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Taking regular walks when living with Parkinson’s disease (PD) has beneficial effects on
movement and quality of life. Yet, patients usually show reduced physical activity compared
to healthy older adults. Using auditory stimulation such as music can facilitate walking but
patients vary significantly in their response. An individualized approach adapting musical tempo
to patients’ gait cadence, and capitalizing on these individual differences, is likely to provide
a rewarding experience, increasing motivation for walk-in PD. We aim to evaluate the
observance, safety, tolerance, usability, and enjoyment of a new smartphone application. It
was coupled with wearable sensors (BeatWalk) and delivered individualized musical stimulation
for gait auto-rehabilitation at home. Forty-five patients with PD underwent a 1-month, outdoor,
uncontrolled gait rehabilitation program, using the BeatWalk application (30 min/day, 5 days/
week). The music tempo was being aligned in real-time to patients’ gait cadence in a way
that could foster an increase up to +10% of their spontaneous cadence. Open-label evaluation
was based on BeatWalk use measures, questionnaires, and a six-minute walk test. Patients
used the application 78.8% (+28.2) of the prescribed duration and enjoyed it throughout the
program. The application was considered “easy to use” by 75% of the patients. Pain, fatigue,
and falls did not increase. Fear of faling decreased and quality of life improved. After the
program, patients improved their gait parameters in the six-minute walk test without musical
stimulation. BeatWalk is an easy to use, safe, and enjoyable musical application for individualized
gait rehabilitation in PD. It increases “walk for exercise” duration thanks to high observance.

Clinical Trial Registration: ClinicalTrials.gov Identifier: NCT02647242.

Keywords: Parkinson’s disease, cueing, rhythmic auditory stimulation, physical activity, gait rehabilitation,
precision medicine BeatWalk
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INTRODUCTION

In patients with Parkinson’s disease (PD), physical activity has
positive effects on strength, balance, gait and quality of life
(Lauze et al., 2016; Porta et al., 2018). Instead of engaging in
physical activity, however, patients report being one-third less
active compared to healthy older adults (van Nimwegen et al.,
2011). Reduced physical activity can even initiate a cycle of
deconditioning and progressive disability, independent of latent
disease progress, worsening motor and non-motor symptoms
of PD (van Nimwegen et al., 2011).

Different factors such as perceived self-efficacy and enjoyment
influence patients’ involvement with physical activity (Urell
et al, 2019). In particular, enjoyment plays a critical role in
maintaining physical activity over time and in improving the
quality of life (Urell et al.,, 2019). The clinical setting in which
patients perform physical activity may not always be very
motivating. Hence, there is an urgent need for alternative and
more motivating strategies to promote physical activity in PD.
Here we propose that walking with music, while exercising
outdoor in a non-clinical setting, is a viable, enjoyable, and
motivating alternative. Our approach is coupled with the use
of mobile technologies capable of providing performance
feedback, an important aspect of motivation in physical activity
(Ginis et al., 2016) seldom proposed to patients.

Music and other rhythmic auditory cues have immediate as
well as longer-term beneficial effects on gait parameters in PD
(Thaut et al, 1996; Ghai et al, 2018). Yet, PD symptoms are
highly heterogeneous, and the effects of music stimulation can
vary significantly among studies (de Dreu et al., 2012) and patients
(Dalla Bella et al., 2017; Cochen De Cock et al., 2018). We recently
showed that the variable response to rhythmic cues is linked to
inter-individual differences in rhythmic abilities (Cochen De Cock
et al., 2018; Dalla Bella et al,, 2018). Indeed, difficulties in rhythm
perception and synchronization common in PD (Grahn and
Brett, 2009; Benoit et al., 2014; Bienkiewicz and Craig, 2015)
are likely to negatively modulate otherwise positive effects
of musical rhythm on movement (Dalla Bella et al., 2017;
Cochen De Cock et al, 2018; Dalla Bella, 2020).

There is growing evidence that individualized and interactive
music or rhythm stimulation strategies that foster spontaneous
entrainment hold some promise in improving gait performance
(Hove et al, 2012; Dotov et al, 2019). In these strategies, the
stimulus is modified in real-time so that its beat is dynamically
aligned to the patient’s steps. Spontaneous entrainment fosters a
more natural, paced walking experience. More importantly, it
avoids the need for instructed purposeful beat-step synchronization,
a solution that is not always beneficial (Ready et al., 2019).

In this study, we tested a new personalized music-based gait
rehabilitation protocol embedded in a smartphone application,
called BeatWalk. The stimulation is interactive and aims to find
the optimal compromise between individual patient’s capacities
and stimulus features, by building on coupled-oscillators modeling
of gait temporal dynamics (Damm et al., 2019; Dotov et al., 2019).

BeatWalk allows the patients to walk outdoor, with
performance feedback, while listening to step-synchronized
music of various genres. We hypothesized that the ratio benefits/

risks of BeatWalk use is positive. To test this we measured
observance, safety, tolerance, usability, and enjoyment as in a
phase 2 clinical trial. We also examined how BeatWalk can
promote physical activity.

PARTICIPANTS AND METHODS

Participants

Forty-five patients with PD (aged 65 * 9; 25 males) exhibiting
gait disorders but able to walk unaided (Item 10 of the
MDS-UPDRS-III >1 and <3; Martinez-Martin et al., 2013),
without freezing, were recruited from the Department of
Neurology of the Beau Soleil Clinic and the Regional University
Hospital of Montpellier (France).

