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Abstract.
Background: Reduced motor automaticity in Parkinson’s disease (PD) negatively impacts the quality, intensity, and amount
of daily walking. Rhythmic auditory stimulation (RAS), a clinical intervention shown to improve walking outcomes, has
been limited by barriers associated with the need for ongoing clinician input.
Objective: To assess the feasibility, proof-of-concept, and preliminary clinical outcomes associated with delivering an
autonomous music-based digital walking intervention based on RAS principles to persons with PD in a naturalistic setting.
Methods: Twenty-three persons with PD used the digital intervention independently for four weeks to complete five weekly
30-minute sessions of unsupervised, overground walking with music-based cues. The intervention progressed autonomously
according to real-time gait sensing. Feasibility of independent use was assessed by examining participant adherence, safety,
and experience. Intervention proof-of-concept was assessed by examining spatiotemporal metrics of gait quality, daily min-
utes of moderate intensity walking, and daily steps. Preliminary clinical outcomes were assessed following intervention
completion.
Results: Participants completed 86.4% of sessions and 131.1% of the prescribed session duration. No adverse events were
reported. Gait speed, stride length, and cadence increased within sessions, and gait variability decreased (p < 0.05). Compared
to baseline, increased daily moderate intensity walking (mean � = +21.44 minutes) and steps (mean � = +3,484 steps)
occurred on designated intervention days (p < 0.05). Quality of life, disease severity, walking endurance, and functional
mobility were improved after four weeks (p < 0.05).
Conclusions: Study findings supported the feasibility and potential clinical utility of delivering an autonomous digital walking
intervention to persons with PD in a naturalistic setting.
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INTRODUCTION

Parkinson’s disease (PD) gradually disables walk-
ing across multiple levels of human functioning.
Dopamine loss in the basal ganglia disrupts motor
automaticity, rhythmicity, and drive, [1, 2] subse-
quently manifesting as slower (bradykinetic) walking
speed, reduced (hypokinetic) step length, and poorer
walking economy [3–5]. Declines in daily minutes of
moderate intensity walking and steps appear early in
the disease process [6–9] and initiate a cycle of dis-
ability that can perpetuate a loss of independence with
daily activities [10] and increased fall risk [11, 12].
Consequently, improving walking is a top priority for
enhancing quality of life in persons with PD [13] and
an important focus of contemporary research [14].

Rhythmic auditory stimulation (RAS) is a reha-
bilitation intervention that capitalizes on the human
capacity to extract rhythm and synchronize move-
ments to a beat (i.e., auditory motor entrainment)
[15]. Entrainment generates an anticipatory time
sequence that minimizes energy expenditure, assists
in the normalization of gait patterns, and increases the
capacity to maintain a steady and more stable walking
rhythm [15–20]. Despite impaired motor automatic-
ity, persons with PD maintain the ability to entrain
walking cadence to rhythmic auditory cues by recruit-
ing cerebello-thalamo-cortical motor pathways [21,
22], suggestive of an available bypass mechanism for
improving walking ability. When used as a therapeu-
tic intervention for persons with PD, RAS promotes
increased stride length, improved muscle activa-
tion timing, and reduced step variability, resulting
in improved gait rhythmicity and increased walk-
ing speeds [17, 18, 23–25]. These benefits may be
advantageous for efforts to routinely walk at higher
intensities, which may have disease modifying effects
[26, 27], and thereby slow the progression of disabil-
ity by preserving or improving walking capacity [6,
28–30].

While clinical studies support RAS-based inter-
vention in PD [25, 31–34], its widespread deployment
has been limited due to practical barriers associ-
ated with in-person clinical care (e.g., access to
rehabilitation services, transportation, availability of
clinician expertise, scheduling) [35, 36]. Perhaps
more importantly, its primary dosing requirement
(i.e., the frequent modulation of tempo based on
user response) is difficult to meet when patients
are seen intermittently in an outpatient setting. To
address these limitations, an autonomous, music-
based digital walking intervention based on RAS

principles (MR-005, MedRhythms Inc., Portland,
ME, USA) is being developed to be used indepen-
dently in naturalistic settings by persons with PD.
Unlike RAS protocols that require frequent clini-
cian input to personalize and modulate stimulation
tempo, the intervention utilizes a closed loop pro-
tocol that autonomously detects each user’s unique
gait characteristics in real-time, adjusts auditory cues
accordingly, and progresses to different phases of
tempo without additional user or clinician input. With
its portability and potentially widespread future avail-
ability, the intervention offers a promising, scalable
approach for overcoming barriers associated with in-
person care.

