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Stroke often affects arm functions and thus impairs patients’ daily activities. Recently,

several studies have shown that additional movement acoustics can enhance motor

perception and motor control. Therefore, a new method has been developed that

allows providing auditory feedback about arm movement trajectories in real-time for

motor rehabilitation after stroke. The present article describes the study protocol for a

randomized, controlled, examiner, and patient blinded superiority trial (German Clinical

Trials Register, www.drks.de, DRKS00011419), in which the method will be applied

to 13 subacute stroke patients with hemiparesis during 12 sessions of 30min each

as additional feedback during the regular movement therapy. As primary outcome, a

significant pre-post-change in the Box and Block Test is expected that exceeds the

performance increase of 13 patients who will be provided with sham-acoustics. Possible

limitations of the method as well as the study design are discussed.

Keywords: movement sonification, motor rehabilitation, stroke rehabilitation, arm movements, acoustic feedback

INTRODUCTION

Background
Stroke is the second most common cause of death among the neurological disorders. The great
majority of patients who survive a stroke have to rely on health care support afterwards (1). Sensory
and motor impairments can lead to dramatic limitations of everyday motor skills and temporary
or permanent disability. Most often arm functions are impaired and hamper patients during
activities of daily living (2). Hemiparesis, for example, affects spatial and temporal arm motor
control and results in disturbed movement trajectories, lower movement amplitudes and enhanced
movement times (3). Therefore, one important goal of motor rehabilitation is the improvement
of arm functions. Some therapies like the Arm Ability Training (4) or the Constraint Induced
Movement Therapy (5) predominantly focus on the improvement of the motor components of
the arm movement system. However, Bastian points out that efficacy of stroke rehabilitation might
be improved by methods that combine perceptual- and motor oriented approaches (6). A recent
study with healthy participants showed a higher efficacy of a sensorimotor compared to a purely
motor orientated approach, accordingly, although both approaches address the same adaptation
mechanisms (7). An example for a perception-oriented approach for stroke rehabilitation is
Ramachandran’s mirror visual feedback method. It seems to reestablish congruency betweenmotor
commands and visual feedback in patients that watch a mirror image of the unimpaired arm during
bilateral movements. Some of these patients report not only to see the impaired arm, but also to feel
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it moving. A probable explanation is that mirror visual feedback
revives temporarily inactive motor neurons and/or ipsilateral
corticospinal pathways (8).

As alternative to vision-oriented approaches, a specific feature
of recently developed methods is the implementation of auditory
signals and sounds to generate additional perceptual information
about movement quantities and qualities (9, 10). In particular,
music has been shown to be an efficient add-on in stroke therapy:
Schneider et al. (11) showed that a music based arm therapy
can outperform highly established approaches like the constraint
induced movement therapy. Chen et al. (12) reported from a
proof of concept case study on five stroke patients that rhythmic
auditory cueing enhanced movement speed. Furthermore, two-
state continuous musical feedback increased elbow extension
as well as shoulder flexion and reduced compensatory trunk
movements. Growing evidence suggests that music-supported
therapy is superior to conventional physiotherapy without music,
probably because it acts on multiple levels and addresses motor,
cognitive, and emotional mechanisms (13).

Furthermore, some studies indicate beneficial effects of
continuous auditory feedback for movement rehabilitation after
stroke. For example, Maulucci and Eckhouse (14) reported
that stroke patients relearned functional movement paths faster
when they were provided with auditory feedback about spatial
deviations from reach paths performed by healthy persons. Secoli
et al. (15) found that auditory feedback improved performance
in a movement tracking task performed during robot-assisted
arm training in patients with chronic left hemiparesis. However,
other results were equivocal: According to Robertson et al.
(16), feedback about hand orientation during reaching seems
to be beneficial for patients with right hemisphere lesions, but
detrimental for patients with left hemisphere lesions. Based
on a systematic literature review, Molier and colleagues see
a possible benefit of performance feedback and augmented
auditory feedback, although the determinants for their efficacy
remain largely unknown (17).

Since stroke often impairs somatosensation (18, 19), recovery
of arm functions might benefit from methods that support
proprioception, particularly. Hereto, Sihvonen et al. (13) argue
that music-supported therapy might be effective, again, because
patients generate an internal expectation about when the next
note is going to be heard and thereby improve their movement
timing. However, by considering proprioception as integrated
percept of multiple sensory streams from multiple receptors
which is experienced as motion and position sense, further
methods might address specific proprioceptive mechanisms
and thereby support the relearning of functional movement
patterns after stroke. The method of movement sonification
might have this potential. Movement sonification represents
a concept for mapping movement parameters to sound in
order to create novel perceptual streams congruent to the
time course of kinematic or dynamic movement parameters
(20). This method differs conceptually from providing feedback
on performance errors, because it allows to design artificial
perceptual streams structurally equivalent to perceptual streams
from other modalities. It has been shown that the amendment
of visual motion information by movement acoustics amplifies

the activity of multimodal integration areas in the brains of
observers and furthermore, activates the basal-ganglia-fronto-
cortical motor loop (21, 22). Accordingly, movement sonification
has been shown to support learning (23, 24) and adaptation
(25) of fine motor skills, (re)learning of arm joint coordination
patterns (26) and acquisition of gross motor skills (27, 28)
in healthy persons. In deafferented patients, it can substitute
proprioception (29). Studies on immediate effects of movement
sonification on movement pattern recognition, movement
synchronization and own-other discrimination (30–33) indicate
that movement sonification unfolds its potentials on perception
and action by linking to internal movement representations.