Diagnosis was established according to the Queen Square
Brain Bank criteria (Hughes et al, 1992). Six participants
interrupted the study without using BeatWalk, two because of
inability to use the application from the beginning, and four
because of inability to walk for 30 min. They did not differ
from the 39 other patients on age, sex, disease severity, treatment,
and gait measures. Participants were kept on their usual
medications during the evaluation. Disease severity was moderate
(MDS-UPDRS-III = 26.71 + 12.06, Hoehn and Yahr
stage = 2.4 + 0.5). Disease duration was 7.6 + 4.6 years and
age at onset 57.4 + 10.2 years. Levodopa equivalent daily dose
was 701 * 441 mg (Tomlinson et al., 2010) and 66.6% of the
patients received dopamine agonists, 37.7% monoamine oxydase
inhibitors, 9% entacapone and none had anticholinergics.

The study was approved by the National Ethics Committee
(CPP Sud Méditérannée III, Nimes, France, ID-RCB: 2015-
A00531-48). All participants gave written informed consent
before participating.

PROCEDURE

Rehabilitation Program

Patients were asked to walk alone outside in a safe environment
(with no cars, without crossing roads, and on regular ground)
while listening to musical stimuli for 30 min, five times a
week, for 4 weeks. During each session, they could stop up
to four times and for maximum of combined 10 min.

BeatWalk Application (Figure 1)

BeatWalk includes a smartphone application (Garzo et al., 2018)
that modifies the tempo of the music in order to induce
spontaneous mutual synchronization with patients’ gait (Dotov
et al,, 2019) and ankle-worn sensors. The procedure implemented
in BeatWalk is illustrated in Figure 1. The music tempo was
updated in real-time to match the patient’s gait cadence calculated
from the five most recent footfalls. Footfalls were detected by
streaming angular velocities and accelerations of the lower
limbs measured by inertial sensors to the smartphone.
We selected the adaptation parameters such that the stimulus
was interactive, but also left enough space for the participants
to adapt to it, thus encouraging mutual synchronization.
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Beat\Walk
Gait Cadence

Spontaneous cadence
(no stimulus presentation)

Cadence acceleration
(with music)

FIGURE 1 | BeatWalk operation: (1) first BeatWalk is silent and detects the patient’s spontaneous gait cadence and phase, (2) BeatWalk generates music with a
tempo synchronized to the patient’s spontaneous cadence, (3) BeatWalk modifies subliminally the tempo of the music (changing the peace of music if necessary), to
increase it progressively at maximum +20% of the patients spontaneous cadence, (4) BeatWalk maintains the tempo of the music in the targeted cadence range.

Optimal cadence maintained
(with music)

Using the participant’s 1 min pre-test at each session as a
baseline, we set the intrinsic tempo of the stimulus so that
the effective compromise tempo where stimulus and gait met
would be anywhere between 100 and 120% of baseline depending
on the given participant’s capacity to increase his or her cadence
(Dotov et al., 2019).

The custom software played auditory tracks prepared in
advance and paired with meta-information files annotated with
beat times. We sorted 285 pieces of music in six genres (disco,
pop, soft pop, pop rock, instrumental, and variety). Patients
had to choose at least two genres for each session. The program
applied online stimulus adaptation. To this end, a phase vocoder
time-stretching algorithm modulated the song tempo without
producing audible deformations of pitch (Moens et al., 2014).
Time-stretching was controlled by the interactive stimulus
oscillator using step phase and cadence computed online from
the latest detected footfalls.

BeatWalk Interface (Figure 2)

The application was designed (1) to increase the patients
motivation to walk, and, (2) to provide clear and simple
instructions ensuring usability for patients with PD. The patient

could choose the musical genre for each session. Encouraging
feedback about session progress was provided during the session.
At the end of each session, feedback was given about gait
performance (e.g., gait speed, distance traveled) in the latest
and all previous sessions (Garzo et al., 2018).

EVALUATIONS

Neurological and neuropsychological evaluations and gait
measurements were performed before and after the 4-week
rehabilitation program.

Neurological and Neuropsychological
Evaluation

Demographic characteristics and medical history were collected
in a preliminary interview. Severity of the disease was evaluated
on the Hoehn and Yahr scale (Hoehn and Yahr, 1967) and
the revised Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS; Martinez-Martin et al.,
2013). The levodopa equivalent daily dose was calculated
(Tomlinson et al., 2010). Self-evaluation of the risk of falls
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FIGURE 2 | BeatWalk interface: (1) starting screen, (2) sensors connection check, (3) session starting, (4) session progression, (5) encouraging feedback with

performances.
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was provided by the patients using the Falls Self-Efficacy Scale
Score (Tinetti et al., 1990). Balance was evaluated using the
Mini-BESTest (Franchignoni et al., 2010).

We evaluated global cognitive functioning with the Montreal
Cognitive Assessment (Dalrymple-Alford et al., 2010), depressive
symptoms, with the Beck Depression Inventory (Beck et al.,
1961), anxiety with the Parkinson Anxiety Scale (Leentjens et al.,
2014), apathy with the Lille Apathy Rating Scale (Dujardin et al.,
2013), fatigue with Fatigue severity scale (Krupp et al, 1989),
and quality of life using with EQ5-D (Schrag et al., 2000).

Safety and Tolerance

All patients completed a daily survey about their number of
falls and about their fatigue and pain with visual sliding scales
during the 2 weeks before rehabilitation (baseline evaluation)
and during the 4 weeks of the program. They were also asked
about other side effects.

Training Program Observance, Usability,
and Enjoyment

Observance was calculated as the effective amount of time
the program was used, expressed as the percentage of the
prescribed use duration (10 h on total). Usability was evaluated
using a scale proposed to evaluate smartphone interventions
(Ben-Zeev et al., 2014). We also measured physical activity
enjoyment associated with each session using the Physical
Activity Enjoyment Scale (Mullen et al., 2011). Patients were
asked to rate “How do you feel at the moment about the
physical activity you have been doing” using a seven-point
bipolar rating scale. Higher PACES scores reflect greater levels
of enjoyment.