The aims of this exploratory study were 1) to
investigate the feasibility of delivering the MR-005
walking intervention for four weeks in an unsuper-
vised, naturalistic setting to persons with PD, and 2)
to examine its proof-of-concept as an intervention
for impacting gait quality (spatiotemporal character-
istics), daily minutes of moderate intensity walking,
and daily steps. In addition, we examined preliminary
changes in disease severity, quality of life, and walk-
ing capacity after four-weeks of intervention use.

MATERIALS AND METHODS

Study design

The study was designed as a single-group pilot
clinical trial involving participants recruited through
clinical centers at Boston University (BU) and Johns
Hopkins University (JHU). All study procedures
were approved by BU and JHU Institutional Review
Boards. Written informed consent, eligibility screen-
ing, baseline data collection, issuing of an activity
monitor, and walking intervention training occurred
during an initial in-person clinic visit with a member
of the research team (Fig. 1A). Participants sub-
sequently used the intervention independently for
four weeks of unsupervised overground walking ses-
sions conducted in a community environment of their
choosing. Following intervention completion, par-
ticipants returned for a final, in-person assessment
of preliminary clinical outcomes. The study flow is
depicted in Fig. 1B.

Participants

Study inclusion criteria included a diagnosis of
idiopathic PD according to UK Brain Bank Crite-
ria [37], mild to moderate PD severity (H&Y stages
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Fig. 1. A) The MR-005 system included a touchscreen device preloaded with music, bone conduction heaphones, and shoe-mounted
movement sensors. The baseline visit included instruction on device operation. B) Study flow. C) Exemplar entrainment graph displaying a
participant’s cadence relative to music tempo.

1–3), and the ability to walk independently with-
out physical assistance. Exclusion criteria included
the presence of moderately or significantly disturb-
ing freezing of gait episodes during daily walking,
cognitive impairment (i.e., MoCA [Montreal Cog-
nitive Assessment] score <24), the inability to walk
at a comfortable speed ≥0.4 m/s, the inability to
independently use the MR-005 walking intervention,
self-reported significant hearing impairment, current
participation in physical therapy, or the presence of
cardiac or orthopedic conditions that limited the abil-
ity to safely walk in the community.

Walking intervention

The MR-005 system included a proprietary soft-
ware mobile application loaded onto a locked
touchscreen device utilizing an Android operat-
ing system, two foot sensors that measure gait in
three dimensions, a headset, and charging equip-
ment (Fig. 1). The system was designed to be
easy for participants to use without supervision and
only required interaction with the touchscreen while
walking to adjust the music volume, or to pause,
resume, and end a session early. Touchscreen inter-
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action was not required to set or modulate rhythmic
cues.

The MR-005 system leveraged auditory motor
entrainment to deliver an intervention based on the
principles of RAS. In general, the software trained
participants to produce a symmetrical gait pattern
with minimal temporal variability. A typical walking
session began with a brief period of system cali-
bration, during which a participant was prompted
by the system to walk at a comfortable pace with-
out rhythmic cues while foot sensors collected gait
data from approximately 20 strides. Once calibra-
tion was complete, music was initiated at a tempo
corresponding to the participant’s natural cadence.
Throughout the remainder of the session, the software
algorithm continuously examined gait from sensor
input and progressively adapted music tempo and
rhythmic prominence features based on two com-
ponents. The first component assessed participant
auditory motor entrainment based on the alignment of
walking cadence to music tempo. Although designed
to promote entrainment, the algorithm also accom-
modated for periodic states outside of entrainment
which may naturally occur (e.g., during tempo pro-
gressions). The second component monitored gait
symmetry and step-to-step temporal variability to
enhance safe walking characteristics. See Fig. 1C
for a representative example of entrainment periods
based on a participant’s cadence relative to the music
tempo.