Theoretical Approach
The present approach is based on a further development of a
method presented in Vinken et al. (31) and Schmitz et al. (34).
It differs from other approaches as it focuses on sensorimotor
representations of hand and arm movements as suggested by
Bastian (6) for arm training in stroke rehabilitation. Studies
indicate that hand and arm movements are represented in
body-centered reference frames and that arm trajectories are
realized on the basis of muscle synergies (35–38). Findings
from Overduin and colleagues indicate that muscle synergies
are represented in the brain in a time-invariant spatial as
well as a time-varying spatiotemporal manner (39). d’Avella
et al. (40) showed that different muscle synergies are active
during movements to different directions, but a few synergies
can sufficiently explain coordinated muscular activity during
movements with different amplitudes, loads, forearm postures,
as well as movement sequences. Such results indicate that
synergies serve the implementation of a few global movement
features like movement direction and amplitude which are
coded by independent neuronal populations in the brain (35).
Accordingly, it seems to be reasonable to design feedback related
to movement direction and amplitude in an egocentric reference
frame to address arm movement control and muscle synergies.
Since stroke seems to disrupt muscle synergy patterns of the
impaired arm (41), significant effects of such feedback might
be expected for the rehabilitation of arm functions. Moreover,
muscle synergy patterns are highly correlated between arms and
the reorganization of muscle synergy patterns is part of the
recovery process after stroke (41). By providing homogenous
feedback on movements of each arm, the unimpaired arm can
serve as individualized movement model as well as auditory
mirror image and might support the reorganization process.

The goal of the intended clinical trial is to prove the
impact of a novel method for arm movement sonification
in motor rehabilitation after stroke. The method provides
real-time feedback about three-dimensional wrist movements
in relation to the trunk. Auditory feedback informs about
the angular direction of movements in the horizontal and
vertical plane, the radial amplitude as well as the absolute
velocity of the wrist. Accordingly, each movement produces an
unequivocal soundwhich represents additional sensory feedback.
We hypothesize that patients benefit from the real time feedback
during movements with the impaired arm due to the structural
equivalence of the sound to movement information from other
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modalities which can amplify activity of multisensory integration
areas in the brain, support motor control and substitute partially
lost proprioception as indicated by Scheef et al. (21), Schmitz
et al. (22), Effenberg et al. (28) and Danna and Velay (29). A
pilot study with a precursor version of this method provided
encouraging results as four stroke patients showed improved
performance in the Box and Block test after five training sessions
(34). Furthermore, a related method has recently been applied
in a randomized controlled clinical trial by Scholz et al. (42).
After an exploration-phase, stroke patients learned to play
simple melodies by moving their impaired arm in 3D-Cartesian
space. Ten training sessions of 20min each with this musical
sonification reduced pain according to the pain-score of the Fugl-
Meyer test, enhanced hand functions as assessed by the Stroke
Impact Scale and increased smoothness of reaching as shown
by kinematic analyses. Effect sizes were moderate. The present
approach differs from the method presented in Scholz et al. (42)
mainly by the way arm movements are sonified and by capturing
the whole upper body. This allows providing intuitive feedback
for both arms while controlling for upper body movements.
Thus, the present method prospects even larger effects.

Objectives
The primary objective of this trial is to investigate the
effectiveness of the above mentioned approach for real-time
movement sonification on motor abilities of the paretic upper
limb in subacute stroke patients. The hypotheses are that,
compared to patients provided with an auditory control stimulus,
patients provided with real-time movement sonification (1)
improve gross motor dexterity of the paretic upper limb assessed
with the Box and Block test, and (2) motor function of the paretic
arm and hand measured with the Action Research Arm Test and
the Stroke Upper Limbs Capacity Scale.

Trial Design
The present trial is designed as a randomized, controlled, assessor
and patient blinded superiority trial with two parallel groups.
Randomization is performed as block randomization with 1:1
allocation.

METHODS

Study Setting and Eligibility Criteria
All subjects included in the study are inpatients at a rehabilitation
hospital in Germany. They meet the following inclusion criteria:
hemiparesis of the upper extremity (SULCS score ≥3) after a
unilateral ischemic or hemorrhagic stroke (4 weeks to 6 months
after stroke onset), the functional ability to pick up a wooden
cube (2.5 cm in size) with the paretic hand, and age between
18 and 80 years. Patients with unstable fracture, the inability
to sit for 30min, or severe aphasia or cognitive impairment,
which compromises the implementation of the assessments or
the therapy are excluded from the trial.

Interventions
Subjects enrolled in this study are randomized in equal
proportions between sonification and sham-acoustics, receiving

either training for the upper extremities with real-time
movement sonification (intervention group) or training with
sham-acoustics (control group). During the intervention phase,
subjects of both groups receive movement therapy for the upper
extremities at 4 days per week for 3 weeks, i.e., a total of 12
sessions. A therapy session takes 30min. Within each study
therapy session, gross motor arm movements are performed
focusing on (a) reaching, (b) grasping, (c) bimanual activities,
and (d) velocity. Exercises belonging to those categories are
performed in blocks of 5min. An exercise catalog can be
used by the therapists containing ideas for arm movements of
each category. Content and repetitions are recorded for later
analysis. A break and a short calibration of the XSens system
is scheduled between the 5-min blocks. Subjects of both groups
wear the sonification system (straps, sensors, head phones, on-
body controller) during the therapy.

Once a patient is enrolled in the study, the study site makes
every reasonable effort to follow the patient for the entire study
period. If study sessions are canceled due to indisposition of the
patient or the therapist, or due to technical issues, one additional
session per week can be scheduled. The intervention period
should not exceed 3 weeks. Adherence to therapy is monitored by
documenting therapy failures, therapy durations, and drop-outs.

