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1 Summary 
Sonification of arm movements in stroke rehabilitation: 

a novel approach in neurologic music therapy

Daniel S. Scholz

Stroke is one of the leading causes of disabilities worldwide, and the number of affected

patients per year and country is increasing due to the societies growing older. Rehabilitation

of stroke patients remains a challenge, although currently several new training programs are

being investigated, all aiming at an improved efficiency and sustainability of rehabilitation

effects. Some traditional rehabilitation programs lack general acceptance by patients, due to

high demands on the patients' cooperation, which sometimes may be perceived by patients as

frustrating. Yet, even the well established standard physiotherapeutical approaches do not

unambiguously provide evidence of efficacy when it comes to improvement of skilled motor

behavior. Therefore there is an urgent need for innovative, patient motivating, goal directed

and efficient training programs in stroke rehabilitation.

Sonification  stands  for  the  usage  of  non-speech  audio  conveying  otherwise  not  audible

information.  The  first  sonification  device  was  the  Geiger-Müller  counter  which  detects

electromagnetic radiation and communicates a decay by a click sound. In this thesis, stroke

patients arm movements in a predefined three dimensional space were sonified. Sonification

was then applied to develop and to incorporate musical retraining for the arm affected by the

stroke.

The  first  experimental  study  was  conducted  in  order  to  examine  and  validate  the

effectiveness of a certain type of sonification for a later application in stroke rehabilitation.

To  date,  no  established  sonification-supported  rehabilitation  protocol  strategy  exists.

Therefore a computer program was developed, the “SonicPointer”, to sonify participants'

computer  mouse  movements  in  real-time  with  complex tones.  Tone characteristics  were

derived from a parameter mapping, invisible and unbeknown to the participants, which was

overlaid on the computer screen. In each trial, a target tone was presented and subjects were
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instructed to indicate its “origin” with respect to the overlaid parameter mappings on the

screen as quickly and accurately as possible with a mouse click. Due to the participants'

ignorance of the parameter map on the screen, only implicit learning over a series of trials

led to an increase in accuracy in this task. One of the aims of the study was to find out how

sonification parameters should be mapped in space optimally. Twenty-six elderly healthy

participants were tested with this device.  Generally,  subjects'  localizing performance was

better  on  the  tone  pitch  axis  as  compared to  the  tone  brightness  axis.  Furthermore,  the

learning curves were steepest and participants were fastest when pitch was mapped onto the

vertical  and  brightness  onto  the  horizontal  axis,  suggesting  that  this  is  the  optimal

constellation for this two-dimensional sonification.

In  the  second  experimental  study  presented  herein  we  applied  the  previously  acquired

optimal sonification mapping in a newly developed musical sonification therapy designed to

retrain gross-motor functions.  Four stroke patients were included in this clinical pre-post

feasibility  study  and  were  trained  with  the  musical  sonification  therapy.  Patients'  upper

extremity functions and their psychological states were assessed pre and post training with

numerous  standardized  motor  function  tests,  assessments  and  neuropsychological

questionnaires. The four patients were subdivided into two groups. Both groups received

nine days of musical sonification therapy (MG) or a sham sonification movement training

(CG). The only difference between the training protocols was that in the CG no sound was

played back at the patients. During the training, patients started by exploring the acoustic

effects when moving their affected arm in a predefined three-dimensional space. The training

proceeded with increasingly complex tone sequences leading to the patients playing simple

melodies  only  by  moving  their  impaired  arms  in  the  3D  space.  The  two  MG  patients

improved in nearly all motor-function tests after the training. Also they reported to be less

impaired by the stroke. The two CG patients did not benefit noticeably from the movement

training.

Since  the  second  feasibility  study  yielded  promising  results,  -  although  with  limited

statistical power,- a third clinical musical sonification therapy study was run. The setup was

basically the same as in experiment two but this time 25 stroke patients were trained and

tested.  An  advanced  3D analysis  of  the  arm movement  smoothness  was  developed  and
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included into the pre post-test battery. The 15 MG patients showed significantly reduced

joint pain in the Fugl Meyer Assessment as compared to the control-group after the musical

sonification training. They also reported a trend to have an improved hand function on the

Stroke Impact Scale. 

Summarizing the results of the experiments presented in this thesis it can be concluded that

the mapping of sounds in space is crucial for the outcome and a musical sonification can be

applied  as  a  promising  stroke  rehabilitation  tool.  Of  course  the  number  of  patients

investigated  is  limited  and  further  evaluation  and  research  is  necessary.  Furthermore,

different  motor  tests  should be included in future research in  order to prevent floor and

ceiling effects.
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Zusammenfassung

Sonifikation von Armbewegungen in der Schlaganfall Rehabilitation: 

ein innovativer Ansatz in der neurologischen Musik Therapie

Daniel S. Scholz

Schlaganfälle  verursachen  einen  der  größten  Anteile  an  erworbenen  körperlichen

Einschränkungen  weltweit.  Diese  Zahl  steigt  zudem  jährlich  an,  da  der

Bevölkerungsdurchschnitt  immer älter  wird.  Die Rehabilitation von Schlaganfallpatienten

stellt  damit  eine  große  Herausforderung  dar,  obwohl  zur  Zeit  einige  neue

Trainingsprogramme  untersucht  werden,  die  eine  größere  Effizienz  und  eine  höhere

Nachhaltigkeit der Rehabilitation gewährleisten sollen. Einige der Rehabilitationsprogramme

werden leider von den Patienten weniger gut angenommen, da sie recht rigide sind und eine

sehr große Kooperationsbereitschaft der Patienten voraussetzen. Diese Programme werden

leider häufig als sehr frustrierend erlebt. Allerdings fehlt es sogar einigen der gut etablierten

physiotherapeutischen Methoden an wissenschaftlicher Wirksamkeitsevidenz in Bezug auf

die  Rehabilitation  motorischer  Fähigkeiten.  Deshalb  besteht  ein  großer  Bedarf  an

innovativen,  motivierenden  und  zielgerichteten  Trainingsprogrammen  für  die

Schlaganfallrehabilitation.

