedback. To mitigate fatigue, participants had 2-min sitting
rest breaks every 5 min during treadmill walking and every 2.5 min during over ground walking.

To gauge subjective experience with the different conditions, participants completed a four-item questionnaire
after each session. Participants scored the following questions on a visual analog scale ranging from 0 to 10:
(1) How symmetric were your steps during the over ground walking task? (0: never symmetric—10: always
symmetric), (2) How fatigued were you after completing the task? (0: not fatigued—10 extremely fatigued), (3)
How much attention did you pay to the task? (0: never paid attention—10 always paid attention), (4) What effect
did the [reinforcement signaling] ‘tone” have on your walking performance? (0: very harmful—10 very helpful).

Locomotor adaptation via split-belt treadmill walking
Treadmill walking portions of the experiment took place on a custom split-belt treadmill (Woodway USA,
Waukesha, WI) with separate treadmill belts under each leg, driven by independent motors. In the treadmill
walking period of Reinforcement+ pre-adaptation and Adaptation Alone conditions, participants walked with
“split-belts”, where right and left belts moved at different speeds. All other treadmill walking periods occurred
with “tied-belts”, where both belts moved at the same speed. The treadmill was controlled with custom-
written MATLAB (R2017a, The MathWorks, Inc., Natick, Massachusetts) software. During treadmill walking,
participants were instructed to look straight ahead as they walked (not down at their feet or at the treadmill belts)
and to notify the experimenter if they experienced discomfort. Participants were not given specific instructions
about their walking pattern and were not given information about the relative treadmill belt speeds at any point
in the experiment. Participants wore a safety harness and held onto a front handrail during treadmill walking.
Treadmill belt speeds were based on each individual’s over-ground walking speed during pretest and were
held constant throughout the experimental conditions. During tied-belt walking, both belts moved at the
individual’s self-selected speed. During split-belt walking, the fast belt speed equaled the participant’s fast over
ground walking speed and the slow belt was set to half of that speed. The leg that took the shorter step during
over-ground walking was placed on the fast belt during split-belt walking (paretic leg n=6; non-paretic leg
n=09). Previous studies have shown that this protocol reliably generates locomotor adaptation of step lengths
and results in a motor after-effect of more equal step lengths in people with stroke??. In this experiment, split-
belt exposure was used as a tool to elicit the desired motor after-effect of more equal step lengths to be exploited
during over ground walking. Feedback was not delivered at any point during split-belt or tied-belt treadmill
walking.
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Fig. 1. (A) Experimental paradigm. Participants engaged in three, randomly ordered experimental sessions,
each involving a different learning condition. Experimental sessions included Reinforcement with pre-
adaptation (purple), Reinforcement Alone (magenta), and the control condition of Adaptation Alone (green).
Experimental blocks shown in white took place over ground and blocks shown in grey took place on the
treadmill. All conditions involved: 2 min of baseline walking over ground, 2 min of baseline walking on the
treadmill, 10 min of treadmill walking, 10 min of over ground training, and 10 min of over ground retention.
During the Reinforcement with pre-adaptation condition, participants walked on a split-belt treadmill before
engaging in over ground training that included reinforcement feedback. During the Reinforcement Alone
condition, participants walked on a treadmill with tied-belts before over ground training that included
reinforcement feedback. During the Adaptation Alone condition, participants walked on a split-belt treadmill
and then walked over ground without reinforcement feedback. No reinforcement signaling/auditory feedback
was provided during over ground retention for any of the conditions. (B) Illustration depicting the calculation
of example step lengths. Step length was measured during periods of double support and was defined as the
vector between right and left heel positions projected onto the direction of travel. In this example, the shorter
step (blue) was taken by the right leg and the longer step (orange) was taken by the left leg. The metric of step
length difference is agnostic to whether the right or left step is longer and is merely the difference between the
step lengths of a pair of steps (SLD =short step length—long step length).