The following individual criteria were defined for
discontinuing the allocated intervention: incidence of a
new disease or complication of the underlying disease, which
makes continuation of the study impossible, and at the patients’
request or at request of the legal representative. Patients who
discontinue the intervention are considered off intervention
and follow the same schedule of measurements as patients who
finished the intervention. Discontinuation of the intervention
is not a reason for withdrawal from the study. Patients are free
to withdraw from the study for any reason at any time. The
investigator also may withdraw patients from the study to protect
their safety or if they are unwilling and unable to comply with
the study procedures.

All patients included in the study are inpatients at the
rehabilitation hospital and receive the normal therapy setting
during the study period. The only intervention which is
prohibited during the intervention period is robot-assisted
training for the upper extremities.

Arm Motion Tracking and Sonification
Arm movements are tracked with a mobile motion capture
system (MTx miniature 3DOF inertial orientation tracker;
Xsens Technologies BV, Enschede, The Netherlands). It contains
seven inertial sensor units, which are composed of three
accelerometers, three gyroscopes, and magnetic sensors allowing
measuring three dimensional orientation. All sensors are
connected by cable with an on-body controller (XBus Master)
worn at a belt which transmits synchronized sensor data (50Hz)
wirelessly to a laptop (Bluetooth protocol 2,400–2,500 MHz).
Sensors are fixated by velcro straps and aligned to seven
body parts representing a kinematic chain (sternum, shoulders,
upper and lower arms). By comparing orientation of two
interconnected sensors and considering predefined segments’
lengths it becomes possible to determine joint angles and
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calculate relative joint positions based on forward kinematics
(43), here the relative wrist position in relation to the intersection
of shoulder axis and spine of a biomechanical upper body model.

Wrist position is calculated in spherical coordinates, i.e.,
each posture is determined by the azimuth angle, the elevation
angle as well as the radial distance between wrist and origin
of the spherical coordinate system (Figure 1). These data are
submitted to the open source software applications PureData
and CSound for sonification. The sonification concept is inspired
by ecological relationships between sound and energy like it
is given for the sound amplitude, which is usually determined
by the amount of energy being transformed by the sound-
emitting event: The harder a tennis player hits the ball with
the racket, the louder the impact boom will sound (20). Such
ecological relations are well established within the hearing
system and the perceptual generation of such kind of auditory
information does not need conscious attention. The sonification
technique is based on frequency modulation of a synthesized
sound with a sawtooth wave form. The carrier frequency,
which is the basic frequency, is set to 200Hz for the left
arm and to 300Hz for the right arm when the arms are
hold in a neutral position besides the body (elevation angle
0◦). Arm elevation increases sound frequency by a maximum
of 200Hz, which is achieved when both arms are stretched
above the head (elevation angle 180◦). The azimuth angle
determines the panning (equal power panning) and thus the
interaural intensity difference. Radial amplitude modifies the
perceived brightness of the sound by a logarithmic change of
the frequency regulation index between 0 and 0.15. Finally,
the absolute velocity of the wrist defines the sound amplitude
and thus the loudness. Higher velocities result in higher sound
amplitudes. Thus, right and left arm movements produce and
modify one sound each which are provided to the patients of
the experimental group wirelessly via headphones. Notably, no
sound can be heard when the arms are at rest. The control group
is provided with sham-acoustics. Arm movements produce the
sound of ocean waves, which are not altered by the movement
trajectory.

The volume of the movement sonification and the sham-
acoustics is adapted according to the patients’ preference
(maximal 65 decibel).

Outcomes
Primary outcome measure is the Box and Block Test (44). The
test is a measure of unilateral gross manual dexterity. It counts
the number of wooden blocks that can be transported from one
compartment of a box to another compartment within 1min.
The Box and Block test shows high test-retest and interrater
reliabilities in elderly subjects and subjects with neurological
disorders (45, 46). The construct validity of the test is high when
compared with the ARAT and the Fugl-Meyer test (45, 46). The
Box and Block test is suitable to detect changes over time in stroke
patients (47).

Secondary outcome measures are the Action Research Arm
Test (ARAT) and the Stroke Upper Limbs Capacity Scale
(SULCS). The ARAT assesses mainly the ability to handle smaller
and larger objects with a variety of qualitatively rated items. It

FIGURE 1 | Loci of the sensors (gray boxes) at patients’ upper body. Sensor

data are fused to calculate spherical coordinates of the wrist in a reference

frame with origin at the upper body, i.e., the intersection between spine and

shoulder axis. Four parameters are mapped onto sound: the angle between

gray vector and sagittal plane (azimuth angle), the angle between vector and

horizontal plane (elevation angle), vector length (radial amplitude), and absolute

velocity of the wrist.

includes four subtests: grasp (6 items), grip (4 items), pinch (6
items), and gross movement (3 items). The scores for each item
range from 0 to 3. We use the standardized protocol published
by Yozbatiran et al. (48) to assess the ARAT. The test shows
high intrarater reliability and interrater reliability. Validity is high
when compared to the Fugl-Meyer test and it is sensitive to detect
changes (47).

The SULCS assesses the capacity of the paretic upper limb
in stroke patients. It consists of 10 items which represent
tasks that are related to daily activities (49). The items assess
proximal arm capacity without need for active wrist or finger
movement (3 items), arm capacity combined with basic hand
capacity (grasp tasks without manipulating, 4 items), and
advanced hand capacity (manipulating tasks, 3 items). The scale
has good interrater reliability and a high construct validity
when compared with the ARAT and the Rivermead Motor
Assessment (RMA) (50).

All these outcome measures are assessed at baseline before the
start of the intervention, at post-test after the last intervention,
and at follow-up test 2 weeks after the end of the intervention.
The measures are assessed by an assessor blind to treatment
allocation. The assessor is experienced and trained in performing
the clinical assessments.