Participants were instructed to engage in five, 30-
minute overground walking sessions per week for
four weeks using the MR-005 system (i.e., 20 total
intervention sessions). Instructions included recom-
mendations for appropriate locations to walk without
encountering substantial obstacles or safety hazards
(e.g., in a walkable neighborhood; on an indoor or
outdoor track). Participants were provided with an
activity log to document the dates, times, and loca-
tions of the walking sessions and advised to take
rest breaks as needed (Fig. 1). Participants received
a weekly phone call from a member of the research
team to ensure that the MR-005 system was function-
ing properly.

Measures

Feasibility
Participant adherence with the intervention proto-

col was examined by extracting session data from
the MR-005 software application. Two adherence
metrics were used: the mean number of walking

sessions completed and the mean duration of walk-
ing sessions. Participant safety was examined using
study diaries, in which participants were instructed
to record the incidence of any adverse events (e.g.,
trips and falls) occurring during walking sessions.
Participant experience using the intervention (e.g.,
ease of use; confidence in using) was examined
with a 26-item self-report usability questionnaire [38]
consisting of positively and negatively directed state-
ments. Participants responded to each statement using
a 3-item Likert scale (disagree, neutral, agree). Nega-
tively directed questions were scored in the opposite
direction, with “disagree” being the more optimal
response. The frequency of responses in each Likert
scale category (disagree, neutral, agree) was calcu-
lated for each question.

Proof-of-concept
Spatiotemporal metrics of gait quality were

extracted from MR-005 foot sensor data col-
lected during each walking session. The metrics
included gait speed (m/s), stride length (m), cadence
(steps/min), gait symmetry (interlimb swing time
ratio), and gait variability (coefficient of variation (%)
of stride-by-stride gait cycle duration). Daily min-
utes of moderate intensity walking and daily steps
were captured using a StepWatch 4 Activity Monitor
(SAM; Orthocare Innovations, Mountlake Terrace,
WA), which participants attached above the lateral
malleolus of their less impaired lower extremity using
Velcro® straps. The leg of attachment for each partic-
ipant was determined by the research team during the
initial in-clinic visit using the Movement Disorders
Society – Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) Part III (motor) score [39]. Partic-
ipants were instructed to wear the SAM for eight
consecutive days during all waking hours (except
when bathing or swimming). For the first four “base-
line” days, participants were instructed to participate
in their customary daily activities. For the next four
days, participants were instructed to engage in their
customary daily activities, and in addition, to begin
the four-week walking intervention protocol. Beyond
the 8th day, participants continued the intervention
protocol without wearing the SAM. Rather than
measuring true stride rate (i.e., cadence), the SAM
counted the number of strides accumulated during
each minute of recording, which may or may not have
involved continuous walking or consistent cadence.
A minute of moderate intensity walking was opera-
tionally defined according to an established threshold
[40] as one containing at least 50 strides (i.e., 100
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steps). The validity and reliability of the SAM for
capturing stride counts have been demonstrated in
persons with various neurologic disorders including
PD [41–47].

Clinical outcomes
Preliminary clinical outcome measures were col-

lected during the initial in-person clinic visit and
following completion of the four-week walking
intervention. The 39-item Parkinson’s Disease Ques-
tionnaire (PDQ-39) was used to assess health-related
quality of life across 8 dimensions of functioning
and well-being [48]. Both the PDQ-39 total score
and PDQ-39 mobility dimension score were used
in subsequent analysis. The MDS-UPDRS part III
(motor) score was used as an indicator of disease
severity [39]. The Six-Minute Walk Test (6MWT),
which measured the maximum distance a person can
walk in 6 minutes, was used as an indicator of walking
endurance [49]. The Ten Meter Walk Test (10MWT)
was used to measure comfortable-pace and fast-pace
gait speed, [49] with the mean of two trials serving as
variables of interest. The Five Times Sit to Stand Test
(FTSTST), which measured the time taken to stand
up and sit down five times as quickly as possible with-
out arm support, was used to capture functional lower
extremity strength and mobility during a transitional
movement related to walking [50].