Physical Activity Evaluation
We explored physical activity before and during the program
using a questionnaire developed for the Community Healthy

Activities Model Program for Seniors (CHAMPS; Stewart
et al., 2001). This questionnaire assesses the weekly frequency
and duration of various physical activities typically undertaken
by older adults and allows an estimation of physical activity
caloric expenditure/week. This caloric expenditure was
calculated for all specified physical activities, including those
of light intensity and for activities of at least moderate intensity
(MET value > 3.0).

Gait Measurements

Gait spatiotemporal parameters were recorded during a
six-minute walk test via sensors (inertial measurement units
including 3D accelerometers and gyroscopes, MobilityLab,
APDM Inc., Portland) strapped over the feet and anterior side
of the left and right tibia, and sternum. Each patient was
assessed at the same time of day in “on” condition, ~1 h after
drug intake, to control for variations due to the drug cycle.

Statistical Analyses

Categorical variables were presented as percentages and
quantitative variables as means and standard deviations (SDs).
Results before and after the rehabilitation program were compared
using a Wilcoxon signed-rank test. Chi-squared tests or Fisher’s
exact tests were used for categorical ones. Significance level
was set at p < 0.05.

RESULTS

Observance

Patients used the application 78.8% (£28.2) of the prescribed
duration. Only 7.7% of the patients (n = 3) used BeatWalk
<25% of the prescribed duration and 48.7% (n = 19) used it
more than 90%. Patients performed on average 15.9 + 5.8
sessions (range: 1-20), out of the 20 sessions prescribed.

Frontiers in Psychology | www.frontiersin.org

April 2021 | Volume 12 | Article 655121


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Cochen De Cock et al.

BeatWalk

The average session duration was 29.71 + 1.10 min (instructed
duration: 30 min) and the mean distance traveled was
2.42 + 0.53 km per session. The overall distance traveled by
the patients was 39.2 + 17.3 km. Patients with reduced observance
of the program (lower than 50%, n = 8), as compared to
other patients in the group (n = 31), showed greater fear of
falling (FSESS: 34.00 + 11.94 vs. 25.71 + 7.67, p = 0.05),
impairment in motor daily living (MDS-UPDRS-II: 14.86 + 5.27
vs. 8.71 + 6.46, p = 0.02), and lower quality of life (EQ5D:
9.14 + 1.68 vs. 7.86 = 1.27, p = 0.05) before the program.
They did not differ at the 6-min walk test at baseline for
speed, stride length, or cadence.

Safety and Tolerance

The number of falls per week did not increase due to BeatWalk
use and longer times spent walking. On the contrary, the
patients tended to show a lower number of falls during the
rehabilitation program than they typically experienced in a
week (0.22 + 0.76 vs. 0.11 + 0.46, p = 0.07). We also observed
a reduction in the number of fallers during the last 2 weeks
of the rehabilitation program compared to the 2 weeks of
baseline (8.9 vs. 11.1%, p = 0.01).

During BeatWalk use the patients reported a reduction of
pain relative to the baseline (2.80 + 1.71 vs. 2.21 + 1.57,
p = 0.02).

Fatigue while using BeatWalk did not change compared to
baseline, on visual sliding scale (3.22 + 2.13 vs. 3.99 + 1.95,
p = 0.3) and on fatigue severity scale (32.65 + 15.87 vs.
30.52 £ 13.53, p = 0.5).

Patients did not report other side effects.

Usability and Enjoyment

Patients’ responses to the different items in the acceptability/
usability tests are reported in Figure 3. The number of
patients with positive responses on usability items was much
higher than with negative responses (60.5 vs. 10.8%,
p < 0.001).

The score obtained in the Physical Activity Enjoyment Scale
was 29.21 + 8.61 points (min 8 and max 56) after 1 week of
use of BeatWalk and 90.3% of the patients experienced “sufficient
levels of joy” (mean over 24; Mullen et al., 2011). Interestingly,
this score and percentage did not change over time and remained
as high after 1 month of use (respectively, 28.33 + 8.46, p = 0.2,
and 92.0%).

BeatWalk was interactive enough
BeatWalk helped me manage my symptoms
I fell I need to have BeatWalk

BeatWalk works the way | want it to work
BeatWalk is fun to use

1 would recommend BeatWalk toa friend
I am satisfied with BeatWalk
If 1 have access to BeatWalk, | will use it
How things appeared on the screen was clear
The information provided for BeatWalk was easy to understand
It was easy to find the information | needed
Whenever | made a mistake using BeatWalk 1 could recover easily and quickly
It was easy to learn to use BeatWalk
| felt comfortable using BeatWalk
I was able to complete the “modules” quickly in BeatWalk
Overall, | am satisfied with how easy it is touse BeatWalk
| felt very confident using BeatWalk
I would imagine that most people would learn to use BeatWalk very quickly
I found that the different parts of BeatWalk work well together
| thought BeatWalk was easy to use
1 think that I would like to use BeatWalk often

I needed to learn a lot of things before I could get going with BeatWalk

| found BeatWalk very awkward to use
I thought there was too much inconsistency in BeatWalk

1 think that | would need the support of a technical person to beable to use BeatWalk

| found BeatWalk to be very complicated

FIGURE 3 | Evaluation by the patients of different parameters of usability. In green
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Quality of life and Self-evaluation of fall risk are reported
in Table 1. Fear of falling decreased and the quality of life
increased after the rehabilitation program using BeatWalk.
However, it did not modify the severity of the disease or the
neuropsychological and balance evaluations.

