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Abstract

Background. Post-stroke care guidelines highlight continued rehabilitation as essential; however, many stroke survivors cannot
participate in outpatient rehabilitation. Technological advances in wearable sensing, treatment algorithms, and care delivery
interfaces have created new opportunities for high-efficacy rehabilitation interventions to be delivered autonomously in any
setting (ie, clinic, community, or home). Methods. Ve developed an autonomous rehabilitation system that combines the
closed-loop control of music with real-time gait analysis to fully automate patient-tailored walking rehabilitation. Specifically,
the mechanism-of-action of auditory-motor entrainment is applied to induce targeted changes in the post-stroke gait pattern
by way of targeted changes in music. Using speed-controlled biomechanical and physiological assessments, we evaluate in
10 individuals with chronic post-stroke hemiparesis the effects of a fully-automated gait training session on gait asymmetry
and the energetic cost of walking. Results. Post-treatment reductions in step time (A: =12 *=26%, P=.027), stance time (A:
—22 * 10%, P=.004), and swing time (A: =15 = 10%, P=.006) asymmetries were observed together with a 9 = 5% reduction
(P=.027) in the energetic cost of walking. Changes in the energetic cost of walking were highly dependent on the degree of
baseline energetic impairment (r=-.90, P<<.001). Among the 7 individuals with a baseline energetic cost of walking larger
than the normative value of healthy older adults, a 13 * 4% reduction was observed after training. Conclusions. The closed-
loop control of music can fully automate walking rehabilitation that markedly improves walking after stroke. Autonomous
rehabilitation delivery systems that can safely provide high-efficacy rehabilitation in any setting have the potential to alleviate
access-related care gaps and improve long-term outcomes after stroke.
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input from foot sensors as the participant walks. More spe-
cifically, the autonomous rehabilitation system integrates
real-time gait sensing with music-based treatment algo-
rithms to enable the application of auditory-motor entrain-
ment for enhancing post-stroke walking.'?

Introduction

Post-stroke neuromotor deficits result in gait asymmetries and
an increased energetic cost of walking.! Such deficits in
walking quality often persist beyond standard rehabilitation
efforts and result in reduced physical activity.*> Care guide-
lines highlight continued rehabilitation as essential to improve
mobility and function and mitigate costly future morbidities®;
however, most stroke survivors do not participate in outpa-
tient rehabilitation, in part due to limited access to skilled care

'Department of Physical Therapy, College of Health and Rehabilitation
Sciences, Sargent College, Boston University, Boston, MA, USA

and disparities in transportation availability and time.”
Technological developments in high fidelity wearable
sensing, automated treatment algorithms, and novel care
delivery interfaces® have created new opportunities for
high-efficacy interventions to be delivered autonomously in
any setting (ie, clinic, home, or community). We present the
closed-loop control of music (Figure 1) as a novel approach
to leveraging such advancements to autonomously provide
highly salient and targeted, patient-tailored. Here, “closed-
loop” refers to the autonomous control of music, driven by
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Figure 1.

Patient-tailored walking rehabilitation fully automated via the closed-loop control of music. Real-time gait

sensing and assessment enable music modulation algorithms to apply the mechanism-of-action of auditory-motor entrainment to fully
automate patient-tailored walking rehabilitation after stroke. Continuous gait assessments individualize the rehabilitation to the user’s

baseline walking abilities and facilitate safe progression.

Plainly, auditory-motor entrainment is why people can effort-
lessly synchronize their movements (ie, entrain) to the beat of an
external thythm.!"!5 Indeed, auditory-motor neural circuits
cause rhythmic motor output to be attracted to, and eventually
lock on to, the frequency of an external rhythmic auditory sig-
nal.'*!' Our autonomous rehabilitation system applies the neu-
robiological process of auditory-motor entrainment to induce
targeted and personalized changes in the post-stroke gait pattern.
More specifically, the rhythm of music is purposefully modu-
lated based on continuous, real-time gait assessments, resulting
in gait training autonomously tailored to each user’s gait.

The profound effect that rhythmic auditory stimuli have on
neuromotor control'>!'>223 has led to development and study
of numerous clinical interventions centered on auditory-motor
entrainment. The efficacy of these interventions has been
extensively studied in people post-stroke, with their ability to
improve walking well-established,?*3¢ resulting in their rec-
ommendation®” and inclusion®® in published clinical practice
guidelines. However, as with any skilled intervention, clinical
benefits can only be realized if the intervention is readily
accessible. The objective of this foundational study is to deter-
mine if gait training autonomously delivered by way of the
closed-loop control of music has potential to improve walking
quality after stroke, as measured by improvements in the ener-
getic cost of walking and gait asymmetry.