Differences between baseline and post measurement, and
between baseline and follow-up measurement will be calculated
for all outcome measures to determine short-term and long-term
changes. These changes will be compared between groups. The
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TABLE 1 | Time schedule of enrolment, interventions, and assessments.

Enrolment Allocation Post-allocation

TIMEPOINT 0 Baseline Post Follow-up

ENROLMENT:

Pre-screening X

Eligibility screening X

Informed consent X

Allocation X

Randomization X

INTERVENTIONS:

Movement

sonification

Sham-acoustics

ASSESSMENTS:

Box and Block

Test

X X X

Action Research

Arm Test

X X X

Stroke Upper

Limbs Capacity

Scale

X X X

primary and secondary outcome measures will be presented as
means and standard deviations or as medians and 25th and 75th
percentiles for each group.

Participant Timeline
The study timeline shown in Table 1 presents an overview of the
time schedule of enrolment, interventions, and assessments of the
outcome measures.

Sample Size
The sample size calculation for this trial is based on the pilot
study by Schmitz et al. (34) investigating the feasibility of
movement sonification in stroke patients. The study found a
small, but statistically significant effect and a high correlation
between the number of blocks which were transported in the
Box and Block test before and after five 20-min sessions with
movement sonification. As the intervention period is much
longer in this trial, we assume a medium effect. For an effect
size of f = 0.2, a correlation among repeated measures of 0.7, a
power of 80%, and a significance level of α = 0.05 a total sample
size of 26 subjects is required. The sample size calculation was
performed using G∗Power.

A dropout rate of 20% was anticipated, consequently a
minimum number of 32 subjects has to be enrolled in the study.

Recruitment
In the pre-screening, a scientific staff member determines on
a daily basis all stroke patients admitted to the hospital. These
patients are screened for eligibility by the study coordinator.
Patients who fulfill all inclusion and exclusion criteria are
approached with the study information. If the patient is

interested in the study and agrees to participate, written informed
consent is obtained. If the patient has a legal representative, the
study information is also provided to the legal representative
and he gives written informed consent. Patients who are not yet,
but potentially may become eligible, are followed by the study
coordinator until they meet all the eligibility criteria.

Allocation
Patients included in the study are randomly assigned to either
the control or the experimental group with a 1:1 allocation
as per a computer generated randomization schedule stratified
by age (<60 and ≥60 years) and lesion side (left and right
sided) using blocks of random sizes. The block sizes will not be
disclosed to ensure concealment. The randomization schedule
will be concealed until the primary endpoint will be analyzed.
The allocation is done by a scientific staff member not directly
involved in the project. The staff member sends a form with the
allocated intervention to the therapist who is not involved in
assessing the outcome measures.

Blinding
The information about treatment allocation is not given to the
patient in order to ensure blinding as long as possible. However,
due to the nature of the intervention, blinding of the patient
during the intervention may be difficult. Blinding of the therapist
is not possible.

Data Management
Data is collected by a blinded assessor using data based case
report forms. All data are entered into an electronic database by a
scientific staff member at the study site who is not involved in
data collection. Original data forms will be kept on file at the
study site in locked cabinets. Access to the study data will be
restricted to authorized staff members. Incremental back-ups of
the electronic database will be performed on a daily basis. The
database is protected by a password.

After termination of the study and the data verification, all files
will be archived for a period of 10 years.

Statistical Methods
Descriptive statistics including means and standard deviations
or medians and 25th and 75th percentiles for continuous data,
and frequencies for categorical data will be determined. The
appropriateness of the randomization will be examined by testing
for between group differences in demographical and clinical
variables (e.g., age, time since stroke, SULCS score).

Among the cases available for analyses, intention-to-treat
analyses will be performed. For all outcome measures, the
within-subject differences between the baseline and post-test,
and the baseline and follow-up test are of central interest in
the intervention group compared to the control group. For
the primary outcome measure, a repeated measures analysis of
variance will be used. Pairwise comparisons will be generated
using Tukey’s method. A subgroup analysis will be performed
to investigate the influence of lesion side. For the secondary
ordinal outcomemeasures, non-parametric statistics will be used.
Between-group comparisons (intervention vs. control group) will
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be performed to compare the short-term changes (baseline—
post-test) and long-term changes (baseline—follow-up) between
groups using Mann-Whitney U-tests. In addition within-group
comparisons will be performed using Friedman tests. If the
Friedman test showed significant differences,Wilcoxonmatched-
pairs tests will be used to compare baseline and post, and baseline
and follow-up measures. Effect sizes (r) of changes between
groups and within-groups will be calculated.

In addition, a per protocol analysis will be done, excluding
patients who deviated from the protocol. Missing data will be
replaced by the last value carried forward method.

Data Monitoring
No external monitoring of the trial procedures or data collection
processes will occur and no auditing is planned for this trial.

No interim statistical analyses are planned. The study will be
stopped if risks emerge which were not known before.

Harms
In this trial, an adverse event is defined as any untoward medical
occurrence in a subject without regard to the possibility of causal
relationship. Adverse events will be collected and reported after
the patient or his/her legal representative has provided written
informed consent and the patients is enrolled in the study until
follow-up test. All adverse events are evaluated with regard to
the anticipation and severity of the adverse event, and the causal
relation to the study intervention or study procedure.

An adverse event which occurs after enrolment but before the
intervention is started, will be reported as not related to the study
intervention.

An adverse event that meets the criteria for a serious adverse
event between study enrolment and follow-up test will be
reported to the German Federal Institute for Drugs and Medical
Devices (BfArM).

Research Ethics Approval
This trial is performed according to the World Medical
Association Declaration of Helsinki as well as the guidelines for
good scientific practice of the German Research Foundation and
of the University of Hannover. It has been approved by the Ethics
Committee of the Bavarian State Chamber of Physicians.

