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ABSTRACT

ARTICLE HISTORY

Purpose: The current pilot study assesses the use of real-time auditory feedback to help reduce abnormal
movements during an active reaching task in patients with chronic stroke.
Materials and methods: 20 patients with chronic stroke completed the study with full datasets (age:
M ¼ 53 SD ¼ 14; sex: male ¼ 75%; time since stroke in months: M ¼ 34, SD ¼ 33). Patients undertook 100
repetitions of an active reaching task while listening to self-selected music which automatically muted
when abnormal movement was detected, determined by thresholds set by clinical therapists. A withinsubject design with two conditions (with auditory feedback vs. without auditory feedback) presented in a
randomised counterbalanced order was used. The dependent variable was the duration of abnormal
movement as a proportion of trial duration.
Results: A significant reduction in the duration of abnormal movement was observed when patients
received auditory feedback, F(1,18) ¼ 9.424, p ¼ 0.007, with a large effect size (partial g2 ¼ 0.344).
Conclusions: Patients with chronic stroke can make use of real-time auditory feedback to increase the
proportion of time they spend in optimal movement patterns. The approach provides a motivating frame
work that encourages high dose with a key focus on quality of movement.
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� IMPLICATIONS FOR REHABILITATION

� Movement quality during upper limb rehabilitation should be targeted as part of a well-balanced
rehabilitation programme.
� Auditory feedback is a useful tool to help patients with chronic stroke reduce compensa
tory movements.

Introduction
Stroke is a leading cause of adult disability [1] and upper limb
dysfunction is a major contributor to this. Successful rehabilitation
of the upper limb requires hundreds of repetitive movement
attempts a day [2]. This is hard to achieve in practice owing to a
number of factors including limited access to therapists, fatigue,
pain, and/or anosognosia [3]. In addition, rehabilitation in the
early stages of recovery is typically focused on activities of daily
living, independence, adaptive equipment, and home modification
to ensure a safe and smooth transition from the hospital.
Movement integrity of the affected extremity is often not a main
priority during this busy time and patients may rely on compensa
tory movement to accomplish a task safely and effectively in
preparation for discharge. However, prolonged use of compensa
tory movement can lead to joint contracture, learned non-use
and subsequent pain [4] and, as shown in a primate model, can
actually limit the extent of impairment reduction [5]. A focus on
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achieving high quality movement (with a minimum of compensa
tory movement) is often overlooked, even though approaches
which have emphasized training of optimal movement patterns
and the reduction of abnormal movements have found large
reductions in impairment, even in chronic stroke [6–8].
The aim of the current pilot study was to develop and test an
automated digital approach for identifying and signalling abnor
mal movements using real-time auditory feedback, so that
patients could use this information to make postural corrections.
The emphasis on self-correction is important: while in a clinical
setting, physical harnesses are often used to prevent abnormal
movement [9] such an approach does not easily translate to the
wider context of home-based rehabilitation, where an awareness
of one’s posture and the ability to self-correct is challenging with
out a therapist. Recent developments around digital technology
for rehabilitation have encompassed a range of approaches such
as wearable systems [10], biofeedback systems [11] and robotics
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[12]. These approaches have rarely been used to help correct
abnormal movement patterns, and those that have [13] are often
cumbersome, expensive, and do not mimic “real-life” situations.
In contrast, the approach developed and tested in the current
lab-based study was designed to be low-cost, low-resource and
consequently suitable for the home environment in future itera
tions. The system developed - Sonic Sleeve - uses computer vision
and machine learning (ML) algorithms to detect and signal when
abnormal movements are occurring. Patients listen to self-selected
favourite music while making repetitive target movements. If a
repetition includes abnormal movement (predefined through a
calibration phase), music is muted (playing in silence) returning to
full volume later in the track when the movement is corrected. In
a clinical setting, guidance about how to correct would be sug
gested by a therapist. In contrast, Sonic Sleeve requires partici
pants to determine which postural modification is required, as
would be the case in the home environment, where a therapist is
not present. Together, the approach combines a motivating and
rewarding context for repetitive movement, while incorporating
embedded feedback to guide optimal patterns of movement.
In summary, the current study asks whether patients with
chronic stroke can make use of auditory feedback (muting of selfselected music) to reduce abnormal movements in a seated active
forward reaching task.

Figure 1. Flow diagram of patient progress through the pilot study.