Sonifikation bezeichnet die Verwendung von nicht-gesprochenem Audiomaterial um sonst

nicht-hörbare Informationen abzubilden. Die erste Sonifikations-Apparatur war der Geiger-

Müller Zähler. Dieser registriert radioaktive Strahlung und veranschaulicht die Menge der

Verstrahlung  durch  die  Häufigkeit  der  wiedergegebenen  Geräusche.  In  der  vorliegenden

Doktorarbeit  wurde  Sonifikation  eingesetzt  um sonst  nicht-hörbare  Armbewegungen von

Schlaganfallpatienten  in  einem  vorher  definierten  dreidimensionalen  Raum  zu

verklanglichen. Diese Art der Verklanglichung wurde dann verwendet um ein musikalisches

Retraining für den vom Schlaganfall betroffenen Arm zu entwickeln und dieses dann später

in einer klinischen Studie ein zu setzen.
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Die  erste  experimentelle  Studie,  die  hier  dargestellt  wird,  wurde  durchgeführt,  um  die

Effektivität einer bestimmten Art von Sonifikation zu untersuchen und für einen späteren

Einsatz  in  der  Klinik  zu  validieren.  Bis  heute  existiert  kein  allgemein  anerkanntes

sonifikations-unterstütztes Rehabilitationsverfahren. Um dieses Problem anzugehen, wurde

ein  Computerprogramm namens  „SonicPointer“  entwickelt.  Bei  diesem Test  werden  die

Computer-Maus-Bewegungen  von  Versuchspersonen  in  Echtzeit  mit  komplexen  Tönen

verklanglicht.  Die spezifischen Ton Charakteristika werden einer,  für die  Versuchsperson

unsichtbaren  Klangkartierung  entnommen.  In  jedem  Versuchsabschnitt  wird  den

Versuchspersonen ein Klang vorgespielt. Daraufhin ist die Aufgabe, den Ursprung des Tones

auf der Klangkartierung so schnell und so präzise wie möglich zu bestimmen und dort mit

der Maus hin zu klicken. Mit diesem Paradigma wurden 26 Versuchspersonen untersucht. Im

Allgemeinen  war  die  Lokalisierungszuordnung  der  Versuchspersonen  für  die  Tonhöhe

präziser als für die Tonhelligkeit (das Timbre). Die Lernkurven waren am steilsten und die

Teilnehmer waren am schnellsten, wenn die Tonhöhe auf die vertikale Bewegungsachse und

die  Tonhelligkeit  auf  die  horizontale  Achse  gelegt  waren.  Dies  scheint  die  optimale

Konstellation der Klang-zu-Achsen Zuweisung für diese zwei-dimensionale Sonifikation zu

sein. Im zweiten Experiment wurde die in der vorangegangenen Studie evaluierte optimale

Verklanglichung  in  einer  klinischen  Machbarkeitsstudie  mit  Schlaganfallpatienten

angewandt. Hierfür haben wir eine neuartige musikalische Sonifikationstherapie speziell für

die  Rehabilitation  der  Grobmotorik  des  Armes  entwickelt.  Vier  Schlaganfallpatienten

wurden  in  eine  klinische  prä-post  Machbarkeitsstudie  eingeschlossen  und  mit  der

musikalischen  Sonifikationstherapie  trainiert.  Vor  und  nach  dem  Training  wurde  die

Funktionsfähigkeit  des  Armes  und  das  psychische  Befinden  der  Patienten  mit

standardisierten  Motorik  Tests  und  neuropsychologischen  Fragebögen  erfasst.  Die  vier

Patienten wurden in zwei Gruppen eingeteilt. Beide Gruppen erhielten entweder eine jeweils

neuntägige  musikalische  Sonifikationstherapie  (Musikgruppe  =  MG)  oder  eine  Placebo

Sonifikations Bewegungstherapie (Kontrollgruppe = KG). Der einzige Unterschied zwischen

den zwei Versuchsgruppen war, dass in der KG kein Klang zusätzlich zu den Bewegungen

abgespielt wurde. Zu Beginn des Trainings explorierten die Patienten den akustischen Effekt

den die Bewegungen ihres vom Schlaganfall-betroffenen Armes auf die Verklanglichung im

dreidimensionalen Raum hatten. Gegen Ende des Trainings war es den meisten Patienten



6

möglich, einfache Melodien nur durch das Bewegen ihres beeinträchtigten Armes zu spielen.