Methods

Overview

In brief, 10 individuals with chronic post-stroke hemiparesis
(Table 1) completed 1 session of overground gait training

fully automated by an autonomous rehabilitation system
centered on the closed-loop control of music (see
Supplemental Movie S1). Sessions were approximately
3 hours long with pre- and post-evaluations occurring imme-
diately before and after the 30-minute overground training.
These evaluations consisted of 4-minutes of quiet sitting to
identify baseline oxygen consumption, overground walks to
measure speed, and 3-minute speed-controlled treadmill tri-
als to quantify biomechanical and physiological changes in
walking quality (Figure 2). Participants used their usual
device during all walking activities.

We expected that the autonomously-delivered gait inter-
vention would induce improvements in both gait asymmetry
and the energetic cost of walking. Gait asymmetry was quan-
tified using inter-limb measurements of the spatiotemporal
determinants of walking speed (ie, stance, swing, and step
times, as well as step lengths). The energetic cost of walking
was quantified using mass and speed-normalized oxygen
consumption (ie, ml O,/kg/m), with each study participant’s
energetic impairment measured as the difference between
their energetic cost of walking and the average normative
value for older adults (ie, 0.168 ml O,/kg/m).* For both the
walking asymmetry and energetic impairment outcomes, val-
ues greater than zero represent a deviation from normal.
Reductions in these metrics indicate more symmetrical and
more economical walking, with a reduction to zero suggest-
ing a full restoration of walking quality.

Study Participants

Eligible study participants were between 18 and 80 years
old, greater than 6 months post-stroke, and able to walk
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Table I. Participant Baseline Characteristics.
Energy Spatiotemporal asymmetry
Time  Functional cost of
since gait Walking walking Cadence

Side of Age stroke assessment Usual speed (mlO,/ Step Stance Swing Step  (steps/
ID paresis  Sex (y) (y) (out of 30) device (m/s)  kg/m) time time time  length  min)
I Left M 46.5 12.6 20 None  1.43 0.24 0.15 0.04 0.08 0.04 121.9
2 Right M 36.8 7.4 19 AFO 096 0.18 0.11 0.03 0.06 0.09 96.8
3 Right M 55.5 3.1 12 AFO  0.64 0.24 0.03 0.05 0.12 0.02 80.2
4 Right M 66.8 21.5 13 None  0.60 0.36 0.14 0.03 0.08 0.1 87.4
5 Right F 57.0 9.6 24 None  1.00 0.20 0.17 0.02 0.04 0.11 105.5
6 Left M 66.5 9.2 15 AFO 045 0.34 0.07 0.05 0.10 0.01 76.5
7 Left M 77.2 7.1 18 Bioness  1.03 0.22 0.01 0.01 0.02 0.02 105.3
8 Right M 35.0 5.2 28 None  1.30 0.18 0.10 0.04 0.08 0.02 109.6
9 Left F 63.4 7.6 27 None  1.37 0.16 0.05 0.02 0.04 0.01 6.1
10 Right F 64.0 74 — AFO 043 0.45 0.08 0.02 0.05 0.06 67.7

and
SBQC

Med — — 60.2 7.50 19 — 0.98 0.23 0.09 0.03 0.07 0.03 101.0
Semi-IQR  — — 8.6 1.16 4.50 — 0.31 0.07 0.04 0.01 0.02 0.03 133

Abbreviations: Med, median; y, year; m/s, meters/second; M, male; F, female; AFO, ankle-foot orthosis; SBQC, small base quad cane; IQR, interquartile

range.
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Figure 2. Experimental procedures overview. Study participants completed 30 minutes of overground gait training automated
via the closed-loop control of music, as described in Figure |. Speed-controlled biomechanical and physiological evaluations were
conducted immediately before and after the training to characterize changes in walking quality, as measured by the energetic cost of

walking and gait asymmetry.