Statistical analysis

Study data were stored in a Research Electronic
Data Capture (REDCap) database [51–53]. Statistical
analyses were conducted using SPSS statistical soft-
ware program version 26.0 (IBM Corp, Armonk, New
York). Sample characteristics, feasibility metrics,
and clinical outcomes were summarized descrip-
tively. Some foot sensor, SAM, and clinical outcome
data were missing (see Supplementary Material for
details).

To examine the potential impact of the inter-
vention on gait quality, we calculated mean values
for each spatiotemporal parameter during four time
intervals within each walking session: the initial,
uncued MR-005 calibration period and early, mid-
dle, and late periods of cued walking created by
partitioning sessions into thirds. We opted to exam-
ine time-normalized intervals (i.e., thirds) instead
of absolute time intervals (e.g., every 5 minutes),
because total walking duration varied across partic-
ipants and sessions. Sample-wide mean values for
each metric subsequently were calculated for each

time period. Repeated measures ANOVA were used
to compare gait quality during cued periods (i.e.,
early, middle, late) with gait quality during the uncued
calibration period. For each metric, post-hoc multiple
comparisons with Bonferonni corrections were used
to examine pairwise differences between periods.

In a separate analysis, we used multiple linear
regression analysis to examine the movement strate-
gies with which participants might alter their gait
speed during sessions in response to MR-005 tempo
progressions. Regression variables for change in
stride length, cadence, and speed were created first
by calculating the difference, for each participant,
between 1) the first minute of cued walking when
music tempo was close to baseline walking cadence,
and 2) the middle and late third of the session
when participants were more likely to have accli-
mated to tempo progressions. Mean change values
were calculated across the sample. Stride length and
cadence change variables were entered together into
the regression analyses to obtain standardized beta
coefficients pertaining to their relative contributions
to gait speed modulation.

The number of strides recorded by the SAM during
each minute was doubled to generate the corre-
sponding number of steps. Total daily minutes of
moderate intensity walking (i.e., the number of min-
utes containing at least 100 steps) and daily steps were
calculated for each participant on each recording day
(12:00AM–11:59PM). Paired t-tests (� = 0.05) were
used to compare sample mean daily values at base-
line (SAM wearing days 1–4) with mean daily values
recorded after the intervention protocol had begun
(SAM wearing days 5–8). Only days on which walk-
ing intervention sessions occurred were included in
the analysis. Moderate intensity minutes and steps
accumulated during walking sessions were identified
by mapping SAM and MR-005 timestamps.

To assess clinical outcomes following completion
of the four-week protocol, we used paired t-tests
(� = 0.05) to compare baseline and post-intervention
values for quality of life (PDQ-39 total score;
PDQ-39 mobility dimension score), disease severity
(UPDRS Part III score), walking endurance (6MWT
distance), comfortable and fast gait speed (mean
10MWT values), and functional mobility (FTSTS
time).

RESULTS

Twenty-three participants completed the study, 12
from BU and 11 from JHU. The full sample included
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Table 1
Baseline Characteristics (n = 23)

Characteristics Full Sample (n = 23) BU (n = 12) JHU (n = 11) p

Demographics
Age (y)∗ 66.91 (8.78) 66.58 (10.39) 67.27 (7.13) 0.856
Gender∗∗

Male 17 (73.9) 7 (58.3) 10 (90.9) 0.082
Female 6 (26.1) 5 (41.7) 1 (9.1)

Education∗∗ 0.522
K-8 1 (4.3) 1 (8.3) 0 (0)
Some high school (9–12)/GED 2 (8.7) 2 (16.7) 0 (0)
Some college or trade school 2 (8.7) 0 (0) 2 (18.2)
College degree (Associates) 18 (78.3) 9 (75) 9 (81.8)