Protocol Amendments
Any modifications in the study protocol will be reported to the
relevant Ethics Committee and the registration in the German
Clinical Trials Register will be amended.

Consent
The study coordinator introduces the trial to patients who fulfill
all the eligibility criteria of the study. The patients also receive
an information sheet about the study (informed consent form)
and the study coordinator discusses the trial with the patients
in light of the information provided. Patients are then able
to have an informed discussion with the principle investigator
and ask questions. At least 24 h after the informed discussion,
the principle investigator obtains written consent from patients
willing to participate in the trial. The informed consent involves
a confirmation that the patient understands the research and

an assurance that their agreement to participate is voluntary.
If a patient has a legal representative the informed consent
form will also be provided to the legal representative. The legal
representative will also have a informed discussion with the
principle investigator and gives written informed consent if he
agrees with study participation.

Confidentiality
All administrative and data collection forms are identified by a
coded ID number only to maintain patient confidentiality. All
records that contain names or other personal identifiers, such
as informed consent forms, will be stored separately from study
records identified by code number. All study-related information
will be stored securely at the study site. Access is limited to the
staff involved in quality control and data analysis. The electronic
database is password-protected. Data which will be transmitted
to co-investigators of the University Hannover for analysis do not
include personal identifiers.

Access to Data
Authorized research staff at the Schön Klinik Bad Aibling will
have direct access to the data sets. Project team members at
the University Hannover will have access by request. To ensure
confidentiality, data dispersed to project team members will be
blinded of any identifying participant information.

Ancillary and Post-trial Care
All participants are inpatients at the rehabilitation hospital.
After completion of the study, all patients receive rehabilitation
treatments and therapy according to their functional level. No
specific post-trial care is planned.

The study site has an insurance to cover for harms associated
with the trial. This includes cover for additional health care,
compensation, or damages.

Dissemination Policy
Results of this trial will be disseminated through presentations at
scientific conferences and peer-reviewed publications.

DISCUSSION

Stroke patients often show an impaired spatial and temporal
arm control which results in disturbed movement trajectories.
Movement sonification is a novel approach to map movement
trajectories to sound and provide the patient with real-time
auditory feedback. We hypothesize that these method might
support the relearning of functional movement patterns after
stroke. The goal of this clinical trial is to scrutinize the efficacy of a
recently developed method for real-time movement sonification
on motor abilities of the paretic upper limb in subacute stroke
patients. In addition, it assesses adherence to therapy and adverse
events.

The combination of perceptual and motor oriented
approaches seems effective to improve motor rehabilitation
after stroke (6). While visual feedback training is widely-
used, acoustic feedback methods are much less prevalent and
insufficiently investigated. Themethod of movement sonification
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which is applied in this trial provides the patient with additional
auditory feedback about three-dimensional wrist movements
in relation to the trunk during regular movement therapy.
This perception-oriented approach links to internal movement
representations and might address specific proprioceptive
mechanisms and support relearning of functional movement
patterns. Despite its potential benefits, the method has several
possible limitations which have to be discussed as they might
influence the study outcome.

The mobile sonification system allows to sonify up to 16 from
several hundred movement parameters, concurrently. Therefore,
it is highly adaptable to different movement categories.
Unfortunately, applicability in arm motor rehabilitation is
limited to gross-motor functions, because the motion capture is
based on inertial sensor units that do not allow capturing finger
or grasping movements. A system for the sonification of hand-
and fingermovements to support grasping actions and finemotor
skills could be developed in future on the basis of data gloves with
an adapted kinematic-auditory framework as the one used in the
intended study.

A second limitation results from the calibration procedure in
which orientations of sensor units are aligned to orientations of
body limbs. Repeated recalibration is necessary, because inertial
sensor data tend to drift. Thereto, patients have to take up a
pre-defined pose, in which both arms are stretched. Although
the pose is standardized and patients are supported by the
therapist, inaccuracies have to be expected that induce noise
in the kinematic-acoustic mapping. Such noise might reduce
the impact of the auditory movement information during the
multisensory fusion process with information from other sensory
modalities (51). Although a higher accuracy might be achieved
with optical motion capture systems, it was decided to base
motion capture on inertial sensor units to maintain mobility as
well as time efficient motion data processing to minimize latency
of auditory feedback.

A third possible limitation concerns the necessity to
standardize the kinematic-acoustic mapping inter-individually in
the clinical study. It might be argued that a higher efficiency of
the method will be achieved by adapting the kinematic-acoustic
mapping to each patient individually, since impairments vary
inter-individually. But by sonifying spherical coordinates (angles

and standardized amplitudes), inter-individual differences seem
to play a minor role and the need to adapt the kinematic-
acoustic mapping diminishes. However, during the 3 weeks of
movement therapy, many different arm movement have to be
practiced (uni- as well as bilateral movements, different velocities,
cyclic/acyclic etc.), and different movement types might require
feedback on different movement parameters to achieve highest
efficiency. Thereto, an adapted mapping-strategy might be
beneficial.

One major study limitation of the study protocol is the
blinding of the patients. Due to ethical reasons, patients are
informed in the information sheet and the informed discussion
that they will be randomly allocated to one of two treatment
groups. They are told that the control group is provided
with sham-acoustics which is not related to arm movements.
After enrolment in the study, the information about treatment
allocation is not given to the patient. However, some patients
might notice whether they train with movement sonification
or sham-acoustics. As knowledge of group allocation might
influence the study outcome, it will be documented if a patient
mentions awareness of his treatment group.

The study investigates the effectiveness of movement
sonification in patients in the subacute phase after stroke.
Further work should determine its effects in acute or chronic
stroke patients.