*Walking speed was experimentally controlled across the pre-training and post-training evaluations.

independently with or without an assistive device. Exclusion
criteria included severe aphasia impairing communication
(score >1 on NIHSS question 1b and >0 on question 1c¢),
pain that impaired walking, neglect, hemianopia, unex-
plained dizziness in the previous 6 months, resting heart rate
outside of the range of 50 to 100bpm, and resting blood
pressure outside of the range of 90/60 to 200/110 mmHg.
The study was approved by the Boston University

Institutional Review Board. All study participants provided
written informed consent.

Automated Gait Rehabilitation Delivered Via the
Closed-Loop Control of Music

The safe and efficacious delivery of gait rehabilitation
based on auditory-motor entrainment has historically
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required in-clinic care by therapists with advanced training
in adapting standard treatment protocols to meet the needs
of individual patients. Applying the principles of auditory-
motor entrainment requires that the rhythmic stimuli be
individualized and progressed according to an initial assess-
ment of the patient’s baseline walking ability and continu-
ous assessments of their ability to safely entrain to
progressively more challenging rhythmic stimuli. Moreover,
different parameters of the rhythmic stimuli—from the
tempo and salience of the auditory cues to the familiarity of
the music—are modified by the clinician to enhance entrain-
ment and maximize treatment outcomes.***! Our autono-
mous rehabilitation system combines real-time gait sensing
with adaptive music algorithms to fully automate gait train-
ing that is individualized to the immediate and evolving
needs of each patient and can be delivered without direct
input from a clinician.

Study participants completed one 30-minute overground
gait rehabilitation session fully automated by the closed-
loop control of music. Music during the session was deliv-
ered via bone conduction headphones (AfterShokz
AS4510B Sportz Titanium Open Ear Wired, Austin, TX,
USA) and was the same for all users. Songs were screened
for consistent beat saliency and rhythmic stability, and the
playlist spanned various tempos and musical genres. Gait
data were collected by wireless inertial sensors (3D gyro-
scope, 2000°/second) clipped to each shoe. The automated
treatment algorithms were run on a locked mobile device
pre-loaded with the music (Figure 1, left).*?

More specifically, the system’s inertial sensors enable
the real-time assessment of the user’s walking cadence
(ie, steps per minute, or spm) and the prescribed tempo
of the music (ie, beats per minute, or bpm), and thus the
step-to-beat period alignment. These data are used as
inputs in algorithms that modulate features of the
music—that is, its tempo and beat salience (Figure 1,
right). Within the algorithms, each stride is assigned an
entrainment precision score, as previously described.*
When a user has successfully entrained, the tempo of the
song is automatically increased. When a user fails to
entrain, the volume of the music and a synchronized
metronome are adjusted to support enhanced audibility
of the beat. More specifically, the algorithm automati-
cally cycles through different levels of metronome audi-
bility based on what the user needs to restore entrainment.
When the user begins to entrain again, the algorithm
returns to a music-only experience. Because this feature
of the algorithm is triggered only when the user fails to
entrain, the duration of metronome enhancement varies
across participants and sessions. The goal of these auto-
mated changes is to induce auditory-motor entrainment
to progressively faster tempos, and thus facilitate faster
and more symmetrical stepping (see Supplemental
Movie S1).

Data Collection

Study participants completed speed-controlled, 3-minute
evaluation trials on the treadmill immediately before and
after the automated gait training. To isolate training-induced
changes in gait asymmetry and the energetic cost of walk-
ing from training-induced changes in walking speed, the
same treadmill speed was used for both the pre-training and
post-training evaluation trials. This speed was set to each
study participant’s comfortable walking speed measured
during a 10-meter Walk Test prior to the training. A fall-
prevention harness and heart rate monitor were worn during
all walking activities as a safety precaution, and blood pres-
sure was measured at baseline and monitored throughout
the visit. Handrail use during treadmill walking was
matched across pre- and post-training evaluation trials. Gait
asymmetry and oxygen consumption data were collected
concurrently during the evaluation trials (Figure 2).