Beide Patienten der MG verbesserten sich nach dem Training in fast allen Motorik Tests und

berichteten in  der Stroke Impact  Scale weniger durch den Schlaganfall  eingeschränkt  zu

sein. Die beiden Patienten der KG profitierten nicht merklich vom Bewegungstraining. Da

die  klinische  Machbarkeitsstudie  vielversprechende  Ergebnisse  aufzeigte,  allerdings  aber

aufgrund ihrer kleinen Patientenzahl nur eine sehr geringe statistische Aussagekraft hatte,

war es notwendig eine dritte, größere klinische Studie durch zu führen. Das Studiendesign

dieser Studie war nahezu identisch mit dem in Studie zwei verwendeten, allerdings wurden

25  Patienten  trainiert  und  getestet  und  es  wurde  zusätzlich  eine  3-Dimensionale

Bewegungsanalyse  der  Bewegungsflüssigkeit  eingesetzt.  Die  15  Patienten  in  der

Musikgruppe zeigten im Fugl-Meyer Assessment signifikant reduzierten Gelenksschmerz im

Vergleich zur Kontrollgruppe nach dem Training. Außerdem berichteten sie einen Trend zu

einer verbesserten Handfunktionalität in der Stroke Impact Scale. 

Zusammenfassend,  lässt  sich  feststellen,  dass  die  Zuordnung  von  Klangdimensionen  zu

Raumdimensionen relevant für das Ergebnis der Sonifikation ist  und dass eine musikalische

Sonifikation  als  vielversprechende Schlaganfall  Rehabilitationstherapie  eingesetzt  werden

kann. Allerdings ist die Zahl der getesteten Versuchspersonen in den präsentierten Studien

noch gering,  daher sind weitere Evaluation und Forschung nötig.  Darüber hinaus sollten

weitere  Motorik  Tests  für  die  Erhebung  der  Fähigkeiten  der  Schlaganfallpatienten  zum

Einsatz  kommen um Boden-  und Deckeneffekte  zu  vermeiden  und somit  eine  präzisere

Diagnostik zu ermöglichen.                    
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2 Introduction

Stroke

Stroke is a major cause of mortality and morbidity in both the developed and developing

world. It is a focal neurological deficit resulting from disruption of the cerebral blood supply.

There are two main types of stroke, ischemic stroke, which comprises 80 percent of cases,

and hemorrhagic stroke that accounts for about 20 percent of cases (Black et al., 2015). 

In Germany stroke is one of the most common disorders with an estimated 200,000 first

events and 66,000 recurrent events in 2008 (Wiedmann et al., 2014). 

Cardioembolism is the most frequent etiology of stroke (25.6%). It is particularly common in

the elderly (those aged > 70 years) and is associated with an adverse outcome, a low rate of

early  stroke  recurrence,  and  frequent  use  of  thrombolytic  therapy  and  intravenous

anticoagulation. Large-artery atherosclerosis (20.9%), which is the most common cause of

stroke  in  middle-aged  patients  (those  aged  45  to  70  years),  shows  the  highest  male

prevalence, highest rate of early stroke recurrence, and the highest prevalence of previous

transient ischemic attack. Risk factors are amongst others current smoking, and daily alcohol

consumption among all subtypes. The highest prevalence of hypertension, diabetes mellitus,

hypercholesterolemia, and obesity is found in small-vessel disease (20.5%), which, in turn, is

associated with the lowest stroke severity and mortality (Grau et al., 2001).

Neuroinflammation is one of the predominant mechanisms of secondary progression of brain

injury following stroke and is far from being well understood (Worthmann et al., 2010).

Clinically, impairments of motor control of the upper limbs are frequent consequences of

stroke. Opheim et al., 2014 describe the prevalence and the severity of upper-limb spasticity

during the first year after stroke and analyzed sensorimotor function, pain, reduced range of

motion, and sensibility in persons with and without spasticity. Spasticity was present in 25 %

of the patients at day three and in 46 % after twelve months. In most patients with spasticity,

the severity increased during the first year after stroke. Spasticity appeared first in the elbow
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flexors and later in the elbow extensors and the wrist flexors. The patients with spasticity had

significantly worse sensorimotor function and more pain, reduced joint range of motion, and

reduced sensibility.  Spasticity  developed in almost  half  of the assessed patients,  and the

severity of spasticity increased over time. Of course spasticity and impairments related to

spasticity, such as pain and limitation in joint range of motion, influence upper extremity

function negatively.

Concerning the rehabilitation of deficits following stroke, the World Health Organization

stresses the need to collect high quality longitudinal data on rehabilitation and to improve the

comparability  between  studies.  This  implies  using  all  the  information  available  and

transparent reporting. Sauzet et al., 2015 for example investigated the quality of reported or

planned randomized controlled trials on rehabilitation post-stroke with a repeated measure of

physical functioning. They came to the conclusion that improvements of research methods

are still needed. This holds especially for the analysis of longitudinal trials in post stroke

rehabilitation.  Here,  it  is  important  to  maximize  the  use  of  collected  data  and  improve

comparability between studies. Although numerous training approaches have been designed,

addressing different aspects of sensory-motor rehabilitation, data on effectiveness derived

from prospective randomized trials are still scarce and implementation especially of novel

motivating therapies is needed. 
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Conventional physiotherapy

In what might be termed conventional physiotherapy, numerous training approaches have

been designed, addressing different aspects of sensory-motor rehabilitation.  For example,

intensive practice of the disabled arm leads to a clear improvement, which is even more

pronounced when the  unimpaired  limb is  immobilized.  However, this  constraint-induced

movement therapy (CIMT,  Taub et al.,  1999), – albeit efficient (Hakkennes and Keating,

2005; Peurala et al., 2012; Stevenson et al., 2012) – is not always very motivating and may

even lead to increased stress and thus sometimes fails to improve the mood and the overall

quality  of  life  of  patients  due  to  the  nature  of  the  intervention  (Pulman  et  al.,  2013).