AUTHOR CONTRIBUTIONS

GS and JB drafted the manuscript. AOE, CK, T-HH, and
FM revised it critically for important intellectual content.
AOE developed the sonification. GS and AOE developed the
framework for the arm sonification. T-HH contributed to the
software-application and sound-synthesis. CK conceived, and JB
designed the study. CK, JB, AOE, GS, and FM participated in the
development of the intervention. All authors read and approved
the version of the submitted manuscript.

ACKNOWLEDGMENTS

The publication of this article was funded by the Open
Access fund of Leibniz Universität Hannover.

REFERENCES

1. Busch MA, Schienkiewitz A, Nowossadeck E, Gößwald A. Prävalenz

des Schlaganfalls bei Erwachsenen im Alter von 40 bis 79 Jahren in

Deutschland. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz

(2013) 56:656–60. doi: 10.1007/s00103-012-1659-0

2. Jorgensen HS, Nakayama H, Raaschou HO, Vive-Larsen J, Stoier M, Olsen

TS. Outcome and time course of recovery in stroke. Part I: outcome. The

copenhagen stroke study. Arch Phys Med Rehabil. (1995) 76:399–405.

3. Levin MF. Interjoint coordination during pointing movements is

disrupted in spastic hemiparesis. Brain (1996) 119(Pt 1):281–93.

doi: 10.1093/brain/119.1.281

4. Platz T, Winter T, Müller N, Pinkowski C, Eickhof C, Mauritz KH. Arm ability

training for stroke and traumatic brain injury patients with mild arm paresis:

a single-blind, randomized, controlled trial. Arch Phys Med Rehabil. (2001)

82:961–68. doi: 10.1053/apmr.2001.23982

5. Taub EE, Miller N, Novack TA, Cook EC, Fleming WS, Nepomuceno C, et

al. Technique to improve chronic motor deficit after stroke. Arch Phys Med

Rehabil. (1993) 74:347–54.

6. Bastian AJ. Understanding sensorimotor adaptation and

learning for rehabilitation. Curr Opin Neurol. (2008) 21:628–33.

doi: 10.1097/WCO.0b013e328315a293

7. Schmitz G. Interference between adaptation to double steps and adaptation

to rotated feedback in spite of differences in directional selectivity. Exp Brain

Res. (2016) 234:1491–504. doi: 10.1007/s00221-016-4559-y

8. Ramachandran VS, Altschuler EL. The use of visual feedback, in particular

mirror visual feedback, in restoring brain function. Brain (2009) 132:1693–

710. doi: 10.1093/brain/awp135

Frontiers in Neurology | www.frontiersin.org 7 June 2018 | Volume 9 | Article 389

https://doi.org/10.1007/s00103-012-1659-0
https://doi.org/10.1093/brain/119.1.281
https://doi.org/10.1053/apmr.2001.23982
https://doi.org/10.1097/WCO.0b013e328315a293
https://doi.org/10.1007/s00221-016-4559-y
https://doi.org/10.1093/brain/awp135
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Schmitz et al. Movement Sonification in Stroke Rehabilition

9. Chen Y, Xu W, Wallis RI, Sundaram H, Rikakis T, Ingalls T, et al. A real-

time, multimodal biofeedback system for stroke patient rehabilitation. In:

Proceedings of the 14th ACM International Conference on Multimedia. New

York, NY: ACM. (2006). p. 501–2.

10. Duff M, Chen Y, Attygalle S, Herman J, Sundaram H, Qian G, et al. An

adaptive mixed reality training system for stroke rehabilitation. IEEE Trans

Neural Syst Rehabil Eng. (2010) 18:531–41. doi: 10.1109/TNSRE.2010.20

55061

11. Schneider S, Schönle PW, Altenmüller E, Münte TF. Using musical

instruments to improve motor skill recovery following a stroke. J Neurol.

(2007) 254:1339–46. doi: 10.1007/s00415-006-0523-2

12. Chen JL, Fujii S, Schlaug G. The use of augmented auditory feedback to

improve arm reaching in stroke: a case series.Disabil Rehabil. (2016) 38:1115–

24. doi: 10.3109/09638288.2015.1076530

13. Sihvonen AJ, Särkämö T, Leo V, Tervaniemi M, Altenmüller E, Soinila

S. Music-based interventions in neurological rehabilitation. Lancet Neurol.

(2017) 16:648–60. doi: 10.1016/S1474-4422(17)30168-0

14. Maulucci RA, Eckhouse RH. Retraining reaching in chronic stroke with

real-time auditory feedback. NeuroRehabilitation (2001) 16:171–82.

15. Secoli R, Milot, M.-H., Rosati G, Reinkensmeyer DJ. Effect of visual

distraction and auditory feedback on patient effort during robot-

assisted movement training after stroke. J Neuroeng Rehabil. (2011) 8:21.

doi: 10.1186/1743-0003-8-21

16. Robertson JVG, Hoellinger T, Lindberg P, Bensmail D, Hanneton S,

Roby-Brami A. Effect of auditory feedback differs according to side of

hemiparesis: a comparative pilot study. J Neuroeng Rehabil. (2009) 6:45.

doi: 10.1186/1743-0003-6-45

17. Molier BI, van Asseldonk EHF, Hermens HJ, Jannink MJA. Nature, timing,

frequency and type of augmented feedback; does it influence motor relearning

of the hemiparetic arm after stroke? A systematic review. Dis Rehabil. (2010)

32:1799–809. doi: 10.3109/09638281003734359

18. Carey L. Somatosensory Loss after Stroke. Crit Rev Phys Rehabil Med. (1995)

7:51–91. doi: 10.1615/CritRevPhysRehabilMed.v7.i1.40

19. Connell L. Sensory Impairment and recovery After Stroke. Ph.D thesis,

University of Nottingham (2007).