Data Processing

Primary and Exploratory Gait Kinematics. Kinematic data
were collected during the treadmill evaluation trials using
an 18-camera motion analysis system (Qualisys, Goteborg,
Sweden) at 200 Hz, except for 3 individuals whose data
were collected at 100Hz due to technical difficulties; col-
lection frequencies were consistent within a participant.
Marker data were low-pass filtered at 10 Hz with a fourth
order Butterworth filter** using commercial biomechanics
software (Visual3D, C-Motion, Inc. Germantown, MD,
USA). Heelstrike and toe-off gait events were identified
using markers placed on the heel and fifth metatarsal,
respectively, and a velocity-based algorithm as described
by Zeni et al.** In brief, heelstrike was identified when the
velocity of the heel marker in the anterior-posterior direc-
tion transitioned from negative to positive, and toe-off was
identified when the velocity of the fifth metatarsal marker
transitioned from negative to positive in the anterior-poste-
rior direction. Heelstrike and toe-off gait events were used
to segment the walking data and compute pre- and post-
training step length, step time, stance time, swing time, and
cadence using custom Visual3D scripts.*’ These parameters
were calculated as the average of 20 steps that were time-
matched to the oxygen consumption data.

For our primary analyses, asymmetries for step length,
step time, stance time, and swing time were calculated
using the following equation, such that a value of 0 denotes
perfect symmetry across limbs*6-43:

| Nonparetic Limb — Paretic Limb |

Asymmetry Ratio = —— —
Nonparetic Limb + Paretic Limb

A reduction in the asymmetry ratio indicates an improve-
ment in gait symmetry.
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To complete an exploratory post-hoc analysis of changes
in gait variability, standard deviation and the coefficient of
variation (ie, standard deviation/mean) were calculated for
step length, step time, stance time, and swing time.

Energetic Cost of Walking. Oxygen consumption (VO,) data
were collected on a breath-by-breath basis (Cosmed© KS5,
Rome, Italy) during each of the treadmill evaluation trials,
as well as the 4 minutes of quiet sitting that preceded each
trial. The steadiest 30-second window of VO, data (based
on standard deviation) from the final 90seconds of each
treadmill evaluation trial was selected for analysis. To
ensure steady-state had been reached, the standard devia-
tion of the data in the 30-second window had to be =2.0ml
O,/kg/minutes.* VO, .+ was calculated by subtracting the
average VO, from the last 2minutes of quiet sitting (ie, VO,
rest) from the average VO, of the selected 30-second
steady-state window. VO, \zr Was used in all analyses and
normalized® by body weight (kg) and walking speed (m/
minutes) to yield the energetic cost of walking, expressed as
the net VO, per meter walked (ml O,/kg/m).

Energetic Impairment. Because biological walking will
always incur a metabolic cost, we consider reducing the
energetic cost of walking to within the range of what is seen
in healthy older adults as the target for intervention. To
quantify each participant’s energetic impairment we com-
puted the difference between their energetic cost of walking
and the average value measured in healthy older adults
(0.168 ml O,/kg/minutes, 95% confidence interval [0.156,
0.1801*). An energetic impairment value of 0 indicates an
energetic cost of walking equivalent to that of the average
older adult.

Using their pre-training energetic impairment data, study
participants were separated into 2 subgroups: those with
and those without an energetic impairment. Individuals
whose energetic cost of walking prior to training was within
the 95% confidence interval of healthy older adults were
classified as without an energetic impairment. In contrast,
individuals whose energetic cost of walking was above the
upper bound of the 95% confidence interval were classified
as with an energetic impairment.

Statistical Analyses

Analyses were conducted using RStudio Version 1.3.1056.
Data are presented as median * semi-interquartile range,
unless indicated. Alpha was set at 0.05.

Wilcoxon Signed-Rank Tests were used to evaluate dif-
ferences between pre- and post-training measurements of
gait asymmetry, gait variability, and the energetic cost of
walking. Custom processing scripts (MATLAB, Mathworks,
Natick, MA) were used to compute the change

(posttraining — pretraining) and percent change

(IOOxchange/ pretraining) metrics. We report the percent
change (%A), test statistic (W), P-value (P), and effect size
r, where 0.10 to <0.3 is a small effect, 0.30 to 0.5 is a mod-
erate effect and >0.5 is a large effect.

Spearman’s rank-order correlations were used to explore
the relationship between (1) the percent change in each
measure of gait asymmetry and baseline gait parameters,
(2) the percent change in the energetic cost of walking and
comfortable walking speed measured at baseline, and (3)
the percent change in the energetic cost of walking and the
energetic cost of walking measured at baseline. Energetic
impairment subgroup analyses were also conducted to com-
pare the post-training percent change in the energetic cost
of walking between participants with and without a baseline
impairment.