Disease Severity
MoCA∗ 26.52 (1.62) 26.92 (1.51) 26.09 (1.70) 0.230
MDS-UPDRS III∗ 34.62 (9.28) 35.83 (9.41) 33 (9.41) 0.503
Modified Hoehn & Yahr∗∗

2 20 (87) 10 (83.3) 10 (90.9) 0.598
2.5 3 (13) 2 (16.7) 1 (91)

Clinical Outcome Measures
Walking Capacity (n = 21)∗

10MWT Comfortable (m/s) 1.25 (0.21) 1.24 (0.20) 1.25 (0.23) 0.902
10MWT Fast (m/s) 1.64 (0.23) 1.58 (0.23) 1.72 (0.21) 0.169
6MWT (m) 456.67 (96.71) 462.06 (120.13) 449.48 (58.66) 0.776

FTSTS (s) (n = 20)∗ 11.36 (3.07) 10.67 (2.17) 12.40 (4.02) 0.226
PDQ39 (n = 21)∗

Mobility Score 15.5 (19.69) 15.83 (18.5) 15.06 (22.31) 0.931
Total Score 17.11 (16.23) 17.46 (16.93) 16.63 (16.24) 0.910

Real-World Outcome Measures
Walking Activity (n = 16)∗

Daily Steps 8777 (4000) 9662 (4505) 7505 (3006) 0.287
Moderate Intensity Minutes 16.75 (20.01) 17.55 (23.10) 15.61 (16.28) 0.851

∗Mean (SD); ∗∗Frequency count (% of sample or subgroup); MoCA, Montreal Cognitive Assessment; MDS-UPDRS III, Modified Unified
Parkinson’s Disease Rating Scale Part III; 10MWT, 10-meter Walk Test; 6MWT, 6-Minute Walk Test; FTSTS, Five Times Sit to Stand Test;
PDQ39, Parkinson’s Disease Questionnaire-39.

older adults with mild to moderate PD (Table 1).
Given the baseline values for mean daily step count,
6MWT distance, 10MWT gait speeds, and FTSTS
time, the sample was considered “somewhat active”
according to an established criterion [40] and rel-
atively high functioning (Table 1). Although some
between-site differences in sample characteristics
and baseline measures were observed, none were sta-
tistically significant.

Feasibility

Participants demonstrated adherence to the inter-
vention protocol by completing a mean of 17.2
(86.4%) of 20 total sessions. Mean session length
(39.0 minutes) was 131.1% of the expected 30-minute
duration (Fig. 2). No adverse events (e.g., trips or
falls) were reported. After four weeks, most partici-
pants reported positive experiences with the walking
intervention (Fig. 3). For example, 20 out of 23 (87%)
participants reported that the MR-005 system was
easy to use, and all 23 participants (100%) reported
being confident in their ability to use it.

Fig. 2. Participant adherence. Mean sessions completed appears
along the left y-axis, with the target of 20 sessions indicated by the
blue line. Mean session duration appears along the right y-axis,
with the target of 30-minute sessions indicated by the orange line.

Proof-of-concept

Based on participant performance, MR-005 gen-
erally delivered tempos greater than 100 beats/min
for most minutes of each session (mean(SD) = 35.26
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Fig. 3. Usability Scale Results (n = 23). Participants completed the questionnaire following completion of the four-week walking intervention.

(9.96) minutes). In turn, participants generated
relatively high cadences during rhythmic cueing
(mean(SD) = 114 (12) steps/min). Compared to
uncued walking during the brief calibration period,
participants displayed generally improved gait qual-
ity during early, middle, and late periods of cued
walking (Fig. 4). Specifically, participants walked
faster (� = Early: +0.13 (0.6) m/s; Middle: +0.12
(0.5) m/s, Late: +0.07 (0.07) m/s; p < 0.001), took
longer strides (� = Early: +0.08 (0.04) m; Middle:
+0.08 (0.04) m, Late: +0.04 (0.06) m/s; p < 0.001),
walked at higher cadences (� = Early: +3.31 (2.39)
steps/min; Middle: +2.43 (2.6) steps/min, Late: 1.33
(2.90) steps/min; p < 0.001), and had lower gait vari-
ability (� = Early: –5.58 (2.50)%; Middle: –6.11
(2.06)%, Late: –4.39 (2.49) %; p < 0.001). Only
gait symmetry remained unchanged (p > 0.05) from
its uncued value (interlimb swing time ratio = 1.02
(0.01)), which indicated minimal gait asymmetry
across the sample.