Physical Activity Evaluation

The frequency of physical activities and the associated caloric
expenditures before and after the rehabilitation program are
reported in Table 2. An increase was observed in the frequency
of activities with at least moderate intensity and “walk for
exercise” Caloric expenditure linked to “walk for exercise” and
fast walk activities increased during the rehabilitation program.

Gait Parameters

Results on the 6-min walk tests taken pre- and post-intervention
without auditory stimulation are reported in Table 1. An
improvement was observed in distance, cadence, velocity, and
stride length.

DISCUSSION

In this study, we demonstrated that our musical application
(BeatWalk) for individualized gait rehabilitation in PD is a

TABLE 1 | Clinical characteristics of patients with Parkinson’s disease (PD)
before and after treatment.

Before After P
rehabilitation rehabilitation
program program
Number of participants 39 39
Parkinson’s disease evaluation
Hoehn and Yahr 2.4+0.5 25+0.5 0.40
MDS-UPDRS-I 9.04 + 6.27 7.67 +5.99 0.46
MDS-UPDRS-II 9.44 + 6.50 9.71 £ 8.35 0.54
MDS-UPDRS-III 26.71 +12.06 22.87 +15.39 0.30
MDS-UPDRS-IV 411+ 3.66 4.24 + 3.66 0.67
Balance
Falls self-efficacy score 26.87 +9.03 24.73 +7.86 0.05
Mini Best test 2413 £3.12 24,73 +2.62 0.18
Quality of life
EQ5D 7.89 £1.42 7.59 £ 1.57 0.03
EQ5D EVA 65.78 + 16.99 66.76 + 15.56 0.57
Psychological evaluation
Depression (BDI) 11.63 £6.74 11.81 £8.43 0.91
Anxiety (PAS) 12.82 +7.16 12.84 +8.10 0.57
Apathy (LARS) -7.3+46 -9.0+34 0.02
6-min test
Distance 452.66 £ 75.39  470.29 + 60.11 0.01
Cadence (steps/min) 118.01 +11.88 121.08 + 10.13 0.01
Velocity (m/s) 1.28 +0.20 1.32 +0.17 <0.01
Stride length (m) 1.29+0.13 1.31 £0.15 0.04
Asymmetry index (PCI, %) 542 +2.28 5.41 +£2.46 0.49

MDS-UPDRS: Movement Disorder Society-Unified Parkinson’s Disease Rating Scale,
EQ5D: European Quality of life-5 Domains, BDI: Beck Depression Inventory, PSA:
Parkinson Anxiety Scale, LARS: Lille Apathy Rating Scale, PCI: Phase Coordination Index.

safe, user-friendly, and enjoyable solution displaying good
observance. Practicing walking with it increases “walk fast”
duration, confidence in gait, and quality of life. The application
has been developed and tested first in a clinical setting,
where it showed promising immediate effects on gait (Dotov
et al., 2019). Using it at home in the context of a rehabilitation
program was a new challenge, especially for patients with
PD, who are mostly older adults and not always familiar
with mobile technologies. Others have tested rhythmic cueing
in rehabilitation in hospital (Dalla Bella et al., 2017) or at
home but in the presence of a physiotherapist (Nieuwboer
et al., 2007). Other studies were “mixed,” with a part of
the treatment performed at the hospital and another part
at home without a physical therapist (e.g., Murgia et al,
2018). Our program differs from these protocols, as patients
used the BeatWalk application alone at home and most of
them managed to use it successfully, thanks to the adapted
interface (Garzo et al., 2018). More than 75% of the patients
found the application easy to use and would recommend
it to a friend.

The rehabilitation program using BeatWalk motivated patients
to go outside, walk alone, and enjoy physical activity for almost
eight and a half hours. Our patients” caloric expenditure, already
quite high at baseline (Stewart et al., 2001), did not significantly
increase during physical activity but rather reorganized so as
to privilege “walk fast for exercise” This is probably more
beneficial for the evolution of their disease.

The patients enjoyed performing physical activity with
BeatWalk, a positive effect that was sustained for 20 sessions
of gait rehabilitation. Combined with the personalized choice
of the music genre, selecting music instead of a metronome
for the stimulation might account for the patients’ enjoyment
ratings. Listening to music is an enjoyable and rewarding
activity (Sihvonen et al, 2017), an effect mediated by the
dopaminergic system (Ferreri et al., 2019). Enjoyment is both
a predictor and outcome of physical activity participation
(Dacey et al., 2008). Expected enjoyment from physical activities
can increase exercise intentions, adoption, and maintenance
(Dunton and Vaughan, 2008).

We recently reported that impaired rhythmic skills are
associated with a poor immediate response to rhythmic cues
(Cochen De Cock et al, 2018) and to a less pronounced
longer-term effect of cueing in a rehabilitation protocol (Dalla
Bella et al., 2017). The music delivered by BeatWalk is modified
in real-time so as to temporally adjust the musical beats to
the patients’ steps. This interactive cueing was designed with
the flexibility needed to induce synchronization in all patients,
regardless of their rhythmic abilities. The spontaneous nature
of entrainment implies that cognitive effort and deleterious
effects of dual-tasking are minimized for patients. Interestingly,
BeatWalk did not lead to a rise in the number of falls. The
reduced double-tasking might also be part of this safety result.
BeatWalk’s response to gait information is twofold: (1) tempo
is tailored to patients’ cadence and (2) individual musical beats
tend to slightly anticipate the footfalls. This subtle anticipation
has a motivating effect and is part of how participants are
induced to accelerate (Dotov et al., 2019).
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TABLE 2 | Physical activity of patients with PD before and during BeatWalk rehabilitation program: caloric expenditure and frequency of exercises measured with the
Community Healthy Activities Model Program for Seniors (CHAMPS) questionnaire.