Materials and methods
Patients
All patients taking part in the study were enrolled on the Queen
Square Upper Limb (QSUL) neurorehabilitation programme [6,14].
25 patients (Figure 1) were screened with 23 fulfilling the eligibil
ity criteria as follows: (1) diagnosis of stroke resulting in hemipar
esis at least 6 months prior to study; (2) ability to give informed
consent; (3) ability to follow three-stage commands; (4) ability to
lift the affected hand onto a table whilst seated but unaided by
their unaffected limb; (5) ability to sit unsupported for at least
10 min; (6) aged between 18 and 75; (7) at least minimal ability to
actively extend their elbow. Two patients were excluded as one
had no active elbow extension and the other was non-stroke.
Two patients dropped out: one due to a family bereavement and
the other due to high levels of fatigue. Data for one patient was
not collected due to a software failure leaving 20 patients with
full datasets. Written informed consent was given by all patients
and full ethical approval was attained by the London Dulwich
research ethics committee (ref: REC 19/LO/0579).
The clinical characteristics of this cohort are shown in Table 1.
The following outcome measures were assessed as part of QSUL:
modified Rankin Scale (mRS), Barthel Index (BI), Neurological
Fatigue Index (NFI), Hospital Anxiety and Depression Scale

AL: affected limb; DH: dominant hand; TSS: time since stroke; mRS: modified Rankin Scale; BI: Barthel Index; NFI: Neurological Fatigue Index; HADS: Hospital Anxiety and Depression Scale; MoCA: Montreal Cognitive
Assessment; FMS: Fugl-Meyer Sensory; FM-UL: modified upper limb Fugl-Meyer; ARAT: Action Research Arm Test; CAHAI: Chedoke Arm and Hand Activity Inventory; ArmA: Arm Activity Measure, na: data not available.
�Included in Spearman’s rank tests and Mann-Whitney U tests.
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Table 1. Demographic and clinical characteristics of patients.
Patient ID
Gender
Age�
AL
DH
TSS�
(n ¼ 20)
(M ¼ 75%) (years) (R ¼ 85%) (R ¼ 75%) (months)

mRS�
Max ¼ 5

BI�
Max ¼ 20

NFI�
Max ¼ 62

HADS�
Max ¼ 34

MoCA�
Max ¼ 30

FMS�
Max ¼ 12

ARAT�
Max ¼ 57

CAHAI�
Max ¼ 91

Arm-A�
Max ¼ 28

Apraxia�
(Yes ¼ 15%)
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(HADS), Montreal Cognitive Assessment (MoCA), Fugl-Meyer
Sensory; modified upper limb Fugl-Meyer (FM-UL); Action
Research Arm Test (ARAT); Chedoke Arm and Hand Activity
Inventory (CAHAI); Arm Activity Measure (ArmA) both A and B. In
order to ensure that patients were able to detect when the music
was muted, a sample of music was played and muted at random
10 times. All patients demonstrated that they could detect the
onset and offset of the music sample.

Description of the sonic sleeve system
The Sonic Sleeve system takes kinematic movement data from a
2D webcam using the open-source software OpenPose [15,16] and
maps that data to provide real-time auditory feedback to the
patient. A ML platform Wekinator [17] was used to record the 2D
position data from the patients neck, wrist, elbow and shoulder.
In the present study, the auditory feedback was a simple binary
signal: the music was either on or off (muted) according to
whether the system detected abnormal movements during an
active forward reaching task.

Setting system parameters for each patient
Each patient completed a practice session with a physiotherapist
(PT) or occupational therapist (OT) from the QSUL programme,
along with the researcher. Examples of abnormal movements
were recorded into separate ML models, comprising: (i) shoulder
abduction (ii) shoulder elevation iii) trunk flexion. Each patient
held static positions for five seconds at a time as follows: shoulder
abduction by holding the elbow out by �15cm; trunk flexion by
leaning forward �10cm from the back of the chair; and shoulder
elevation by raising the shoulder by �5cm. These abnormal posi
tions set the maximum upper bounds of the three ML models at
1.0, whereas the lower bounds were set to a value of 0.0 by
recording five examples of the target movement performed using
the most optimal movement pattern possible. Both the abnormal
(upper bound) positions and the optimal movements (lower
bounds) were physically supported by the OT or PT when
required, ensuring the patients did not become fatigued and to
help ensure the upper and lower bounds of the system were set
at consistent levels. For example, some patients while undertaking
their optimal movements required the OT or PT to guide optimal
movement by physically supporting their elbow as they moved.
This was to ensure patients movement patterns were optimal and
as near normal as possible when recording the kinematic data to
set the lower bounds of the system. Feedback thresholds were
then set for each of the three abnormal movement ML models in
turn and individualised to suit the range of movement for each
patient. An OT or PT supported the patient aiming for movement
of the affected limb to be as near normal as possible. A precise
threshold number was stored in the system for the three sup
ported positions (arm, trunk and shoulder) setting the thresholds
above which abnormal movements would trigger real-time feed
back. These feedback levels were typically in a range of 0.2–0.3
(i.e., 20 30% of the upper bound measurements) and always
between the lower bound of 0.0 and the upper bound of 1.0.
Abnormal movement above the stored threshold numbers
resulted in auditory feedback (muting of the music) until the par
ticipant corrected their posture, at which point the music
was unmuted.
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In the practice session preselected music of varying styles was
prepared for use, matching the baseline tempo of each patient.
Patients undertook 50 movement repetitions with auditory feed
back to gain familiarity with the system. The system was cali
brated to provide feedback on their abnormal movements such
that the movements were moderately challenging. Patients then
chose 10 of their favourite pieces of music that would motivate
them to perform the movement repetitions during the study. Of
these, the researcher selected one that was closest to the
patient’s baseline tempo and prepared it for use in the main
study session 48 h later.
Data collection and analysis