Changes in gait speed were observed during tempo
progressions within sessions. Compared to the first
minute of cued walking during the early period, par-
ticipants increased their gait speed by 0.07 (0.04)
m/s during the middle period and by 0.03 (0.05)
m/s during the late period. Standardized beta values
generated from multiple regression analyses revealed
that both increases in gait speed were more strongly
related to changes in stride length than cadence
(Table 2).

Participants engaged on average in 3.06 (1.18)
walking sessions during SAM recording days 5–8.
On those days, participants accumulated signifi-
cantly more minutes of moderate intensity walking
(mean increase = 21.44 (56.14%) and took signifi-
cantly more steps (mean increase = 3,484 (28.42%)
than at baseline (p < 0.05). Of the 38.19 mean
daily moderate intensity minutes and 12,261 mean
daily steps accumulated on intervention days,
29.62 moderate intensity minutes and 4,307 steps
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Fig. 4. Within-session effects of MR-005 on gait quality

Table 2
Speed modulation while walking with MR-005 at Mid and Late bout

Model Outcome, R-Square F-Value Overall Standardized Coefficient
predictors model coefficients

P-value P-Value

Mid Bout
Speed 0.94 130.93 <0.001

Stride length 0.69 <0.001
Cadence 0.46 <0.001

Late Bout
Speed 0.90 79.03 <0.001

Stride length 0.75 <0.001
Cadence 0.32 0.002

Table 3
Clinical outcomes

Baseline (SD) Final (SD) Mean Difference (SD) 95% CI p

PDQ39 Mob 15.50 (19.69) 13.69 (17.40) –1.81 (7.61) (–5.27, 1.65) 0.289
PDQ39 Total 17.10 (16.23) 14.43 (15.39) –2.68 (5.14) (–5.02, –0.34) 0.027
MDS-UPDRS III 34.62 (9.28) 30.95 (10.00) –3.67 (5.89) (–6.35, –0.99) 0.010
6MWT (m) 456.67 (96.71) 468.12 (103.46) 13.83 (29.43) (.44, 27.22) 0.044
10MWT Comfortable (m/s) 1.25 (.21) 1.28 (0.21) 0.03 (0.14) (–0.02, 0.10) 0.279
10MWT Fast (m/s) 1.64 (.23) 1.64 (0.25) 0.001 (0.17) (–0.08, 0.08) 0.979
FTSTS 11.36 (3.07) 9.90 (2.42) –1.46 (1.73) (–2.27, –0.64) 0.001

Mean difference for clinical outcomes is represented as difference between baseline and final assessments. PDQ39, Parkinson’s Disease
Questionnaire-39 [0–100; lower score indicates higher reported quality of life]; MDS-UPDRS III, Modified Unified Parkinson’s Disease
Rating Scale Part III [0–132; lower score indicates lower disease severity]; 6MWT, 6-Minute Walk Test [meters; greater distance indicates
higher walking endurance]; 10MWT, 10-meter Walk Test [m/s; greater speed indicates higher walking capacity]; FTSTS, Five Times Sit to
Stand Test [seconds; lower time indicates higher functional mobility].
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were directly attributed to walking intervention
sessions.

Clinical outcomes

Following completion of the four-week inter-
vention protocol, participants reported significantly
better overall health-related quality of life (PDQ-
39 total score; p = 0.027) and had lower disease
severity (UPDRS-3 score; p = 0.010), improved
walking endurance (6MWT distance; p = 0.044),
and improved functional mobility (FTSTST time;
p = 0.001) compared to baseline (Table 3). No signif-
icant changes were observed in self-selected or fast
gait speed (10MWT) or in mobility-related quality of
life (PDQ39 mobility dimension score).