Before rehabilitation program During rehabilitation program P
Number of participants 39 39
Caloric expenditure/week (kcal/week)
in all exercise-related activities 3,793.9 + 2,751.0 3,876.7 +2,714.7 0.9
in at least moderate intensity exercise-related activities 2,5621.4 £ 1,766.2 2,693.0 £ 2,137.6 0.9
in “fast walk for exercise” 168.7 + 348.6 528.4 + 553.2 <0.005
Frequency/week
of all exercise-related activities 22.0+13.2 23.9 + 941 0.3
of at least moderate intensity exercise-related activities 8871 11.3+£538 <0.001
of walk for exercise 08+16 46+1.8 <0.0001
Percent of participants

who exercises with moderate intensity 89.7 100 <0.05
who walk for exercise 28.2 100 <0.001

BeatWalk delivers verbal feedback during the session.
Participants also can follow their progress on the application
screen. At the end of each session, the distance traveled and
the mean speed of the latest and previous sessions were posted.
This feedback has an important rewarding effect for patients
and motivates physical activity (Ginis et al, 2016, 2017).
Moreover, it could reduce fatigue, one of the main limiting
effects of physical activity in patients with PD. Interestingly,
in our study, the use of BeatWalk did not increase fatigue
and patients completed almost all their sessions.

Fear of falling is common in PD (Lindholm et al., 2014).
Self-efficacy, or the personal belief regarding the ability to
perform a particular activity in a given situation, is an important
factor of engagement in physical activity (Bandura, 1977). Fear
of falling has already been identified as a barrier to physical
exercise in PD (Ellis et al., 2013). Here, we demonstrated that
patients who exhibited low observance to BeatWalk were those
with increased fear of falling at baseline: fear of falling reduced
the engagement in gait rehabilitation. Patients with a relatively
high level of autonomy, probably felt more comfortable in
using this tool. On the other hand, we also demonstrated that
BeatWalk significantly reduced fear of falling and thus could
facilitate exercise. Patients with increased fear of falling at
baseline could benefit from gait rehabilitation with a
physiotherapist prior to using BeatWalk. As such, the use of
BeatWalk could initiate a virtuous circle for exercise and
especially gait rehabilitation.

An increase in quality of life is another potential effect of
the present intervention strategy. Physical activity is frequently
associated with an improvement of quality of life in PD (Song
et al., 2017), which has also been described in another gait
rehabilitation program at home (Nieuwboer et al, 2007).

Another potential benefit of the present intervention strategy
was not intended originally but became apparent with the
recent sanitary crisis with COVID-19 pandemic infection.
The requirements for confinement emphasized the need for
auto-rehabilitation programs at home. Other intervention forms
that may reduce impairments and improve quality of life are
physiotherapy, occupational therapy, and speech therapy. Yet,
these interventions require weekly sessions, impose stricter time

and organizational constraints, and are not in compliance with
current confinement restrictions, all of which represent a burden
for the caregiver and the patients.

We observed non-controlled but encouraging results of
efficacy on gait parameters in line with those observed in
controlled studies by others (Nieuwboer et al, 2007; Dalla
Bella et al., 2017) improving gait in the absence of stimulation.

This improvement can be the result of the increased physical
activity associated with BeatWalk, supporting an improvement
in muscular and cardiovascular capacities. It can also be the
result of a restoration of the gait rhythmicity by the repeated
use of music cueing, activating compensatory cerebello-thalamo-
cortical loops, or increasing the activity of basal ganglia-thalamo-
cortical circuits (Damm et al., 2019). Are these effects due to
intrinsic motivational aspects of music, the rewarding effect
of the interactive beat, or the constraints of a rehabilitation
program, or a synergistic combination thereof? As encouraging
as these results are, a large-sample randomized study currently
in progress will compare walking in the absence of cueing
(effect of physical activity), walking with music but no interactive
cueing (motivating aspect of music), and walking with interactive
music (reduced double-tasking and activation of the reward
prediction mechanism).

CONCLUSION

BeatWalk is a new wearable application increasing “walk for
exercise” in a generally sedentary population. The application
delivered music interactively synchronized to the patients’ gait
and proved to be safe, well tolerated, easy to use, and enjoyable.
BeatWalk appears as a very promising tool for implementing
music technology solutions for health care in patients with
movement disorders.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Frontiers in Psychology | www.frontiersin.org

April 2021 | Volume 12 | Article 655121


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Cochen De Cock et al.

BeatWalk

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Ethics Committee (CPP Sud Méditérannée
III, Nimes, France, ID-RCB: 2015-A00531-48). The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

The study was conceived and planned by VC, DD, FG, MP,
VD, ED, BB, and SB. VC, DD, PI, FG, CL, AGi, VD, and
CG collected the data. VC, SL, and SB analyzed and interpreted
the data, and were involved in the initial drafting of the

REFERENCES

Bandura, A. (1977). Self-efficacy: toward a unifying theory of behavioral change.
Psychol. Rev. 84, 191-215. doi: 10.1037//0033-295x.84.2.191

Beck, A. T., Ward, C. H., Mendelson, M., Mock, J., and Erbaugh, J. (1961).
An inventory for measuring depression. Arch. Gen. Psychiatry 4, 561-571.
doi: 10.1001/archpsyc.1961.01710120031004

Benoit, C.-E., Dalla Bella, S., Farrugia, N., Obrig, H., Mainka, S., and Kotz, S. A.
(2014). Musically cued gait-training improves both perceptual and motor
timing in Parkinson’s disease. Front. Hum. Neurosci. 8:494. doi: 10.3389/
fnhum.2014.00494

Ben-Zeev, D., Brenner, C., Begale, M., Duffecy, J., Mohr, D., and Mueser, K. (2014).
Feasibility, acceptability, and preliminary efficacy of a smartphone intervention
for schizophrenia. Schizophr. Bull. 40, 1244-1253. doi: 10.1093/schbul/sbu033