20. Effenberg AO. Movement sonification: effects on perception and action. IEEE

MultiMedia (2005) 12:53–9. doi: 10.1109/MMUL.2005.31

21. Scheef L, Boecker H, Daamen M, Fehse U, Landsberg MW, Granath, D.-

O., et al. Multimodal motion processing in area V5/MT: evidence from

an artificial class of audio-visual events. Brain Res. (2009) 1252:94–104.

doi: 10.1016/j.brainres.2008.10.067

22. Schmitz G, Mohammadi B, Hammer A, Heldmann M, Samii A, Munte

TF, et al. Observation of sonified movements engages a basal ganglia

frontocortical network. BMC Neurosci. (2013) 14:32. doi: 10.1186/1471-220

2-14-32

23. Danna J, Fontaine M, Paz-Villagran V, Gondre C, Thoret E, Aramaki M, et

al. The effect of real-time auditory feedback on learning new characters. Hum

Mov Sci. (2015) 43:216–28. doi: 10.1016/j.humov.2014.12.002

24. Effenberg A, Schmitz G, Baumann F, Rosenhahn B, Kroeger D. SoundScript

– supporting the acquisition of character writing by multisensory integration.

Open Psychol J. (2015) 8:230–7. doi: 10.2174/1874350101508010230

25. Oscari F, Secoli R, Avanzini F, Rosati G, Reinkensmeyer DJ. Substituting

auditory for visual feedback to adapt to altered dynamic and kinematic

environments during reaching. Exp Brain Res. (2012) 221:33–41.

doi: 10.1007/s00221-012-3144-2

26. Fujii S, Lulic T, Chen JL. More feedback is better than less: learning a novel

upper limb joint coordination pattern with augmented auditory feedback.

Front Neurosci. (2016) 10:251. doi: 10.3389/fnins.2016.00251

27. Sigrist R, Rauter G, Marchal-Crespo L, Riener R, Wolf P. Sonification and

haptic feedback in addition to visual feedback enhances complex motor task

learning. Exp. Brain Res. (2015) 233:909–25. doi: 10.1007/s00221-014-4167-7

28. Effenberg AO, Fehse U, Schmitz G, Krueger B, Mechling H. Movement

sonification: effects on motor learning beyond rhythmic adjustments. Front

Neurosci. (2016) 10:219. doi: 10.3389/fnins.2016.00219

29. Danna J, Velay, J. L. On the auditory-proprioception substitution hypothesis:

movement sonification in two deafferented subjects learning to write

new characters. Front Neurosci. (2017) 11:137. doi: 10.3389/fnins.2017.

00137

30. Schmitz G, Effenberg AO. Perceptual effects of auditory information about

own and other movements. In Nees MA, Walker BN, Freeman J, editors

Proceedings of the 18th International Conference on Auditory Display. Atlanta,

GA. (2012). p. 89–94.

31. Vinken PM, Kroger D, Fehse U, Schmitz G, Brock H, Effenberg AO. Auditory

coding of human movement kinematics. Multisens Res. (2013) 26:533–52.

doi: 10.1163/22134808-00002435

32. Schmitz G, Effenberg AO. Schlagmann 2.0 – bewegungsakustische

dimensionen interpersonaler koordination im mannschaftssport. German J

Exerc Sport Res. (2017) 47:232–45. doi: 10.1007/s12662-017-0442-7

33. Schmitz G, Effenberg AO. Sound joined actions in rowing and swimming.

In Meyer C. Wedelstaedt UV, editors (Hrsg.): Moving Bodies in Interaction

- Interacting Bodies in Motion. Intercorporeality, Interkinesthesia, and

Enaction in Sports. Amsterdam: John Benjamins Publishing Company. (2017).

p. 193–214.

34. Schmitz G, Kroeger D, Effenberg AO. A mobile sonification system for stroke

rehabilitation. In: Presented at the 20th International Conference on Auditory

Display (ICAD2014), June 22-25. New York, NY. (2014). p. 1–7.

35. Lacquaniti F, Guigon E, Bianchi L, Ferraina S, Caminiti R. Representing spatial

information for limbmovement: role of area 5 in the monkey. Cerebral Cortex

(1995) 5:391–409.

36. Graziano MS. Is reaching eye-centered, body-centered, hand-

centered, or a combination? Rev Neurosci. (2001) 12:175–85.

doi: 10.1515/REVNEURO.2001.12.2.175

37. Eisenberg M, Shmuelof L, Vaadia E, Zohary E. The representation of

visual and motor aspects of reaching movements in the human motor

cortex. J. Neurosci. (2011) 31:12377–84. doi: 10.1523/JNEUROSCI.0824-1

1.2011

38. Kuppuswamy N, Harris CM. Do muscle synergies reduce the

dimensionality of behavior? Front Comput Neurosci. (2014) 8:63.

doi: 10.3389/fncom.2014.00063

39. Overduin SA, d’Avella A, Roh J, Carmena JM, Bizzi E. Representation

of muscle synergies in the primate brain. J Neurosci. (2015) 35:12615–24.

doi: 10.1523/JNEUROSCI.4302-14.2015

40. d’Avella A, Portone A, Fernandez L, Lacquaniti F. Control of fast-reaching

movements by muscle synergy combinations. J Neurosci. (2006) 26:7791–810.

doi: 10.1523/JNEUROSCI.0830-06.2006

41. Cheung VCK, Turolla A, Agostini M, Silvoni S, Bennis C, Kasi P, et al.

Muscle synergy patterns as physiological markers of motor cortical damage.