Veerbeek et al., 2014) conducted a systematic review to provide an update of the evidence

for  stroke  rehabilitation  interventions  in  the  domain  of  Physical  Therapy  (PT).  Therein

strong evidence was found for significant positive effects of thirteen interventions related to

gait, eleven interventions related to arm-hand activities (see Figure 2.1), one intervention for

ADL, and three interventions for physical fitness. Summary Effect Sizes (SESs) ranged from

0.17 (95% CI = [0.03-0.70]; I(2)= 0%) for therapeutic positioning of the paretic arm to 2.47 

(95%  CI  =  [0.84-4.11];  I(2)=  77%)  for  training  of  sitting  balance.  They  found  strong 

evidence that a higher dose of practice is better, with SESs ranging from 0.21 (95% CI =

[0.02-0.39]; I(2)= 6%) for motor function of the paretic arm to 0.61 (95% CI = [0.41-0.82]; 

I(2)= 41%) and for muscle strength of the paretic leg. Neurological treatment approaches to 

training  of  body  functions  and  activities  showed  equal  or  unfavourable  effects  when

compared to other training interventions. They concluded that there is strong evidence for

physical  therapy  interventions  favoring  intensive  high  repetitive  task-oriented  and  task-

specific  training  in  all  phases  poststroke.  But  the  effects  of  these  trainings  are  mostly

restricted to the actually trained functions and activities.



10

Figure 2.1. Summary effect sizes for physical therapy interventions – arm-hand activities. Legend: A green
colored diamond indicates that the summary effect size is significant, while a blue colored diamond indicates
that the summary effect size is nonsignificant; CI, Confidence Interval; CIMT, Constraint-induced movement
therapy; EMG-BF, Electromyographic biofeedback; EMG-NMS, Electromyography-triggered neuromuscular
stimulation; GHS, Glenohumeral subluxation; HSP, Hemiplegic shoulder pain; mCIMT, modified Constraint-
induced  movement  therapy;  NA,Not  applicable;  NMS,  Neuromuscular  stimulation;  TENS,  Transcutaneous
electricalnerve stimulation. (From Veerbeek et al., 2014; doi:10.1371/journal.pone.0087987.g003)
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Alternatively, training programs using playful interactions in video games (Joo et al., 2010;

Hijmans et al., 2011; Neil et al., 2013) point at the possibility to utilize multisensory visual-

motor-convergence in order to improve motor control. Again, these rehabilitation strategies,

although  more  motivating  and  sometimes  more  effective,  have  not  yet  gained  wide

acceptance in rehabilitation units. Lohse et al. (2014) conducted a meta-analysis in which 26

studies were included. For body function outcomes, there was a significant benefit of virtual

reality therapy (VR) compared to conventional therapy (CT) controls (G=0.48, 95% CI=       

[0.27,  0.70]),  and  no  significant  difference  between  virtual  environments  (VE)  and

commercial  gaming  (CG)  interventions  (P=0.38).  For  activity  outcomes,  there  was  a   

significant  benefit  of  VR  therapy,  (G=0.58,  95%  CI=[0.32,  0.85]),  and  no  significant       

difference between VE (see Figure 2.2) and CG interventions (P=0.66). For participation   

outcomes, the overall effect size was (G=0.56, 95% CI=[0.02, 1.10]).        
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Figure 2.2. Activity outcomes in virtual environment (VE) studies. The funnel plot (top) for activity outcomes
showing effect-sizes (G) as a function of precision (standard error) in each virtual environment study. The
forest  plot  (bottom) shows the effect-sizes and 95% confidence intervals for each study and the summary
effect-size from the random-effects model. Positive values show a difference in favour of VE therapy. Negative
values show a difference in favour of CT. Abbreviations: RE, random effects.
(From Lohse et al., 2014; doi:10.1371/journal.pone.0093318.g004)
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Music therapy

Schneider et al. (2007) demonstrated the efficacy of a music-supported stroke rehabilitation

training  utilizing  a  MIDI-drum-set  and  a  MIDI-piano  (Altenmüller  et  al.,  2009). Stroke

patients with some remaining abilities to move the arm and the fingers were instructed to

play simple tunes on either instrument. The researchers could convincingly demonstrate that

auditory-sensorimotor  circuits,  established  via  such  a  music  supported  therapy  (MST)

promotes beneficial neuroplasticity in stroke patients (Rojo et al., 2011; Amengual et al.,

2013). The only constraint of MST was that it was mainly designed to retrain fine-motor

skills on MIDI instruments and did not provide continuous real time feedback of the more

frequently impaired proximal upper limb muscles. 
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Sonification

Sonification is the usage of non-speech audio to represent information, which is otherwise

not  audible  (Kramer  et  al.,  1999).  The  first  sonification  device  was  the  Geiger-Müller

counter which detects electromagnetic radiation and communicates a decay by a click sound.