Bienkiewicz, M. M. N,, and Craig, C. M. (2015). Parkinson’s is time on your
side? Evidence for difficulties with sensorimotor synchronization. Front.
Neurol. 6:249. doi: 10.3389/fneur.2015.00249

Cochen De Cock, V., Dotov, D. G., Ihalainen, P, Bégel, V., Galtier, F, Lebrun, C.,
et al. (2018). Rhythmic abilities and musical training in Parkinson’s disease:
do they help? npj Parkinsons Dis. 4:8. doi: 10.1038/s41531-018-0043-7

Dacey, M., Baltzell, A., and Zaichkowsky, L. (2008). Older adults’ intrinsic and
extrinsic motivation toward physical activity. Am. J. Health Behav. 32,
570-582. doi: 10.5993/AJHB.32.6.2

Dalla Bella, S. (2020). “The use of rhythm in rehabilitation for patients with
movement disorders” in Music and the aging brain. eds. L. Cuddy, S. Belleville
and A. Moussard (Cambridge, MA: Elsevier), 383-406.

Dalla Bella, S., Benoit, C.-E., Farrugia, N., Keller, P. E., Obrig, H., Mainka, S.,
et al. (2017). Gait improvement via rhythmic stimulation in Parkinson’s
disease is linked to rhythmic skills. Sci. Rep. 7:42005. doi: 10.1038/srep42005

Dalla Bella, S., Dotov, D., Bardy, B., and de Cock, V. C. (2018). Individualization
of music-based rhythmic auditory cueing in Parkinson’s disease. Ann. N. Y.
Acad. Sci. 1423, 308-317. doi: 10.1111/nyas.13859

Dalrymple-Alford, J. C., MacAskill, M. R., Nakas, C. T., Livingston, L., Graham, C.,
Crucian, G. P, et al. (2010). The MoCA: well-suited screen for cognitive
impairment in Parkinson disease. Neurology 75, 1717-1725. doi: 10.1212/
WNL.0b013e318219dc77

Damm, L., Varoqui, D., De Cock, V. C., Dalla Bella, S., and Bardy, B. (2019).
Why do we move to the beat? A multi-scale approach, from physical
principles to brain dynamics. Neurosci. Biobehav. Rev. 14, 30211-30218. doi:
10.1016/j.neubiorev.2019.12.024

de Dreu, M., van der Wilk, A., Poppe, E., Kwakkel, G., and van Wegen, E.
(2012). Rehabilitation, exercise therapy and music in patients with Parkinson’s
disease: a meta-analysis of the effects of music-based movement therapy
on walking ability, balance and quality of life. Parkinsonism Relat. Disord.
18, 114-119. doi: 10.1016/51353-8020(11)70036-0

Dotov, D. G., de Cock, V. C,, Geny, C., Thalainen, P, Moens, B., Leman, M., et al.
(2019). The role of interaction and predictability in the spontaneous entrainment
of movement. J. Exp. Psychol. Gen. 148, 1041-1057. doi: 10.1037/xge0000609

manuscript. VC, DD, LD, FG, MP, CG, AGa, EH, ML, ED,
RV, BB, and SB revised the paper. All authors contributed to
the article and approved the submitted version.

FUNDING

This research was supported by a European grant: BeatHealth:
Health and Wellness on the Beat for VC, DD, CL, AGi, VD,
RV, EH, ED, ML, BB, and SB (EU FP7-ICT contract #610633).

ACKNOWLEDGMENTS

We thank all patients for their collaboration in this study.

Dujardin, K., Sockeel, P, Carette, A. S., Delliaux, M., and Defebvre, L. (2013).
Assessing apathy in everyday clinical practice with the short-form Lille
apathy rating scale. Mov. Disord. 28, 2014-2019. doi: 10.1002/mds.25584

Dunton, G. E, and Vaughan, E. (2008). Anticipated affective consequences of
physical activity adoption and maintenance. Health Psychol. 27, 703-710.
doi: 10.1037/0278-6133.27.6.703

Ellis, T., Boudreau, J. K., DeAngelis, T. R., Brown, L. E., Cavanaugh, J. T,
Earhart, G. M., et al. (2013). Barriers to exercise in people with Parkinson
disease. Phys. Ther. 93, 628-636. doi: 10.2522/ptj.20120279

Ferreri, L., Mas-Herrero, E., Zatorre, R. J., Ripollés, P, Gomez-Andres, A.,
Alicart, H., et al. (2019). Dopamine modulates the reward experiences elicited
by music. Proc. Natl. Acad. Sci. U. S. A. 116, 3793-3798. doi: 10.1073/
pnas.1811878116

Franchignoni, E, Horak, F, Godi, M., Nardone, A., and Giordano, A. (2010).
Using psychometric techniques to improve the balance evaluation systems
test: the mini-BESTest. J. Rehabil. Med. 42, 323-331. doi: 10.2340/16501977-0537

Garzo, A, Silva, P, Garay-Vitoria, N., Hernandez, E., Cullen, S., and Cochen
De Cock, V. (2018). Design and development of a gait training system for
Parkinson’s disease. PLoS One 13:€0207136. doi: 10.1371/journal.pone.0207136

Ghai, S., Ghai, I, Schmitz, G., and Effenberg, A. (2018). Effect of rhythmic
auditory cueing on parkinsonian gait: a systematic review and meta-analysis.
Sci. Rep. 8:506. doi: 10.1038/s41598-017-16232-5

Ginis, P, Heremans, E., Ferrari, A., Dockx, K., Canning, C. G., and Nieuwboer, A.
(2017). Prolonged walking with a wearable system providing intelligent
auditory input in people with Parkinson’s disease. Front. Neurol. 8:128. doi:
10.3389/fneur.2017.00128