Proc Natl Acad Sci USA. (2012) 109:14652–6. doi: 10.1073/pnas.12120

56109

42. Scholz DS, Rohde S, Nikmaram N, Bruckner, H. P., Grossbach M, Rollnik

JD, et al. Sonification of arm movements in stroke rehabilitation - A

novel approach in neurologic music therapy. Front Neurol. (2016) 7:106.

doi: 10.3389/fneur.2016.00106

43. Brock H, Schmitz G, Baumann J, Effenberg AO. If motion sounds: Movement

sonification based on inertial sensor data. Procedia Eng. (2012) 34:556–61.

doi: 10.1016/j.proeng.2012.04.095

44. Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the Box

and Block Test of manual dexterity. Am J Occup Ther. (1985) 39:386–91.

doi: 10.5014/ajot.39.6.386

45. Desrosiers J, Bravo G, Hebert R, Dutil E, Mercier L. Validation of the Box and

Block Test as a measure of dexterity of elderly people: reliability, validity, and

norms studies. Arch Phys Med Rehabil. (1994) 75:751–5.

46. Platz T, Pinkowski C, vanWijck F, Kim, I.-H., Di Bella P, Johnson G. Reliability

and validity of arm function assessment with standardized guidelines for

the Fugl-Meyer test, action research arm test and box and block test: a

multicentre study. Clin Rehabil. (2005) 19:404–11. doi: 10.1191/0269215505cr

832oa

47. Lin KC, Chuang, LL, Wu CY, Hsieh YW, Chang WY. Responsiveness and

validity of three dexterous functionmeasures in stroke rehabilitation. J Rehabil

Res Dev. (2010) 47:563–71. doi: 10.1682/JRRD.2009.09.0155

48. Yozbatiran N, Der-Yeghiaian L, Cramer SC. A standardized

approach to performing the action research arm test. Neurorehabil

Neural Repair (2008) 22:78–90. doi: 10.1177/15459683073

05353

49. Roorda LD, Houwink A, Smits W, Molenaar IW, Geurts AC. Measuring

upper limb capacity in poststroke patients: development, fit of the monotone

Frontiers in Neurology | www.frontiersin.org 8 June 2018 | Volume 9 | Article 389

https://doi.org/10.1109/TNSRE.2010.2055061
https://doi.org/10.1007/s00415-006-0523-2
https://doi.org/10.3109/09638288.2015.1076530
https://doi.org/10.1016/S1474-4422(17)30168-0
https://doi.org/10.1186/1743-0003-8-21
https://doi.org/10.1186/1743-0003-6-45
https://doi.org/10.3109/09638281003734359
https://doi.org/10.1615/CritRevPhysRehabilMed.v7.i1.40
https://doi.org/10.1109/MMUL.2005.31
https://doi.org/10.1016/j.brainres.2008.10.067
https://doi.org/10.1186/1471-2202-14-32
https://doi.org/10.1016/j.humov.2014.12.002
https://doi.org/10.2174/1874350101508010230
https://doi.org/10.1007/s00221-012-3144-2
https://doi.org/10.3389/fnins.2016.00251
https://doi.org/10.1007/s00221-014-4167-7
https://doi.org/10.3389/fnins.2016.00219
https://doi.org/10.3389/fnins.2017.00137
https://doi.org/10.1163/22134808-00002435
https://doi.org/10.1007/s12662-017-0442-7
https://doi.org/10.1515/REVNEURO.2001.12.2.175
https://doi.org/10.1523/JNEUROSCI.0824-11.2011
https://doi.org/10.3389/fncom.2014.00063
https://doi.org/10.1523/JNEUROSCI.4302-14.2015
https://doi.org/10.1523/JNEUROSCI.0830-06.2006
https://doi.org/10.1073/pnas.1212056109
https://doi.org/10.3389/fneur.2016.00106
https://doi.org/10.1016/j.proeng.2012.04.095
https://doi.org/10.5014/ajot.39.6.386
https://doi.org/10.1191/0269215505cr832oa
https://doi.org/10.1682/JRRD.2009.09.0155
https://doi.org/10.1177/1545968307305353
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Schmitz et al. Movement Sonification in Stroke Rehabilition

homogeneity model, unidimensionality, fit of the doublemonotonicity model,

differential item functioning, internal consistency, and feasibility of the stroke

upper limb capacity scale, SULCS. Arch Phys Med Rehabil. (2011) 92:214–27.

doi: 10.1016/j.apmr.2010.10.034

50. Houwink A, Roorda LD, Smits W, Molenaar IW, Geurts AC. Measuring

upper limb capacity in patients after stroke: reliability and validity of the

stroke upper limb capacity scale. Arch Phys Med Rehabil. (2011) 92:1418–22.

doi: 10.1016/j.apmr.2011.03.028

51. Alais D, Burr D. The ventriloquist effect results from near-optimal

bimodal integration. Curr Biol. (2004) 14:257–62. doi: 10.1016/j.cub.2004.

01.029

Conflict of Interest Statement: 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 © 2018 Schmitz, Bergmann, Effenberg, Krewer, Hwang and Müller. 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 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 Neurology | www.frontiersin.org 9 June 2018 | Volume 9 | Article 389

https://doi.org/10.1016/j.apmr.2010.10.034
https://doi.org/10.1016/j.apmr.2011.03.028
https://doi.org/10.1016/j.cub.2004.01.029
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Movement Sonification in Stroke Rehabilitation
	Introduction
	Background
	Theoretical Approach
	Objectives
	Trial Design

	Methods
	Study Setting and Eligibility Criteria
	Interventions
	Arm Motion Tracking and Sonification
	Outcomes
	Participant Timeline
	Sample Size
	Recruitment
	Allocation
	Blinding
	Data Management
	Statistical Methods
	Data Monitoring
	Harms
	Research Ethics Approval
	Protocol Amendments
	Consent
	Confidentiality
	Access to Data
	Ancillary and Post-trial Care
	Dissemination Policy

	Discussion
	Author Contributions
	Acknowledgments
	References