Figure 2. The patient seated upright with their wrist on the edge of a height
adjusted table. They move their hand forward to reach a target button (marked
with X) before returning to the original start position. A 2D webcam positioned
at 2 o’clock/60 degrees relative to the patient collects video footage of their
movement and sends kinematic data into a machine learning system.

Study design and protocol
A within-session, within-subject design with two conditions (with
auditory feedback vs. without auditory feedback) presented in a
randomised counterbalanced order was used. Participants were
assigned to their starting condition using a random number gen
erator (https://www.randomizer.org/#randomize) and based on
their study ID number.
In the condition with auditory feedback patients were required
to undertake 50 repetitions of the target movement – a seated
active forward reaching task (Figure 2). A single repetition began
with the mid-point of the ulnar styloid positioned at the edge of
the table with elbow in line with the centre of their torso on the
hip. From here patients moved their affected limb forward to a
button attached to the table (set at an appropriate individualised
reaching distance by a PT or OT accounting for varying levels of
impairment and elbow extension) before returning to the start
position. This movement was undertaken while patients listened
to a self-selected favourite piece of music which matched their
baseline movement tempo. If a patient used abnormal movement,
such as trunk flexion or shoulder abduction, the Sonic Sleeve sys
tem automatically muted the music until they corrected their pos
ture. After every 10 repetitions patients took a short rest of 10 s.
A longer rest of 2 min was taken between the two study condi
tions. Patients were made aware that they could rest at any time
if they found the exercises too tiring. In the control condition,
patients were required to undertake 50 movement repetitions to
the same self-selected music, but without any feedback to signal
when abnormal movements occurred. Patients were told they did
not need to move in time to the music but should focus primarily
on movement quality, trying their best to perform the move
ments with as little abnormal movement as possible. Pre-written
scripts were read out by the researcher and available in clear bul
let point large font print form for patients who required visual
support. Patients undertook the movement repetitions at a com
fortable speed that the PT or OT agreed was suitable for their
rehabilitation.

All data were collected in a research lab alongside the stroke unit
where patients were attending the QSUL programme between
August 2019 and January 2020. Data file outputs from the Sonic
Sleeve system were processed in Python 3.7 (https://www.python.
org) using JupyterLab (https://jupyter.org), and SPSS v24 was
used to run the statistical tests. The dependent variable was the
duration of abnormal movement as a proportion of total move
ment time. This was calculated for each movement repetition and
then averaged across all 50 repetitions. A repeated measures
ANCOVA assessed the hypothesis that the presence of auditory
feedback would reduce the proportion of time spent in abnormal
movement while controlling for any overall differences in move
ment speed across conditions. A paired samples t-test was run to
assess the counterbalanced blocks for potential order effects. The
relationship between response to feedback and clinical baseline
variables (n ¼ 14 as noted in Table 1) including age, time since
stroke and QSUL outcome scores were assessed with Spearman’s
rank tests. To assess the 14 baseline variables further MannWhitney U tests were run between the 10 highest responders to
feedback and the 10 lowest responders. Bonferroni correction
(p < 0.05/14 ¼ 0.004) was used to control for multiple compari
sons. Further Wilcoxon signed-rank tests were run at the individ
ual participant level to compare the variability across participants.

Results
Clinical baseline scores were available as part of the QSUL routine
data set. As seen in Figure 3, the duration of abnormal movement
with auditory feedback was lower 19.3% (SD 18.7%; 95% CI
11.3%–27.3%) compared to without feedback 39.4% (SD ¼ 26.5%;
95% CI 27.5%–51.4%). This was a statistically significant difference,
F(1,18) ¼ 9.424, p ¼ 0.007, with a large effect size (partial g2 ¼
0.344). There was no statistical difference between the two condi
tions (with feedback vs. without feedback) grouped by block
order; t(18) ¼ 0.759, p ¼ 0.461. No associations were found
between the magnitude of abnormal movement reduction and
clinical baseline variables (p > 0.05). Similarly, the between group
tests comparing the 10 highest responders to feedback with the
10 lowest responders on all 14 clinical baseline variables were
nonsignificant (p > 0.05).
Individual participant level analyses
14 patients showed significant reductions in the duration of abnor
mal movement with auditory feedback (Figure 4). Three patients
showed no statistically significant difference between conditions
and the remaining three patients showed a significant increase in
the duration of abnormal movement with auditory feedback.
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Figure 3. The duration of abnormal movement for 20 patients undertaking 50 repetitions with auditory feedback compared to 50 repetitions with no feedback. Error
bars are adjusted 95% CI removing between-subject variability.