Results

Participant Baseline Characteristics

Study participants were 60.2 =8.6years old and
7.5 = 1.2 years post-stroke. A wide range of gait impairment
was observed, with a median energetic impairment of
0.06ml O,/kg/m (range: —0.01 to 0.29ml O,/kg/m) above
the normative value of 0.168ml O,/kg/m and interlimb
asymmetry ratios from 0.01 to 0.17 across the spatiotempo-
ral parameters (see Table 1).

Automated Training Via the Closed-Loop Control
of Music Results in More Symmetric Walking

Study participants had a median baseline step time asym-
metry of 0.09 = 0.04, stance time asymmetry of 0.03 = 0.01,
swing time asymmetry of 0.07 = 0.02, step length asymme-
try of 0.03 = 0.03, and cadence of 101.04 = 13.3 steps per
minute. At the group-level, significant large reductions in
step time asymmetry (%A: 12.4 £25.7%, W=6, P=.027,
effect size r=.693), stance time asymmetry (%A:
21.829.7%, W=1, P=.004, cffect size r=.854), and swing
time asymmetry (%A: 15.4 =10.3%, W=2, P=.006, effect
size r=.822) were observed following training
(Figure 3A-C). There were no observed significant changes
in step length asymmetry (A: 22.4% * 19.8%, W=42,
P=.16, cffect size r=.467) and cadence (A: 0.4+ 1.1%,
W=22, P=.625, effect size »=.177), nor in any of the indi-
vidual limb spatiotemporal metrics (P>.05). There were
also no observed significant changes in gait variability
(P>.05). Changes in gait asymmetry were not related to
study participants’ baseline characteristics (P> .05). At the
individual-level, 9 out of 10 study participants improved in
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Figure 3. Automated training via the closed-loop control of music results in more symmetric and economical
walking. Gait rehabilitation fully automated by the closed-loop control of music significantly improves the walking quality of people
post-stroke, measured as a reduction in gait asymmetry (A-C) and the energetic cost of walking (D). Gait asymmetry is calculated for
step, stance, and swing times as the ratio of the difference between limbs divided by the sum of both limbs, with “0” indicative of no
asymmetry. Energetic impairment is calculated as the difference from the normative energetic cost of walking of healthy older adults
(ie, 0.168 ml/kg/m), with “0” indicative of no energetic impairment. (E) Changes in energetic impairment after training were highly
related to baseline energetic impairment. All individuals with a baseline energetic impairment (green) reduced their energetic cost of
walking after training. In contrast, individuals without an energetic cost impairment (purple) modestly increased their energetic cost of
walking after training. Group and individual subject data are shown.

Note. All group data are reported as medians = sIQR.

step, stance, and swing time asymmetries, 3 improved step
length asymmetry, and 4 improved cadence. For each tem-
poral asymmetry metric, the 1 study participant who did not
improve differed: Participant 4 did not improve step time
asymmetry and Participant 10 did not improve their stance
or swing time asymmetries.

Automated Training Via the Closed-Loop Control
of Music Results in Better Walking Economy
Study participants had a baseline energetic cost of walking

of 0.229*0.07ml O,kg/m that was reduced to
0.196 £0.05ml O,/kg/m (P=.027) after the automated gait

training. Compared to the normative value of healthy older
adults (ie, 0.168ml O,/kg/m*’) study participants had a
median pre-training energetic impairment of 0.061ml O,/
kg/m (see Methods: Data Processing: FEnergetic
Impairment) that reduced to only 0.028ml O,/kg/m after
training, indicating a substantial 42 = 18% median reduc-
tion in energetic impairment (Figure 3D).

At the individual-level, 8 of the 10 study participants
reduced their energetic impairment after training, with the
magnitude of the change highly dependent on the degree of
baseline impairment (p=—190, P <.001; Figure 3E). All 7
of the 10 study participants with a baseline energetic
impairment reduced their energetic impairment after
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training (Figure 3E, green). In contrast, 2 of the remaining
3 study participants modestly increased their energetic
impairment after training (Figure 3E, purple). Examination
of these energetic impairment subgroups in terms of
changes in their energetic cost of walking reveals a median
13.4 £3.5% reduction in the 7 with a baseline energetic
impairment, and a median 6.2 = 4.3 % increase in the 3
without a baseline energetic impairment (Figure 3E,
subpanel).

Discussion

Here we show that the closed-loop control of music can
fully automate gait rehabilitation that improves the quality
of post-stroke walking. Our findings add to the emerging
field of closed-loop music interventions for movement
retraining.*>3%! Consistent with our hypotheses, the auton-
omously delivered gait rehabilitation improved the step
time, stance time, and swing time gait asymmetries, and the
energetic cost of walking of nearly all study participants.
Inconsistent with our hypotheses, spatial asymmetries and
cadence did not improve.