Ginis, P, Nieuwboer, A., Dorfman, M., Ferrari, A., Gazit, E., Canning, C. G.,
et al. (2016). Feasibility and effects of home-based smartphone-delivered
automated feedback training for gait in people with Parkinson’s disease: a
pilot randomized controlled trial. Parkinsonism Relat. Disord. 22, 28-34.
doi: 10.1016/j.parkreldis.2015.11.004

Grahn, J. A, and Brett, M. (2009). Impairment of beat-based rhythm discrimination
in Parkinson’s disease. Cortex 45, 54-61. doi: 10.1016/j.cortex.2008.01.005

Hoehn, M., and Yahr, M. (1967). Parkinsonism: onset, progression and mortality.
Neurology 17, 427-442. doi: 10.1212/wnl.17.5.427

Hove, M. J., Suzuki, K., Uchitomi, H., Orimo, S., and Miyake, Y. (2012). Interactive
rhythmic auditory stimulation reinstates natural 1/f timing in gait of parkinson’s
patients. PLoS One 7:¢32600. doi: 10.1371/journal.pone.0032600

Hughes, A. ], Daniel, S. E,, Kilford, L., and Lees, A. J. (1992). Accuracy of clinical
diagnosis of idiopathic Parkinson’s disease: a clinico-pathological study of 100
cases. J. Neurol. Neurosurg. Psychiatry 55, 181-184. doi: 10.1136/jnnp.55.3.181

Krupp, L., La Rocca, N., Muir-Nash, J., and Steinberg, A. (1989). The fatigue
severity scale. Application to patients with multiple sclerosis and systemic
lupus erythematosus. Arch. Neurol. 46, 1121-1123. doi: 10.1001/archneur.
1989.00520460115022

Lauze, M., Daneault, J., and Duval, C. (2016). The effects of physical activity
in Parkinson’s disease: a review. J. Parkinsons Dis. 6, 685-698. doi: 10.3233/
JPD-160790

Frontiers in Psychology | www.frontiersin.org

April 2021 | Volume 12 | Article 655121


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1037//0033-295x.84.2.191
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.3389/fnhum.2014.00494
https://doi.org/10.3389/fnhum.2014.00494
https://doi.org/10.1093/schbul/sbu033
https://doi.org/10.3389/fneur.2015.00249
https://doi.org/10.1038/s41531-018-0043-7
https://doi.org/10.5993/AJHB.32.6.2
https://doi.org/10.1038/srep42005
https://doi.org/10.1111/nyas.13859
https://doi.org/10.1212/WNL.0b013e318219dc77
https://doi.org/10.1212/WNL.0b013e318219dc77
https://doi.org/10.1016/j.neubiorev.2019.12.024
https://doi.org/10.1016/S1353-8020(11)70036-0
https://doi.org/10.1037/xge0000609
https://doi.org/10.1002/mds.25584
https://doi.org/10.1037/0278-6133.27.6.703
https://doi.org/10.2522/ptj.20120279
https://doi.org/10.1073/pnas.1811878116
https://doi.org/10.1073/pnas.1811878116
https://doi.org/10.2340/16501977-0537
https://doi.org/10.1371/journal.pone.0207136
https://doi.org/10.1038/s41598-017-16232-5
https://doi.org/10.3389/fneur.2017.00128
https://doi.org/10.1016/j.parkreldis.2015.11.004
https://doi.org/10.1016/j.cortex.2008.01.005
https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.1371/journal.pone.0032600
https://doi.org/10.1136/jnnp.55.3.181
https://doi.org/10.1001/archneur.1989.00520460115022
https://doi.org/10.1001/archneur.1989.00520460115022
https://doi.org/10.3233/JPD-160790
https://doi.org/10.3233/JPD-160790

Cochen De Cock et al.

BeatWalk

Leentjens, A., Dujardin, K., Pontone, G., Starkstein, S., Weintraub, D., and
Martinez-Martin, P. (2014). The Parkinson anxiety scale (PAS): development
and validation of a new anxiety scale. Mov. Disord. 29, 1035-1043. doi:
10.1002/mds.25919

Lindholm, B., Hagell, P., Hansson, O., and Nilsson, M. H. (2014). Factors
associated with fear of falling in people with Parkinson’s disease. BMC
Neurol. 14:19. doi: 10.1186/1471-2377-14-19

Martinez-Martin, P, Rodriguez-Blazquez, C., Alvarez-Sanchez, M., Arakaki, T.,
Bergareche-Yarza, A., Chade, A., et al. (2013). Expanded and independent
validation of the movement disorder society-unified Parkinson’s disease rating
scale (MDS-UPDRS). J. Neurol. 260, 228-236. doi: 10.1007/s00415-012-6624-1

Moens, B., Muller, C., Van Noorden, L., Franék, M., Celie, B., Boone, J., et al.
(2014). Encouraging spontaneous synchronisation with D-jogger, an adaptive
music player that aligns movement and music. PLoS One 9:e114234. doi:
10.1371/journal.pone.0114234

Mullen, S., Olson, E., Phillips, S., Szabo, A., Wojcicki, T. R., Mailey, E., et al.
(2011). Measuring enjoyment of physical activity in older adults: invariance
of the physical activity enjoyment scale (paces) across groups and time.
Int. ]. Behav. Nutr. Phys. Act. 8:103. doi: 10.1186/1479-5868-8-103

Murgia, M., Pili, R., Corona, E, Sors, F, Agostini, T. A., Bernardis, P, et al.
(2018). The use of footstep sounds as rhythmic auditory stimulation for
gait rehabilitation in Parkinson’s disease: a randomized controlled trial. Front.
Neurol. 9:348. doi: 10.3389/fneur.2018.00348