The general idea of the research in this thesis was to use auditory information supplementary

to visual feedback in order to inform patients about movements of their impaired arms. The

next  step  was  to  apply  this  type  of  sonification  to  develop  an  innovative  sonification

supported gross-motor music therapy. 

In order to find the most effective and intuitive musical sonification therapy, it is important

to clarify how movements in different spatial dimensions should best be musically mapped

in space. Dubus and Bresin (2013) reviewed 60 sonification research projects and found in

most of them verticality to be associated with pitch. However, for example in pianists, pitch

is  associated  with  horizontality.  Walker  (2007)  developed  an  influential framework  for

sonification. He found that three design decisions are critical when applying sonification.

First, it is crucial which sound dimension should represent a given data dimension. Second,

an  appropriate  polarity  for  the  data-to-display  mappings  needs  to  be  chosen.  Third,  the

scaling of  the mapping has  to be carefully  adjusted to  the respective needs.  Fine motor

movements  of  the  fingers  require  a  different  scale  of  sound mapping  as  compared,  for

example, the sonification of gait.

Several  preliminary  studies  used  sonification  in  motor  control  and  investigated  the

perception of movements (i.e. Scheef et al., 2009). Schmitz et al. (2013) found that sonifying

breast stroke swimming movements led to more precise perceptual judgments of movement

velocity.  They  concluded  that  sonification  of  movements  amplifies  the  human  action

observation system including subcortical parts of the motor loop. Thus sonification may be

an important method to enhance training and therapy effects in neurological rehabilitation.

Chen  et  al.  (2006)  developed  a  real-time,  multi-modal  feedback  system  for  stroke

rehabilitation. This sonification system was tested with stroke patients and showed promising

results (Wallis et al., 2007). However, in this sonification design music was only a passive

byproduct of the arm movements of the participants. In contrast, we developed a musical
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sonification  therapy  to  train  the  stroke  patients  to  play  music  with  their  affected  upper

extremity. Thus, we hope to be able to use the beneficial effects of music on neuroplasticity

to facilitate the recovery after a stroke (Rojo et al., 2011).  Since in other studies repetitive

exercise was proven to be effective our training is of repetitive nature too (Taub et al., 1999;

Stevenson et al., 2012). We hypothesize that the auditory cues provided by the sonification

may make multimodal associative learning possible where otherwise mere visual and motor

learning would have taken place. After evaluating an optimal two-dimensional sonification

mapping  in  experimental  study  one  (Scholz  et  al.,  2014)  the  three-dimensional  musical

sonification therapy is presented herein in study two and three (Scholz et al., 2015). With the

musical sonification therapy introduced we broaden the scope to train stroke patients from an

earlier stage on, when still suffering from gross motor dysfunction compared to the music

supported therapy introduced by Schneider et al. (2007). Musical sonification did contribute

to the motivation of the patients also due to its playful and positive emotional character. It

also improved parts of motor control,  maybe also because potentially lost proprioception

might  have  been  substituted  by  the  auditory  real-time  feedback  of  the  patient's  arm

movements.
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Abstract

Despite cerebral stroke being one of the main causes of acquired impairments of motor skills

worldwide,  well-established  therapies  to  improve  motor  functions  are  sparse.  Recently,

attempts  have  been  made  to  improve  gross  motor  rehabilitation  by  mapping  patient

movements to sound, termed sonification.  Sonification provides additional sensory input,

supplementing  impaired  proprioception.  However,  to  date  no  established  sonification-

supported rehabilitation protocol strategy exists.

In order to examine and validate the effectiveness of sonification in stroke rehabilitation, we

developed  a  computer  program,  termed  “SonicPointer”:  Participants'  computer  mouse

movements were sonified in real-time with complex tones. Tone characteristics were derived

from an invisible parameter mapping, overlaid on the computer screen. The parameters were:

tone pitch and tone brightness. One parameter varied along the x, the other along the y-axis.

The order of parameter assignment to axes was balanced in two blocks between subjects so

that each participant performed under both conditions. Subjects were naive to the overlaid

parameter mapping and its change between blocks. In each trial a target tone was presented

and subjects were instructed to indicate its  origin with respect to the overlaid parameter

mappings on the screen as quickly and accurately as possible with a mouse click. Twenty-six

elderly healthy participants were tested. Required time and two-dimensional accuracy were

recorded.  Trial  duration  times  and  learning  curves  were  derived.  We  hypothesized  that

subjects performed in one of the two parameter-to-axis–mappings better, indicating the most

natural sonification.

Generally, subjects' localizing performance was better on the pitch axis as compared to the

brightness axis. Furthermore, the learning curves were steepest when pitch was mapped onto

the  vertical  and  brightness  onto  the  horizontal  axis.  This  seems  to  be  the  optimal

constellation for this two-dimensional sonification.
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Abstract

Gross-motor impairments are common after stroke, but efficacious and motivating therapies

for these impairments are scarce. We present a novel musical sonification therapy especially

designed to retrain gross-motor functions. Four stroke patients were included in a clinical

pre-post feasibility study and were trained with our sonification training.  Patient's upper-

extremity functions and their psychological states were assessed pre and post training. The

four patients were subdivided into two groups. Both groups received nine days of musical

sonification therapy (music group, MG) or a sham sonification training (control group, CG).