Automated Training Via the Closed-Loop Control
of Music Results in More Symmetric Walking

The rhythmic beat produced by the closed-loop control of
music provides a stable cue for the duration of each walking
cycle that is personalized to the walking abilities of each
user.*! The neural processes governing auditory-motor
entrainment allow these rhythmic cues to effectively induce
changes in the temporal control of walking. Indeed, we
observed post-training improvements in step time, stance
time, and swing time asymmetries in 9 out of 10 study par-
ticipants. Importantly, across these individuals, more sym-
metric walking was not the result of systematic changes in
either paretic or non-paretic limb control, rather in improve-
ments in their interlimb coordination. These findings show
that fully automated gait training facilitated by the closed-
loop control of music produces improvements in the tempo-
ral control of walking, as measured by treadmill evaluations
conducted immediately after training and without the rhyth-
mic auditory stimulus. These findings are consistent with
prior studies of manually-delivered, entrainment-based gait
training, 2528303335

Automated Training Via the Closed-Loop Control
of Music Results in Better Walking Economy

Our finding of a substantial reduction in the energetic
cost of walking following gait rehabilitation auto-
mated by the closed-loop control of music is a major
contribution to the existing body of literature on

entrainment-based gait rehabilitation 2430323436 Tt g

well established that stroke survivors expend more
energy to walk than healthy individuals.’® Because a
high energetic cost of walking is associated with
reduced community walking activity and worsened
long-term health outcomes,” the development of gait
interventions that can reduce the energetic cost of
walking is a high priority. Taking the findings of this
study together with the existing evidence on auditory-
motor entrainment, we conclude that gait training
automated by the closed-loop control of music has the
potential to be an effective intervention for improving
walking economy after stroke, warranting further clin-
ical investigation into the effects of long-term training
on retention of these benefits.

Walking Quality Improvements in Context

Autonomous gait rehabilitation systems like the music-
based system presented in this paper have the potential to
improve the reach and accessibility of skilled gait interven-
tions beyond specialized clinical centers and reduce care
gaps that hinder long-term outcomes in the millions of
people with chronic mobility impairments. Indeed, the
magnitude of walking quality improvements observed in
this study are comparable with other rehabilitation para-
digms including wearable robotics, functional electrical
stimulation, and treadmill training. Improvements follow-
ing these rehabilitation approaches range from 0% to 50%
reduction in temporal asymmetries*”**>® and 0% to 32%
reduction in the energetic cost of walking.>*%3 Our study is
especially notable given that we report changes resulting
from a single session of training, whereas most other inter-
vention studies report improvements after several days or
weeks of training. Though additional training visits are
likely required to facilitate the durable behavioral changes
desired of rehabilitation interventions, interventions that
facilitate substantial walking improvements after a single
training visit have great potential to increase the likelihood
of behavioral change by catalyzing a positive cycle of
improvements in self-efficacy, activity, and habit
formation.®

The walking quality improvements observed in this
study build on our recent work showing that the autono-
mously delivered gait rehabilitation has the potential to be
safe, enjoyable, and meaningfully improve the overground
walking speed of people with post-stroke hemiparesis.*?
Because post-stroke gait interventions are thought to com-
monly increase walking speed through compensatory
strategies linked to a highly inefficient and unstable walk-
ing pattern,® the substantial, speed-independent improve-
ments in walking quality observed in this study highlight
the potential therapeutic value of this autonomous neuro-
rehabilitation technology.
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Reducing the Energetic Cost of Walking: The
Moderating Role of Baseline Impairment

To the best of our knowledge, this study is the first to show
a reduction in the energetic cost of walking following gait
training centered on auditory-motor entrainment. The pres-
ence of a baseline energetic impairment played an impor-
tant role in determining the magnitude and direction of
energetic changes following training. Though we hypothe-
sized a reduction in the energetic cost of walking, it was not
clear if this would be universal. Indeed, it is often suggested
that the asymmetric walking patterns of individuals post-
stroke may be their most economical walking patterns.®¢-68
In partial support of this hypothesis, we found a subset of
individuals who walked more symmetrically after training
but not more economically, with 2 of these individuals
modestly increasing their energetic cost of walking.
However, it is important to note that these 3 individuals did
not present with an energetic impairment prior to training
(see Table 1).