DISCUSSION

Study findings supported the feasibility and proof-
of-concept of delivering an autonomous music-based
digital walking intervention to persons with mild
to moderate PD in a naturalistic setting. The study
expanded on other real-world closed-loop RAS work
[54, 55] by including more than one recruitment site
and a wider array of outcome measures, and analyses.
Given its design features (i.e., provision of personal-
ized, gait-specific rhythmic auditory cues; frequent
modulation of dosing parameters; simple operation
intended for independent, real-world use) and our
preliminary outcomes, the MR-005 system shows
promise for overcoming practical barriers associated
with in-person clinical care and improving quality,
intensity and amount of walking in PD.

Feasibility

Despite the lack of clinician supervision, study
participants completed a large percentage of the rec-
ommended number of walking sessions and exceeded
recommendations for session duration (Fig. 2). The
high adherence rate was especially encouraging,
given that disease-specific motor (e.g., bradykinesia,
reduced movement output, gait variability) and non-
motor (e.g., depression; apathy) symptoms are known
contributors to physical inactivity in persons with PD
[56]. Several factors may have contributed to partic-
ipant adherence. First, during the initial, in-person
session, participants received brief training on how
to use the MR-005 system and demonstrated their
ability to independently use it prior to departing. Sec-
ond, the musical basis for the intervention, which was

designed to enhance activation of the motor system
and neural networks involved in walking [57], may
have positively reinforced adherence by contribut-
ing to improvements in walking quality. Third, the
MR-005 system ran autonomously, requiring min-
imal participant input once sessions began. These
elements collectively may have contributed to high
numbers of participants reporting the system was easy
to use and confidence in their ability to operate it suc-
cessfully (Fig. 3). It also is worth considering that
high adherence rates could have been influenced by
a Hawthorne effect associated with weekly check-in
calls and the keeping of a study diary.

No safety issues were reported during the study.
The absence of adverse events (e.g., falls) provided
support for the idea that the autonomous digital
intervention could be used reliably and safely to
modulate the gait characteristics of persons with
mild to moderate PD in a progressively challeng-
ing manner. Participant safety was likely a result
of the “closed-loop” nature of the music delivery,
which modulated rhythm stimulation according to
user walking cadence while simultaneously evaluat-
ing gait quality metrics (e.g., temporal symmetry).

Proof-of-concept

RAS principles incorporated into the digital inter-
vention were intended specifically to leverage neural
mechanisms underlying auditory motor entrainment
[21, 22]. The goal was to help persons with PD
maintain a more efficient and stable walking rhythm
despite potentially impaired internal rhythm genera-
tion and motor drive mechanisms [1, 2]. Although the
study was not designed to determine the specific con-
tribution of RAS over other factors (e.g., the musical
context for cues), several findings were suggestive of
its influence.

First, participants walked faster, took longer
strides, had a higher cadence and had lower stride
to stride variability when exposed to rhythmic cues.
The delivery of each progressive change in tempo was
contingent on participants’ ability to entrain to audi-
tory cues while producing satisfactory gait quality,
as assessed in real-time using the closed-loop design
of the MR-005 system. Importantly, as participants
increased their gait speed in response to music tempo
modulation, they generally did so by increasing step
length more than cadence. This finding had important
implications, given that interventions which increase
cadence without a concurrent increase in stride length
may decrease stability when walking [31, 32, 58].
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Second, the digital intervention appeared to elicit
a substantial increase in moderate intensity walking
during sessions (Fig. 5B, C). Considering that per-
sons with PD tend to naturally accumulate far fewer
than 100 steps in a given minute [8], it seems rea-
sonable to infer that the delivery of rhythmic cues
above 100 beats per minute using a closed loop pro-
tocol may have helped drive increases in minutes
of modeate intensity walking, especially given that
participants had not received instructions to walk
at a specific pace. It also seems reasonable to infer
that improved efficiency and stability of the gait
rhythm, as demonstrated by reduced gait variabil-
ity, may have contributed to participants’ ability to
sustain moderate intensity walking throughout ses-
sions. Considering that persons with PD tend to walk
naturally in relatively short bouts [8], and that a one-
year, naturalistic study of persons with PD reported
40% decline in daily minutes of moderate intensity
walking [7], extended periods of walking at moder-
ate intensity may convey important health benefits
[26, 27]. Indeed, the sample at baseline accumulated
on average 16 minutes of moderate-intensity walk-
ing per day. During the first few days of intervention,
however, participants averaged 38 minutes of daily
moderate intensity walking (Fig. 4), which if sus-
tained, would easily exceed recommended weekly
physical activity targets [59, 60].