The only difference between the training protocols was that in the CG no sound was played

back. During the training the patients in the beginning explored the acoustic effects of their

arm movements. At the end of the training the patients played simple melodies by moving

their arms. The two patients in the MG improved in nearly all motor-function tests after the

training. They also reported in the stroke impact scale which assesses well-being, memory,

thinking and social participation to be less impaired by the stroke. The two patients in the

CG did benefit less from the movement training. Taken together a musical sonification may

be a promising therapy for impairments after stroke.    
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Abstract

Gross-motor impairments are common after stroke, but efficient and motivating therapies for

these  impairments  are  scarce.  We  present  an  innovative  musical  sonification  therapy

especially designed to retrain patients' gross-motor functions. Sonification should motivate

patients  and  provides  additional  sensory  input  informing  about  relative  limb  position.

Twenty-five stroke patients were included in a clinical pre-post study and took part in the

sonification training. The patients' upper extremity functions, their psychological states and

their arm movement smoothness were assessed pre and post training. Patients were randomly

assigned to either of two groups. Both groups received an average of ten days (M = 9.88; SD

=  2.03;  30min/day)  of  musical  sonification  therapy  (music  group,  MG)  or  a  sham

sonification  movement  training  (control  group,  CG),  respectively.  The  only  difference

between the two protocols was that in the CG no sound was played back during training. In

the beginning, patients explored the acoustic effects of their arm movements in space. At the

end of the training, the patients played simple melodies by coordinated arm movements. The

15 patients in the MG showed significantly reduced joint pain (F = 19.96, p < 0.001) in the

Fugl Meyer Assessment after training. They also reported a trend to have improved hand

function  in  the  Stroke  Impact  Scale  as  compared  to  the  control  group.  

Movement smoothness pre and post intervention was compared in MG patients and found to

be  significantly  better  (effect  size  r  =  0.293)  after  the  therapy.  

Taken together, musical sonification may be a promising therapy for motor impairments after

stroke  but  further  research  is  required  since  estimated  effect  sizes  point  to  moderate

treatment outcomes. 
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5.1 Introduction

Stroke is a major cause of mortality and morbidity in both the developed and developing

world (Black et al., 2015). In Germany stroke is one of the most common disorders with an

estimated 200,000 first events and 66,000 recurrent events in 2008 (Wiedmann et al., 2014).

The World Health Organization stresses the need to collect high quality longitudinal data on

rehabilitation and to improve the comparability between studies (Sauzet et al., 2015). 

The rehabilitation of stroke patients remains a challenge although there are currently several

new training programs under development that aim at improved efficiency and sustainability

of stroke rehabilitation (Lohse et al., 2014). Some of the traditional rehabilitation programs

lack general acceptance by patients, due to the required endurance and high demands on the

patients’ cooperation, which sometimes is perceived as a frustrating experience (Pulman et

al., 2013).   Yet, even the well established standard physiotherapies do not unambiguously

provide evidence  of  efficacy  when it  comes to  improvement  of  skilled  motor  behaviour

(Hakkennes and Keating, 2005; Peurala et al., 2012; Stevenson et al., 2012). Therefore there

is an urgent need for innovative, motivating, and goal-directed training protocols in stroke

rehabilitation. 

In this article we present an innovative approach to rehabilitation by retraining the gross-

motor functions of the affected upper limbs using musical sonification. In an earlier clinical

feasibility study (Scholz et al., 2015) we showed how a musical sonification therapy could

be applied. The herein presented data where obtained with this method from a larger number

of patients. Sonification stands for the usage of non-speech sound representing otherwise not

audible  information  (Kramer  et  al.,  1999). One of  the  first  sonification  devices  was the

Geiger-Müller counter which detects electromagnetic radiation and communicates a decay

by a click sound. In the present study, arm movements were translated into sound. In two

earlier  studies  we  demonstrated  the  efficacy  of  a  music-supported  stroke  rehabilitation

training utilizing a MIDI-drum-set and a MIDI-piano (Schneider et al., 2007; Altenmüller et

al., 2009). Stroke patients with some residual abilities to move the arm and the fingers were
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instructed to  play simple tunes (nursery rhymes or folk songs) on either  instrument.  We

could show that auditory sensorimotor circuits, established via this form of music supported

therapy  (MST)  promotes  beneficial  neuroplasticity  in  stroke  patients  (Rojo  et  al.,  2011;

Amengual et al., 2013). One of the few constraints of MST was that it was mainly designed

to retrain fine-motor skills on MIDI instruments and did not provide continuous real time

feedback  for  the  in  early  rehabilitation  stages  more  frequently  impaired  gross-motor

functions of the arm. A real-time movement feedback may be very beneficial since it informs

the patients about the way they move not only whether they hit the goal or not. With the

musical sonification therapy presented here, patients repeatedly train movements with their

affected arm in a predefined space. They form associations of their relative arm-position in

space and the corresponding sound at this specific position. In the end, they play familiar

melodies  by moving their  arm.  This  musical  sonification therapy therefore broadens the

scope to train stroke patients from an earlier stage on, when still suffering from gross motor

dysfunction. Musical sonification will not only contribute to the motivation of the patients

due to its playful and positive emotional character. It also may improve motor control, since

potentially lost proprioception might be substituted by auditory real-time feedback of the

patient's  arm movements.  There are  several  preliminary studies  with healthy participants