Binary reinforcement signaling

Reinforcement signaling consisted of real-time binary auditory feedback about SLD during over ground
walking. The method of reinforcement delivery was designed to be simple and not overly prescriptive or complex
in order to enable participants with varying levels of attention and cognition to explore and solve the motor
problem. Custom MATLAB (R2017a, The MathWorks, Inc., Natick, Massachusetts) software was synchronized
with Vicon software (Nexus 2.7.1, Vicon Motion Systems Ltd, Oxford, UK) to give a tone (frequency: 1000 Hz;
duration: 0.02 s) at heel strike if the participant achieved a step length that fell within their reinforcement
window (otherwise there was no tone). Step length was calculated as the vector between right and left heel
position, projected onto the direction of travel (Fig. 1B). When reinforcement signaling was on (over ground
training epochs for AR and R conditions), participants were told that they would hear a tone if the length of a
step was equal to the length of the previous step and were encouraged to try to earn as many ‘tones’ as possible.
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Equal length steps could be achieved by (1) shortening the longer step, (2) lengthening the shorter step, or (3)
concurrently shortening the longer step and lengthening the shorter step; no guidance nor constraints were
placed on which strategy a participant used. While the global objective of taking equal length steps was known,
participants were not told how to do this. Consistent with classic reinforcement learning paradigms, participants
had to explore different movements and discover which combination of muscle activations generated a
movement that elicited the auditory reward. When reinforcement signaling was oft during over ground retention
(all conditions), participants were told that they would not hear tones or get feedback but that they should keep
trying to take equal length steps.

The binary reinforcement window was centered around equal length steps (SLD=0) and its width was
customized such that during the first minute of over ground training, steps that fell +/— 0.8 standard deviations
(SD) of the individual’s pretest SLD were reinforced. Immediately after the first minute of over ground training,
we applied a one-time adjustment of the reinforcement window width based on the number of steps that were
reinforced during the first minute of over ground training:

< 23% steps reinforced [J window expanded to 4 1.75 SD
23—32% steps reinforced [0 window expanded to 4+ 1.5 SD
33—66% steps reinforced O window remained + 0.8 SD

> 66% of steps reinforced [J window reduced to + 0.5 SD.

We did this to ensure that participants operated within a range where the reinforcement signaling was neither
absent nor constant and could be used to shape behavior.

Motion analysis
During over ground walking, we collected kinematic data at 330 Hz using eight Vicon Vero 2.2 cameras (Vicon
Motion Systems Ltd., Oxford, UK) positioned around a rectangular capture space (5.5X2.7 m). Participants
continuously walked within this space. The majority of steps were taken on the long straight sides of the
rectangular capture space; participants walked in the direction that placed their short-stepping leg on the outside
during the brief turns at the short ends of the rectangular capture space (e.g., participant with a shorter left step
walked clockwise). Eight passive reflective markers were placed bilaterally on the foot (second metatarsal head),
heel (midpoint of calcaneus), ankle (lateral malleolus), mid-shank, knee (lateral joint space), mid-thigh, and
pelvis (anterior superior iliac crest and posterior superior iliac crest).

During treadmill walking, kinematic data were collected at 100 Hz using Optotrak (Northern Digital,
Waterloo, ON, Canada). Bilateral infrared-emitting markers were placed over the fifth metatarsal head, lateral
malleolus, lateral femoral epicondyle, greater trochanter, iliac crest, and acromion process.

Data analysis

SLD was defined as the difference between the short step length and the long step length. SLD of 0 indicates
equal length steps, the desired gait pattern in the experimental sessions. For each participant, legs were assigned
as “short” and “long” based on the over ground walking pattern demonstrated during the pretest session; this
designation was maintained throughout the experiment. In other words, all participants initially had negative
SLDs; a positive SLD in would indicate that the leg that initially took the shorter step was now taking the longer
step.

We characterized over ground walking by averaging values in five epochs: baseline (mean of over ground
baseline), early training (first fifteen pairs of steps of over ground training), late training (last fifteen pairs of steps
of over ground training), early retention (first fifteen pairs of steps of over ground retention), and late retention
(last fifteen pairs of steps of over ground retention).

To better understand how changes in SLD were achieved we also analyzed kinematics during over ground
walking. We looked at whether the shorter step was lengthening (or vice versa) and measured the range of
motion of hip and knee joints.

Statistics
Statistical analyses were completed using SPSS Statistics 24 (IBM, Armonk, NY). The criterion for statistical
significance was set at a<0.05. If there were multiple comparisons, we used a more conservative level of
<0.0125 (0.05/4). Further analyses were performed on baseline-subtracted values in order to account for the
wide range of starting values found in this heterogeneous group of people with stroke. To best visualize the
results in figures, time series data were smoothed by a moving average of three steps; statistics were performed
on the unsmoothed data.