Figure 4. The duration of abnormal movement for 20 patients who provided full datasets (with and without auditory feedback). Median (dashed line), upper and
lower quartiles (dotted lines) are shown.

Discussion
The current study assessed a digital approach to upper limb
rehabilitation with a focus on quality of movement. At a group
level, patients reduced the proportion of time in abnormal move
ment by 20.1% supporting the hypothesis that auditory feedback
would elicit such an effect. The large effect size achieved is com
parable to prior research providing real-time force and visual
feedback on trunk displacement [18]. In addition, at an individual
participant level, 14 of 20 patients achieved statistically significant
reductions in this same measure with three patients exhibiting
the opposite pattern.
While prior research using real-time feedback has focussed
on only one source of abnormal movement – trunk flexion, [19]

Sonic Sleeve is capable of detecting abnormal movements
from two other common compensatory movement patterns:
shoulder abduction and shoulder elevation. While the current
study used a single signal to convey abnormal movement from
any of these three sources, a future version could, in principle,
use different forms of auditory feedback to differentiate
abnormal movements coming from each of the three sources,
providing more nuanced feedback signals. As the first iteration
of Sonic Sleeve, we chose a simple binary manipulation, particu
larly in order to ensure that the feedback would always be
salient given possible perceptual and/or cognitive impairments,
but several different parameters of the music could, in
principle, be flexibly mapped onto different move
ment components.
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Self-selected music is considered more meaningful to partici
pants than experimenter selected music [20] and provides a
motivational framework that can make rehabilitation more enjoy
able [21]. In addition to the personal choice that this approach
allows, the temporal structure present in almost all music is also a
relevant feature. Rhythmic entrainment (the ability to synchronise
with the beat of the music) has been linked to strong activations
of the auditory and motor regions of the brain [22] and forms the
basis of rhythmic auditory cueing (RAC) [23], one of the most
widely used approaches for music in neurorehabilitation [24,25]. A
protocol devised by van Wijck and colleagues combined selfselected music and RAC using a “tap tempo” paradigm for upper
limb rehabilitation with participants required to reach targets in
time to the music [26]. In contrast, in the current study, partici
pants were not constrained to entrain to the beat as is the case
with RAC because we wanted patients to focus exclusively on
reducing abnormal movements rather than trying to keep in time
with the music. Nevertheless, the presence of a “beat” was poten
tially helpful in driving the movement and in our prior research
patients achieved hundreds of repetitions every session playing
bespoke drum pads as part of a home based rehabilitation pro
gramme [27]. The current study used a single piece of music
matched to the patient’s baseline tempo, but a more varied play
list could be created for long term rehabilitation to keep interest
and encourage variation in the speed of movements. The combin
ation of a motivational medium (self-selected music) with a feed
back signal to guide movement towards a more optimal pattern
represents a promising approach to focussing on both dose and
quality. Although beyond the scope of this initial pilot study,
future iterations of Sonic Sleeve with a larger number of partici
pants may help understand what features (such as cognitive def
icit or impairment levels) explain those patients that do not
respond to feedback.
Rehabilitation training for the upper limb in humans is typic
ally at far lower levels [3] when compared to animal models
where many hundreds of daily repetitions are reported [28].
Systems such as Sonic Sleeve can potentially help patients with
chronic stroke attain comparably high doses while still focusing
on movement quality. Introducing Sonic Sleeve earlier in the
acute stages of stroke would be an interesting extension to the
current research. Further considerations for the Sonic Sleeve sys
tem include moving from the laboratory setting into the home
environment and assessing the feasibility of patients receiving
auditory feedback from off the shelf motion tracking systems in
the home. Sonic Sleeve could also be run off a tablet or smart
mobile phone camera lending itself to the home environment at
low cost. However, to successfully deploy digital rehabilitation sys
tems at scale that are clinically useful and motivating for patients
in the long term an interdisciplinary approach is recommended
drawing on expertise and experience from patients, clinicians
and engineers.

Conclusions
Patients were able to make use of auditory feedback to self-cor
rect abnormal movement patterns moving towards more normal
movement patterns. Embedding this feedback within self-selected
favourite music provides a motivational rehabilitation framework,
which prioritizes dose and movement quality in combination. This
is a promising low cost approach to stroke rehabilitation that can
transfer into the home environment with further development.
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