applying non-musical sonification in motor control and the perception of movements (Scheef

et al., 2009; Schmitz et al., 2013; Schmitz et al., 2014). Schmitz et al. found that sonifying

breast stroke swimming movements led to more precise perceptual judgments of movement

velocity.  They  showed  that  sonification  of  movements  amplifies  the  human  action

observation system indicated by more pronounced fMRI connectivity patterns between the

activation peaks of the left superior and medial posterior temporal regions with the basal

ganglia, the thalamus and frontal regions for movement congruent sonification stimuli. Thus,

sonification  may  be  an  important  method  to  enhance  training  and  therapy  effects  in

neurological rehabilitation. Chen et al. developed a real-time, multi-modal feedback system

for stroke rehabilitation (Chen et al., 2006). This sonification system was tested with stroke

patients and showed promising results (Wallis et al.,  2007). However, in that sonification

design music was only a passive byproduct of the arm movements. That means participants

did not play with the sonification sound intentionally. They moved their arms and harmonic

music progressions  were then played back to  them.  In contrast  to  that,  we developed a
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musical sonification therapy to train stroke patients to explicitly and consciously play music

through intended movements of their affected upper extremity. Thus, we hope to be able to

use the beneficial effects of music on neuroplasticity to facilitate the recovery after stroke

(Rojo et al., 2011). Since in other studies repetitive exercise has been proven to be effective

(Taub et  al.,  1999;  Stevenson et  al.,  2012),  our  training  is  of  repetitive  nature,  too. We

hypothesize  that  the  auditory  cues  provided  by  the  sonification  may  make  multimodal

associative learning possible where otherwise mere visual and motor learning would have

taken place. We assume that patients will benefit in their rehabilitation process from guided

attention,  necessary concentration  and long-term motivation  to  play  music.  After  having

evaluated an optimal two-dimensional sonification mapping (Scholz et al., 2014), we now

present a more detailed analysis of our three-dimensional musical sonification therapy with a

larger sample (Scholz et al., 2015).
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5.2 Materials and Methods

Patients

Twenty-five  inpatients  at  the  BDH  neurological  rehabilitation  hospital  in  Hessisch-

Oldendorf,  Germany,  participated  after  giving  informed  consent.  They  suffered  from  a

moderate impairment of motor function of the upper extremity after stroke. Inclusion criteria

were (a) patients had to have residual function of the affected extremity (i.e. the ability to

move the affected arm and the index finger without help from the healthy side). Furthermore,

(b) an overall Barthel Index higher than 50. (c) Patients had to be right-handed. (d) Patients

with other neurological or psychiatric disorders were excluded. 

Patients were pseudo-randomly assigned to the experimental or to the control group by the

supervisor of the study who was not the experimenter.  The experimental group received

conventional  physiotherapy  plus  in  average  ten  days  of  a  musical  sonification  training

(music group, MG henceforth). 

The control group (CG) also received conventional physiotherapy plus a sham sonification

movement training with exactly the same movements required as in the sonification study,

but with no sound being played back. All patients were German native speakers. The study

was approved by the Ethics Review Board of the Hannover Medical School (MHH).

Evaluation of Motor Functions, stroke impact, and movement smoothness

Procedure.  Patients were  tested  pre  and  post  training  with  a  battery  of  clinical  motor

function tests and a psychological questionnaire. The test battery consisted of (a) the upper

extremity part  of  the Fugl Meyer  Assessment  (FMA), which is  still  considered the gold

standard in assessing motor recovery after stroke (Crow and van der Wel, 2008; Woodbury et

al., 2008). (b) The Action Research Arm Test (ARAT) which assesses upper limb functioning

by using observational methods and collecting behavioural data (Platz et al., 2005; Nijland et

al., 2010). (c) The Box and Block Test (BBT) to assess unilateral gross manual dexterity

(Canny et al., 2009; Chen et al., 2009). (d)  The Nine-Hole Pegboard Test (NHPT) which

measures finger dexterity (Grice et al., 2003), and (e) the Stroke Impact Scale (SIS) to assess
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the health status following a stroke including sub-scales for emotional well-being, memory,

thinking  and  social  participation  (Duncan  et  al.,  2003;  Lin  et  al.,  2010).  Movement

smoothness data were recorded via inertial sensors (Xsens, X-MB-XB3) and a custom made

computer program.  It took approximately one hour to complete the test battery. 

Sonification Training

Training. After the pretests the patients received either an average of ten days (M = 9.88; SD

= 2.03) of musical sonification training (MG), or ten days of sham sonification training

(CG), following the same protocol as MG but with loudspeakers switched off. The sessions

lasted 30 minutes per day. The whole procedure followed a standardized protocol to train

gross-motor functions of the affected right upper extremity in a repetitive manner. To get

acquainted with the sonification system and the acoustic effects produced by their own arm

movements, patients first had to freely move their arm in a three-dimensional sonification

space, a wooden cubic frame of 51 centimetres side length, confined by four vertical beams

in the corners of the bottom board (Fig. 5.1). The beams were labelled with the note pitches;

the board was subdivided into nine labelled fields for ease of instructions.
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Figure 5.1. shows the 3D Space defined by a wooden frame in which the patients moved their arm. Pitch was
mapped onto the y-axis ranging from c' (256 Hz) at the bottom to a' (440 Hz) at the top, brightness was mapped
onto the x-axis from the left (dull) to the right (bright), and volume onto the z axis being louder when closer to
the patient and less loud further away. Positions in the  x-z plane were labelled with numbers 1 through 9 to
instruct patients where to carry out the exercises.