We first performed a number of preparatory analyses to contextualize our results. To determine whether
or not participants were able to voluntarily correct step length difference with instruction alone, we used a
paired samples t-test to compare SLD during a pretest period of ‘voluntary correction’ with SLD during pretest
baseline walking. To confirm that there were no differences in baseline SLD values between conditions, and
that the available range for improvement in SLD was the same for each condition, we conducted a one-way
ANOVA. Lastly, we wanted to assess whether the order of conditions experienced by a participant influenced
task performance (e.g., assess the possibility that greater improvements in SLD occurred during the 3rd session,
regardless of condition type). Thus, we conducted a repeated measures ANOVA with SLD data classified by the
session order (1,2,3) instead of by condition.

We tested our hypothesis that the Reinforcement with pre-adaptation condition would produce greater or
longer lasting improvements in SLD compared to Reinforcement Alone or the control condition of Adaptation

Scientific Reports |

(2024) 14:22706 | https://doi.org/10.1038/s41598-024-73502-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Alone, by performing a 4-by-3, epoch-by-condition, repeated measures ANOVA to compare changes in SLD
from baseline across epoch, between conditions. If the assumption of sphericity were violated (Mauchly’s Test
p<0.05), a Greenhouse-Geisser correction was applied. If applicable, post-hoc analysis was performed using
the Bonferroni correction.

We then performed planned post-hoc tests to analyze each learning condition separately in order to better
understand how the learning developed over the course of a given condition. This consisted of using one-sample
t-tests (test value=0) to determine if a SLD in an epoch was different from SLD at baseline. This was done for
all three conditions.

To better understand how changes in step length difference were achieved during over ground walking for a
given condition, we performed a series of secondary exploratory analyses. Using repeated-measures ANOVAs for
each condition separately, we assessed: (1) change in short step length, (2) change in long step length, (3) change
in hip kinematics (flexion, extension, range of motion), (4) change in knee kinematics (flexion, extension, range
of motion), across epochs. If the assumption of sphericity were violated (Mauchly’s Test p < 0.05), Greenhouse-
Geisser corrections were applied. We used pair-wise comparisons to determine which epochs differed, as well
as one-sample t-tests (test value=0) to determine if the value for an epoch was different from baseline. To
account for multiple comparisons, we used a level of € <0.0125 (0.05/4). To better understand how individual
participants adjusted their step lengths, we dichotomized participants as either ‘lengthening’ their short step
length during training (change >2 cm) compared with their baseline versus no change (<2 cm). Note that we
chose this threshold based on the inclusion criterion requiring a minimal step length difference 2 cm.

Finally, we were interested in understanding whether there was a relationship between baseline characteristics/
training parameters and the magnitude of retention. Therefore, we conducted a set of bivariate correlations
(either Spearman or Pearson, depending on data type) between step length difference in the early retention
epoch and each of the following: age, gender, time post-stroke, lower extremity Fugl-Meyer impairment score,
MoCA cognitive score, baseline SLD, walking speed, number of steps taken during training, percentage of steps
reinforced during training). These correlations were conducted for each condition. Assumptions of linearity,
significant outliers, and normality were assessed.

An a priori power analysis for sample size estimation was conducted using G*Power?!. The analysis used data
from a published study Savin et al. 2014 in which gait adaptation was followed by over ground walking in people
with and without stroke. The effect size of post-adaptation step asymmetry after effects in this study was large,
d=1.07. With an alpha=0.05 and power =0.80, and a more conservative effect size of 0.80, the projected sample
size needed for this repeated measure, between condition design was approximately n=15.

Results

Demographics

We screened 25 individuals and enrolled 15 participants with stroke and mild-to-moderate lower extremity
motor deficits (Table 1) who met inclusion/exclusion criteria. All participants provided informed consent.
All participants reported intact hearing; none wore hearing aids. Baseline measures, adaptation factors,
reinforcement signaling factors (e.g., reinforcement window widths), and questionnaire responses were similar
across conditions (Table 2). Step length difference during a pretest period of voluntary correction was not different
from pretest baseline (t(14) = — 1.208, p=0.248), confirming that voluntary correction alone was insufficient to
improve SLD during over ground walking (Fig. S1). Moreover, repeated measures ANOVAs applied to data
classified by session order demonstrated that there was no order effect (all p>0.05).