Step counts on intervention days may have
increased for a variety of reasons unrelated to the
RAS-component of the intervention (e.g., researcher
instructions to engage in five, 30-minute sessions per
week; external factors beyond the study). The find-
ing, however, was not necessarily expected. Based
on the results of previous PD research [27], we had
wondered if participants in our study might limit
their walking activity during hours before and/or after

using MR-005, possibly resulting in reduced (or no
meaningful net change in) daily step count. Clearly
this did not occur (Fig. 5A): the increase in daily
minutes of moderate intensity walking did not come
at the cost of reduced overall walking activity. Taken
together, these findings suggested that the interven-
tion may help persons with PD to access a latent
capacity to increase both the amount and intensity
of walking activity.

Clinical outcomes

Reducing disability and enhancing quality of life
are major focuses of interventions for persons with
PD. Our results revealed significant improvements in
quality of life, disease severity, walking endurance,
and functional mobility among participants following
completion of the four-week walking intervention.
Importantly, the improvements in most clinical out-
comes were modest, perhaps due to the short-term
nature of the intervention (4 weeks) or to measure-
ment ceiling effects associated with the relatively
high functioning sample at baseline. Although signif-
icant and clinically meaningful improvements were
observed in the MDS-UPDRS score, uncontrolled
factors (e.g., medication timing, interrater variabil-
ity between sites) may have influenced these results.
Nonetheless, the promising clinical outcomes war-
rant further consideration of the idea that routine
use of the intervention might contribute to long-term
health outcomes and potential slowing of disability
progression.

Study limitations

The small sample, which consisted primarily of
highly educated, persons with mild to moderate dis-

Fig. 5. Mean daily steps (A) and moderate intensity minutes (B) at baseline and during intervention. Example single-day SAM data (C)
displays steps recorded each minute, including moderate intensity minutes containing >/= 100 steps. Walking during intervention appears
in red.
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ease severity who were relatively high functioning at
baseline, limited the generalizability of findings to a
broader population of persons with PD with greater
disease severity. The baseline value of 8,777 mean
daily steps was considerably higher than daily step
counts reported in previous studies of persons with
PD (∼5,400 steps/day) [6, 61] and was suggestive of
individuals who were higher functioning and more
motivated to be physically active. Given the previ-
ously untested safety of MR-005 among persons with
PD, and because participants would be unsupervised
during walking sessions, we intentionally excluded
persons with greater disease severity, more disabling
gait patterns (e.g., freezing of gait), and cognitive
impairment.

The lack of a non-RAS control group limited
our assessment of intervention impact above and
beyond a music-only walking intervention or a struc-
tured walking program without a digital component.
To minimize participant burden, SAM data were
recorded for only a few days early in the intervention
and were not recollected after four weeks. The study
duration was relatively short, and no retention anal-
ysis was conducted. The unsupervised, real-world
nature of the intervention likely contributed to the
prevalence of missing data and uncontrolled sources
of variability in gait performance (e.g., stopping at
intersections, unanticipated environmental distrac-
tions, and other episodic events).

Future directions

Future studies involving MR-005 are warranted.
Special consideration should be given to varying
responses to auditory cues and rhythmic abilities
among persons with PD [46–48]. The utility of MR-
005 for either gait training purposes or as a long-term
aid to assist daily walking has yet to be deter-
mined. Larger randomized controlled trials with more
diverse samples and longer follow-up periods are
needed to more fully assess its effectiveness, espe-
cially in more impaired individuals who may benefit
most from RAS-based interventions.
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