Nieuwboer, A., Kwakkel, G., Rochester, L., Jones, D., van Wegen, E., Willems, A. M.,
et al. (2007). Cueing training in the home improves gait-related mobility
in Parkinson’s disease: the RESCUE trial. J. Neurol. Neurosurg. Psychiatry
78, 134-140. doi: 10.1136/jnnp.200X.097923

Porta, M., Pilloni, G., Pili, R., Casula, C., Murgia, M., Cossu, G., et al. (2018).
Association between objectively measured physical activity and gait patterns
in people with Parkinson’s disease: results from a 3-month monitoring.
Parkinsons Dis. 2018:7806574. doi: 10.1155/2018/7806574

Ready, E. A., McGarry, L. M., Rinchon, C., Holmes, J. D., and Grahn, J. A.
(2019). Beat perception ability and instructions to synchronize influence
gait when walking to music-based auditory cues. Gait Posture 68, 555-561.
doi: 10.1016/j.gaitpost.2018.12.038

Schrag, A., Selai, C., Jahanshahi, M., and Quinn, N. (2000). The EQ-5D--a
generic quality of life measure-is a useful instrument to measure quality
of life in patients with Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry
69, 67-73. doi: 10.1136/jnnp.69.1.67

Sihvonen, A., Sirkdmé, T., Leo, V., Tervaniemi, M., Altenmiiller, E., and Soinila, S.
(2017). Music-based interventions in neurological rehabilitation. Lancet Neurol.
16, 648-660. doi: 10.1016/S1474-4422(17)30168-0

Song, R., Grabowska, W., Park, M., Osypiuk, K., Vergara-Diaz, G. P.,, Bonato, P,
et al. (2017). The impact of tai chi and Qigong mind-body exercises on
motor and non-motor function and quality of life in Parkinson’s disease:
a systematic review and meta-analysis. Parkinsonism Relat. Disord. 41, 3-13.
doi: 10.1016/j.parkreldis.2017.05.019

Stewart, A., Mills, K., King, A., Haskell, W,, Gillis, D., and Ritter, P. (2001).
CHAMPS physical activity questionnaire for older adults: outcomes for
interventions. Med. Sci. Sports Exerc. 33, 1126-1141. doi: 10.1097/00005768-
200107000-00010

Thaut, M. H., McIntosh, G. C., Rice, R. R, Miller, R. A., Rathbun, J, and
Brault, J. M. (1996). Rhythmic auditory stimulation in gait training for Parkinson’s
disease patients. Mov. Disord. 11, 193-200. doi: 10.1002/mds.870110213

Tinetti, M. E., Richman, D., and Powell, L. (1990). Falls efficacy as a measure
of fear of falling. J. Gerontol. 45, 239-243. doi: 10.1093/geronj/45.6.P239

Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R, and Clarke, C. E.
(2010). Systematic review of levodopa dose equivalency reporting in Parkinson’s
disease. Mov. Disord. 25, 2649-2653. doi: 10.1002/mds.23429

Urell, C., Zetterberg, L., Hellstrom, K., and Anens, E. (2019). Factors explaining
physical activity level in Parkinson’s disease: a gender focus. Physiother Theory
Pract. 7, 1-10. doi: 10.1080/09593985.2019.1630875

van Nimwegen, M., Speelman, A. D., Hofman-Van Rossum, E. J. M., Overeem, S.,
Deeg, D. J. H,, Borm, G. E, et al. (2011). Physical inactivity in Parkinson’s
disease. J. Neurol. 258, 2214-2221. d0i:10.1007/s00415-011-6097-7

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Cochen De Cock, Dotov, Damm, Lacombe, Ihalainen, Picot,
Galtier, Lebrun, Giordano, Driss, Geny, Garzo, Hernandez, Van Dyck, Leman, Villing,
Bardy and Dalla Bella. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

April 2021 | Volume 12 | Article 655121


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1002/mds.25919
https://doi.org/10.1186/1471-2377-14-19
https://doi.org/10.1007/s00415-012-6624-1
https://doi.org/10.1371/journal.pone.0114234
https://doi.org/10.1186/1479-5868-8-103
https://doi.org/10.3389/fneur.2018.00348
https://doi.org/10.1136/jnnp.200X.097923
https://doi.org/10.1155/2018/7806574
https://doi.org/10.1016/j.gaitpost.2018.12.038
https://doi.org/10.1136/jnnp.69.1.67
https://doi.org/10.1016/S1474-4422(17)30168-0
https://doi.org/10.1016/j.parkreldis.2017.05.019
https://doi.org/10.1097/00005768-200107000-00010
https://doi.org/10.1097/00005768-200107000-00010
https://doi.org/10.1002/mds.870110213
https://doi.org/10.1093/geronj/45.6.P239
https://doi.org/10.1002/mds.23429
https://doi.org/10.1080/09593985.2019.1630875
https://doi.org/10.1007/s00415-011-6097-7
http://creativecommons.org/licenses/by/4.0/

	BeatWalk: Personalized Music-Based Gait Rehabilitation in Parkinson’s Disease
	Introduction
	Participants and Methods
	Participants

	Procedure
	Rehabilitation Program
	BeatWalk Application ( Figure 1)
	BeatWalk Interface ( Figure 2)

	Evaluations
	Neurological and Neuropsychological Evaluation
	Safety and Tolerance
	Training Program Observance, Usability, and Enjoyment
	Physical Activity Evaluation
	Gait Measurements
	Statistical Analyses

	Results
	Observance
	Safety and Tolerance
	Usability and Enjoyment
	Physical Activity Evaluation
	Gait Parameters

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References