Changes in step length difference during over ground walking

Comparison between conditions

Figure 2 shows SLDs for Reinforcement with pre-adaptation (Fig. 2A), Reinforcement Alone (Fig. 2B), and
Adaptation Alone (Fig. 2C) conditions during the over ground walking portions of the experiment. Note that the
gold shaded regions in Fig. 2A-C indicate treadmill walking periods (described below).

Over ground baseline SLDs were similar across conditions (F(2,42) =0.202, p=0.818). A 3-by-4 repeated
measures ANOVA comparing changes in SLD between conditions, across epoch of over ground walking
showed a robust main effect of epoch (F(3, 126)=5.452, p=0.001) as individuals were able to change their
behavior during training and retention. We also saw a marked condition-by-epoch interaction (F(6,126) =2.994,
p=0.009) because the pattern of learning was different in different conditions. Post-hoc comparisons showed
differences in the early training epoch between Reinforcement Alone and Reinforcement with pre-adaptation
(p=0.032) and between Reinforcement Alone and Adaptation Alone conditions (p <0.001). The late training
epoch was different between Reinforcement with pre-adaptation and Adaptation Alone conditions (p=0.049).
All other post-hoc comparisons were not significant (all p>0.05). We did not find a main effect of condition
(F(2,42)=2.008, p=0.137), likely due to the similarity in improvements seen during the early training epoch in
Reinforcement with pre-adaptation and Adaptation Alone conditions.

How did step length difference change within each learning condition?

We conducted planned post-hoc tests for each learning condition separately to better understand how the
learning developed over the course of a given condition (Fig. 2D). In the Reinforcement with pre-adaptation
condition (Fig. 2A), exposure to split-belt treadmill adaptation before reinforcement-based training led to
improvements in SLD during over ground walking. Specifically, Reinforcement with pre-adaptation led to
large improvements in SLD in early (4.996 +5.93 cm, p=0.006) and late over ground training (3.609 +3.19 cm,
p=0.001). A significant portion of these improvements lasted into early retention (4.369 +5.41 cm, p=0.007).
SLD was not different from baseline at late retention: (2.959+7.14 cm, p=0.131). The Reinforcement Alone
condition (Fig. 2B) produced only minimal, non-significant changes in SLD from baseline (early training:
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Reinforcement + pre-adaptation

(n=15) Reinforcement alone (n=15) | Adaptation alone (n=15) | values
Baseline step length difference (cm) —7.06+5.7 —6.28+5.3 —7.56+5.6 0.818
Baseline paretic knee range of motion (°) 39.23+13.7 39.86+15.3 38.64+14.1 0.973
Baseline non-paretic knee range of motion (°) 50.73+6.3 51.25+7.3 50.43+6.1 0.944
Baseline paretic hip range of motion (°) 28.72+4.7 29.49+4.7 285+4.4 0.837
Baseline non-paretic hip range of motion (°) 30.48 +6.7 30.90+6.8 30.38+7.0 0.954
Magnitude of early locomotor adaptation (cm) —1391+7.9 NA —15.57+10.6 0.633
Magnitude of late locomotor adaptation (cm) —7.01+£8.2 NA —7.81+8.2 0.791
Velocity during over ground training (m/s) 0.64+0.2 0.67+0.2 0.66+0.2 0.930
Number of steps during over ground training 377.13+101.2 395.80 +67.9 393.47 +64.1 0.783
Steps reinforced during over ground training (%) 47.92+16.6 44.46 +20.7 NA 0.617
E&c\;relr)age reinforcement window width during over ground training 486+2.0 524428 NA 0.670
Questionnaire—amount of attention to task 8.67+1.5 9.07+1.3 7.25+3.3 0.082
Questionnaire—effect of reinforcement signaling 8.60+1.7 8.40+1.5 NA 0.737
Questionnaire—perception of step length equality 6.63+1.1 7.13+1.5 6.61+2.4 0.642
Questionnaire—amount of fatigue 3.87+25 4.23+2.3 321+2.0 0.488

Table 2. Condition comparisons. Data for each experimental condition. Data are means + SD and p values are
results of 1-way ANOVA or independent samples t-tests. Knee and hip range of motion were calculated as the
difference between peak knee flexion and peak knee extension. Questionnaire items were scored on a Likert
scale (0-10).