It is widely believed that human locomotion can be so
well-tuned that a “barrier of energy cost” exists such that
any changes in the walking pattern would increase energy
expenditure.®’ Like the “normal barrier of energy cost” pos-
ited to exist in healthy individuals, despite their walking
deficits, an energy cost barrier may exist for individuals
post-stroke who have a more typical energetic cost of walk-
ing. That is to say, biological walking will always incur an
energetic cost, and some post-stroke gait patterns may be
just as economical as the bipedal gait pattern of individuals
without neuromotor deficits. Though the findings of this
study suggest that an energy cost barrier may exist for the
small subset of people post-stroke with near normal energy
expenditure during walking, individuals with a substantial
baseline energetic impairment—which may be attributable
to some combination of a slow walking speed and asym-
metric power generation across limbs**%%7"—do appear to
benefit substantially from the gait training automated by the
closed-loop control of music (Figure 3E, Green).

Methodological Considerations

It is important to note that we experimentally controlled
walking speed across the study’s pre- and post-training
treadmill evaluations. Our decision to match speeds across
evaluation timepoints enabled the analysis of changes in
post-stroke gait asymmetry and the energetic cost of walk-
ing without the confound of changes in walking speed—
which is known to be a major determinant of these
biomechanical and physiological variables. When coupled
with the serendipitous absence of a change in walking
cadence, our results indicate that the observed improve-
ments in gait symmetry and the energetic cost of walking
should not be attributed to changes in speed or cadence,

rather are likely fundamental changes in walking quality
likely arising from changes in the neural control of walking.
Indeed, recent work suggests the presence of music-induced
neuromodulation of spinal reflexes.”!

Though warranted given our research question, the
experimental control of walking speed across timepoints
likely explains why we did not observe improvements in
walking cadence, individual limb step lengths, or step
length symmetry following training. Indeed, the speed-con-
trolled biomechanical assessment used in our study is a
major methodological difference from prior studies that
showed improvements in stride length?*27-2%3234 and cade
nce?>28323335 after entrainment-based gait training; these
other studies conducted evaluations overground and
allowed study participants to walk at their new self-selected
speeds after training.

Limitations

Though the training was conducted overground, evaluations
were conducted on the treadmill. Speed-controlled treadmill
trials were used to isolate changes in the primary outcomes
of gait quality from the accompanying changes in walking
speed reported in prior work*?; however, there are known
differences between treadmill and overground walking pat-
terns’>73 that may have affected the findings of the study.
Indeed, the treadmill evaluations may have been unable to
detect actual gait changes induced by the overground gait
training. For example, surprisingly, we failed to detect an
effect of the gait training on measures of gait variability;
however, actual effects may have been masked by the tread-
mill’s known effects on gait variability.”*”> Additionally,
though we observed improvements in both gait asymmetry
and the energetic cost of walking, examining the direct rela-
tionship between these outcomes was beyond the scope of
this study and should be evaluated in future studies with a
larger sample size. Likewise, future work is necessary to
evaluate the effects of the intervention on other important
metrics, like balance during walking, to provide a more
complete understanding of the effects on post-stroke gait.
Moreover, participants were not screened for amusia or
anhedonia which may impact an individual’s response to
gait training automated by the closed-loop control of music.

The potential effects of a larger treatment dose—that is,
a longer treatment session or multiple treatment sessions—
on the gait asymmetry and energetic outcomes is not known,
warranting follow-on studies with longer treatment periods.
Although this novel gait rehabilitation delivery system is
meant for unsupervised use in the community and home,
the gait training provided in this study, though fully auto-
mated by the technology, was performed in a supervised
laboratory environment. More work is necessary to under-
stand the feasibility of unsupervised gait training in the
community or home.
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Although this study achieved the objective of determin-
ing if the closed-loop control of music can autonomously
deliver gait training that meaningfully improves walking
after stroke, determining the specific treatment factors
contributing to the observed improvements requires a con-
trol group—which was not included in this translational
study of the closed-loop music technology. The largely
homogenous positive response in several gait quality met-
rics that are often targeted by post-stroke walking thera-
pies, but are difficult to modify, demonstrates the
technology’s rehabilitative promise and supports progres-
sion to a randomized controlled trial that can evaluate
clinical efficacy.
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