1.055+3.22 cmy; late training: 1.374 +3.83 cm; early retention: 2.067 + 3.43 cm; late retention: 0.967 +4.25 cm,
all p>0.0125), despite the reduction in SLD observed during tied-belt walking (Fig. 2E magenta trace). This
suggests that the systematic change in SLD during tied-belt treadmill exposure was likely due to the mechanical
advantage of treadmill walking rather than a learning phenomenon. The control condition of Adaptation Alone
(Fig. 2C) led to marked improvements in SLD during over ground walking immediately after treadmill exposure
(early training 6.470+4.27 cm, p<0.001), an effect that gradually decayed in the absence of reinforcement
signaling (late training: 1.352+2.80 cm, p=0.082; early retention: 2.313+4.25 cm, p=0.053; late retention:
1.923 + 1.76 cm, p=0.100).

Figure 2E shows the group time series during treadmill portions of the experiment. SLD was similar during
the split-belt treadmill periods in Reinforcement with pre-adaptation and Adaptation Alone conditions.
Interestingly, tied belt treadmill exposure during the Reinforcement Alone condition partially reduced SLD (not
statistically significant), a mechanical phenomenon that has been previously described®>**,

Secondary analyses
How were changes in step length difference achieved?
To understand whether the improvements in SLD resulted from adjustments to the short step length, the long
step length, or both, we calculated and plotted change in step length from baseline for the short and long steps,
during training and retention (Fig. 3). At the group level, this exploratory analysis suggests that changes in SLD
may be generated differently depending on the condition. In the Reinforcement with pre-adaptation condition,
the group demonstrated a pattern of primarily adjusting step length difference by lengthening their short step
(Fig. 3A filled purple bar). This pattern persisted into retention (Fig. 3D filled purple bar). In the Reinforcement
Alone condition, the group data indicates that change from baseline to training may be most driven by
shortening the long step length (Fig. 3B unfilled magenta bar), an effect which diminished in retention (Fig. 3E).
In the control condition of Adaptation Alone the short step length was increased during training and retention
(Fig. 3C,E filled green bars), though to a lesser extent than in the Reinforcement with Pre-adaptation condition.
We then determined how many individuals responded by lengthening their short step in the different
conditions. These data are illustrated in the inset bar plots shown in Fig. 3. We dichotomized participants as
either lengthening’ their short step length during training (change >2 cm) compared with their baseline versus
no change (<2 cm). In the Reinforcement with pre-adaptation condition, 10 out of 15 participants lengthened
their short step, whereas only 5 of 15 did so in the Reinforcement Alone condition. In our Adaptation Alone
condition, 8 of 15 individuals increased their short step. These trends in this secondary analysis suggest that
learning conditions may have distinct effects on the way SLD is modulated by individual participants with stroke.
Hip and knee joint angles, particularly sagittal plane flexion and extension, influence foot placement and
therefore step lengths during walking. While our learning conditions targeted SLD rather than particular joint
kinematics, we were interested in exploring whether there were systematic changes in joint kinematics based on
condition. For instance, conditions that involved split-belt treadmill walking could have resulted in increased
hip range of motion of the short step due simply to the mechanics of that leg being placed on the fast treadmill
belt. Figure S2 shows data for hip and knee range of motion for short and long steps during each epoch for
all three learning conditions. We found that there were no systematic differences in hip or knee kinematics
(flexion, extension, range of motion) across epoch, during any of the three conditions (all p>0.0125). This
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Fig. 2. Step length difference results. Group mean time series for step length difference during over ground
walking in the (A) Reinforcement with pre-adaptation condition (purple), (B) Reinforcement Alone condition
(magenta), (C) Adaptation Alone condition (green). Time series data are smoothed by a running average of

3 steps; shaded areas around each line represent SE; gold bars indicate the point within the experiment where
subjects walked on the treadmill; horizontal dashed line is the group’s average over ground baseline step
length difference for that session; BL=over ground baseline; SLD = step length difference; symmetry =step
length difference of 0. D) Group average change in step length difference during early training (first 15 pairs
of steps of training), late training (last 15 pairs of steps of training), early retention (first 15 pairs of steps of
retention) and late retention (last 15 pairs of steps of retention) epochs. Data shown are means + SE. Asterisks
highlight epochs in which step length difference was significantly different (improved) compared with that
condition’s over ground baseline step length difference. E) Time series of treadmill walking portions of the
experiment for all conditions. Data are smoothed with a running average of 3 steps; shaded areas around each
line represent SE; BL},.q= treadmill baseline; Walking = treadmill walking; dashed lines indicate the mean
over ground baseline step length difference for each condition (Purple =Reinforcement with pre-adaptation;
Magenta=Reinforcement Alone; Green = Adaptation Alone).

finding suggests that participants modulated their step lengths within their existing range of motion by changing
the relative timing of kinematics between their legs, rather than by adjusting their joint ranges of motion.

Which baseline characteristics or training parameters influenced retention of an improved walking pattern?

We were primarily interested in determining if there were improvements in SLD during the early retention
epoch. We targeted this epoch for cross-condition comparisons because the protocol is identical among
conditions at this point in the experiment and because retention of improvements is a critical objective of gait
training protocols for people with stroke. We found that the amount of retention that resulted from any of the
conditions was not correlated with age, gender, time post-stroke, lower extremity Fugl-Meyer impairment score,
MoCA cognitive score, baseline SLD, walking speed, number of steps taken during training, nor the percentage
of steps reinforced during training (all p>0.05). The lack of correlation did not result from a truncated range of
scores (i.e. Fugl-Meyer range 19-33; MoCA range 20-30; walking speed range 0.41-1.18 m/s) which suggests
that the training protocol described in this study might be effective for a broad range of individuals with stroke.

Discussion
In this study, we investigated whether split-belt treadmill adaptation before binary reinforcement-based training
would improve step length asymmetry during over ground walking in people with stroke. As hypothesized,
we found that exposing participants to locomotor adaptation before initiating a reinforcement-based training
protocol (pre-adapting the reinforcement training) resulted in improvements in SLD that persisted into an
immediate retention period. Moreover, in Reinforcement with pre-adaptation and Adaptation Alone conditions,
improvements in SLD were primarily achieved by increasing the length of the short step. This was not the case
in the Reinforcement Alone condition. Thus, adapting before over ground reinforcement training helped people
with stroke produce a more typical gait pattern.

One of the first laboratory studies combining reinforcement with adaptation showed that this combination
could improve retention of motor after-effects during reaching within a robotic device?. That study of healthy
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Fig. 3. Change in long and short step lengths during: Training (top row) and Retention (bottom row) for each
condition. Conditions included Reinforcement with pre-adaptation condition (A, D), Reinforcement Alone
condition (B, E), and Adaptation Alone (C, F). Group data (purple, magenta, green bars) are the means +SE
of the change in step length. Individual data are shown in multi-colored inset plots; each color represents a
different participant. Unfilled bars: long step length; Filled bars: short step length; Values below zero indicate a
reduction of step length compared with baseline and values above zero indicate an increase in step length.

controls showed proof-of-principle that these mechanisms could be leveraged sequentially. More recent work in
reaching showed that people with stroke could also benefit from reinforcement of an adapted reaching pattern
within a robotic setting'>. Our study takes an important translational step by showing that serial exposure to
treadmill adaptation and reinforcement training can improve post-stroke gait in an unconstrained, over ground
environment. In other words, these effects are not specific to training on a treadmill.
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The walking pattern induced by the split-belt training prior to over ground walking is key—when verbally
instructed to take equal steps during the pretest session, people with stroke were not able produce the desired
outcome (Fig. S1). With reinforcement alone, most participants appear to use a compensatory strategy of
shortening their longer step. Treadmill adaptation deployed before over ground reinforcement allowed the
majority of participants to achieve symmetry by lengthening their shorter step, thus moving out of their normal
range of step size and promoting a more clinically desirable pattern.

An important feature of this work is that improvements in step length differences were observed during over
ground walking. There is accumulating evidence that people with stroke can improve many features of their
walking. But the majority of these reported improvements are achieved and measured on the treadmill>*?2,
The context in which improvements are observed is critical because, relative to over ground walking, treadmill
walking induces more predictable inter-stride time dynamics, constrains fluctuations in stride times, equalizes
stride lengths, and reduces vertical ground reaction forces®***. Aligned with these findings, we showed that
tied-belt treadmill walking (Reinforcement Alone condition) reduced SLD measured on the treadmill, but
improvements did not transfer to the over ground environment. This lack of transfer suggests that tied-belt
treadmill walking provided mechanical assistance rather than eliciting a transferrable learning phenomenon.

Our lab has previously found that people with stroke have the capacity to improve step length symmetry
during treadmill walking®®. Given this capacity, can people with stroke just voluntarily correct SLD during over
ground walking? Here, we found that participants were not able to significantly improve SLD during over ground
walking with voluntary correction. Instead, meaningful changes in SLD during over ground walking required
the ‘boost” of the adaptation after-effect to shift their steps near symmetry before they were able to generate
more equal length steps. The finding that voluntary correction alone is insufficient to address SLD has direct
clinical implications. In current clinical practice, teaching and learning relies heavily on explicit instructions for
voluntary correction and on feedback from the clinician®. Our results suggest that uncovering greater step length
symmetry with pre-adaptation before using reinforcement-based feedback to maintain these gains may be more
effective than delivering reinforcement-based feedback alone.

While the group level effects described here suggest that Reinforcement with pre-adaptation may be the
superior condition for addressing SLD, it is unlikely that a ‘one size fits all’ approach will lead to optimal outcomes
for gait rehabilitation. Adaptation alone can change the walking pattern and does not require participants to
attend to feedback. Accordingly, this strategy might be useful for some participants who have difficulty with
attention or cognition. However, in this group of participants, the amount of attention reported for reinforcement
signaling conditions was not statistically greater than for the Adaptation Alone condition (Table 2) and cognition
(MoCA score) was not correlated with performance under the Reinforcement Alone condition. The influence of
speech/language impairments on responsiveness to the different learning conditions is also unclear. In this study
we included two people with expressive aphasia, and one responded best to the Reinforcement Alone condition
and one responded best to the control condition of Adaptation Alone. Future work should include a sample
of participants with more varied cognitive and language status in order to determine if impaired cognition or
language represent barriers for reinforcement-based gait training.

We identified a few participants who responded to Reinforcement Alone, but these individuals could not be
predicted from the demographic or clinical information that we collected. In lieu of a demographic or clinical
predictor, it is possible that a protocol like this that includes brief exposures to training under different learning
conditions (e.g. reinforcement with pre-adaptation, reinforcement alone, adaptation alone) could serve as an
assay to assess responsiveness to different learning mechanisms. This information could be used to select the
optimal gait training protocols for each individual to improve walking outcomes in people with stroke or other
neurological conditions.

There are a few limitations to this work. The focus of this study was on leveraging two learning mechanisms
sequentially to improve a common gait deficit in people with stroke. We are not able to draw more general
conclusions about the use of these learning approaches in neurologically-intact individuals or people with
other neurological conditions, but evidence suggests that healthy people can change their walking pattern
in response to sensorimotor perturbations and various forms of feedback®~3. Another potential limitation
of this study is the sample size. Future work should expand upon this proof-of-principle study by testing the
hypotheses with a larger sample size. Specifically, future studies should be powered to detect whether there
are significant differences in early and late retention epochs between reinforcement with pre-adaptation and
adaptation alone conditions, thus clarifying the extent to which reinforcement learning and adaption learning
mechanisms were each engaged. Additionally, our methods involved providing binary reinforcement feedback
about task success (e.g. reward), rather than about task failure (e.g. punishment). We are unable to determine
if or how the directionality of feedback influences task performance and retention. There are several studies
in neurologically-intact individuals suggesting that reward leads to better learning and/or retention of upper
extremity motor tasks, relative to punishment or no feedback®>*°. In people with stroke, a study conducted by
Quattrocchi et al. found that providing reward or punishment during a reaching adaptation task led to similar
improvements in performance compared to a no-feedback group, but only the rewarded group showed better
retention'®. Finally, this study sought to engage reinforcement and adaptation-based learning mechanisms and
did not incorporate instructive-based learning mechanisms into the protocol. Future studies may investigate
whether pairing clinically plausible instruction with reinforcement-based training influences the retention of a
new movement pattern.

Summary/conclusions

Our results suggest that pre-adapting a reinforcement-based training protocol can lead to longer-lasting
improvements in step length difference during over ground walking in people with stroke. This proof-of-
principle study assessed performance during a single session of each condition. However, we expect the
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benefits of the Reinforcement with pre-adaptation condition to be compounded and more durable following
longer training periods. Future work should directly test this hypothesis. This work provides the preliminary
evidence that clinical training approaches incorporating serial delivery of adaptation and reinforcement learning
mechanisms might be more effective than standard instruction-based training for addressing complex motor
deficits in people with stroke.

Data availability
Data available upon reasonable written request to the corresponding author. Controlled access of data required
to protect participant privacy.
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