Movement  sonification  was  implemented  so  that  upward  movements  resulted  in  an

ascending C-major scale from c' (256 Hz, in Helmholtz pitch notation) to the sixth interval a'

(440 Hz). Horizontal movements in this space resulted in a change in brightness of sound

(see  legend of  Figure  5.1 for  details),  and movements  along the  z-axis  manipulated the

volume level of the sonification output. After a first exploration phase to allow for implicitly

learning the rules of the musical sonification, more complex exercises followed, demanding

incremental degrees of difficulty: At the beginning of each training session patients had to

play four upward and downward legato c major scales at position 1 (Figure 5.1).  The same

exercise was then repeated at  positions 2, 3, 7 and 9. These exercises were followed by

playing musical intervals by moving their arm faster but as precisely as possible, from c' to

d', from c' to e', from c' to f', from c' to g', and from c' to a'.  This exercise was repeated four
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times at position 1 and then likewise at positions 2, 3, 7 and 9.  The final goal of the training

was to teach patients to play several simple nursery rhymes or other familiar tunes only by

moving their affected right arm in the three-dimensional sonification space. 

The  experimenter  gave  verbal  instructions  for  the  training  procedure.  Additionally,  the

experimenter pointed at the visual cues written at the positions on the wooden frame of the

3D  space  (Fig.  5.1).  When  playing  the  melodies,  patients  could  read  the  required

“coordinates” from a sheet provided.  All melodies were played vertically, i.e. along the y-

axis, at position 1 (Fig. 5.1). Tones could be repeated by dipping the hand horizontally in one

direction while maintaining vertical position. Patients always moved their impaired arms by

themselves.  Arm  movements  were  never  guided  nor  physically  supported  by  the

experimenter. 

Patients' arm movements were sonified in real-time via two small inertial sensors (Xsens, X-

MB-XB3) placed at the wrist and the upper arm of the affected limb. These sensors sent a

continuous data stream of acceleration, rotation, and gravity via Bluetooth to a Laptop. Data

were recorded for later evaluation, and the spatial information of the arm movements in 3D

space were mapped and sonified at the same time. The parameters of this mapping were

pitch on the y-axis (ranging from c' = 226.6 Hz at the bottom to a'  = 440 Hz at the top, in

Helmholtz  pitch  notation),  timbre  on  the  x- axis  (modelled  by  varying  the  number  and

amplification of overtones in the sound synthesis; SynthesisToolKit – STK; Scavone and

Cook, 2013; from dull = clarinet sound at the very left, to saxophone in the middle and at the

very right  a bowed instrument = bright),  and volume on the  z-axis (sounds increased in

loudness from proximal to distal).  The only difference in the training procedure for the sham

sonification group (CG) were the muted playback system.  Otherwise,  exactly  the same

exercises were carried out during the training sessions.
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Data analysis

Statistical  analysis  was  conducted  using  R  (http://www.r-project.org,  version  3.2.1)  in

RStudio Server (http://www.rstudio.com, version 0.99.467). Data of the motor function tests

and  the  Stroke  Impact  Scale  were  collected.  Motor  test  and  questionnaire  data  were

preprocessed and tested whether it fulfilled the assumptions to calculate ANCOVAs. Pretest

results of the patients were used as covariate to prevent the potential post treatment group

differences being caused by pre existing pre training group differences. We controlled for

inhomogeneous regression slopes of the groups by applying the Johnson-Neyman technique

(Kowalski et al., 1994) where appropriate.  

Arm movement data were collected and transformed into Cartesian coordinates using the

inertial  sensors  and  a  custom  made  computer  program.  Three-dimensional  movement

trajectories from one task (four upward and downward legato c major scales) at one position

on the board (“Position 1”) were manually selected and Butterworth lowpass filtered (cut-off

8 Hz) to eliminate tremor movements. Movement smoothness was calculated (Osu et al.,

2011) and compared between pre and post therapy sessions (Signed Rank Test). 

http://www.rstudio.com/
http://www.r-project.org/
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5.3 Results

Motor tests

The main results of this study are depicted in Table 5.1. The music group patients showed a

significantly  higher  improvement  (see  Figure  5.2)  compared to  the  control  group in  the

subscale FM.J of the Fugl-Meyer Assessment (F = 19.96,  p < 0.0002). This means music

group  patients  showed  reduced  joint  pain  after  the  training.  The  ANCOVA  group

comparisons for ARAT, BBT, NHPT were non significant. 

Fig 5.2.  Johnson-Neyman corrected ANCOVA of the Fugl-Meyer Joint Pain subscale results. The regression
lines were non-parallel [F(1,4) = 21.23, p < 0.05], resulting in significant differences between pre and post
rehabilitation scores for subjects reaching a score < 20 in the pre test (see confidence interval). 
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Stroke Impact Scale

The Stroke Impact Scale total value was also significantly higher for the music group as

compared to the control group after the training (F = 4.63, p < 0.0445). But after correcting

for the random group difference prior to  the training there was no more pretest  :  group

interaction to be found. The subscale SIS.7 showed a trend (F = 4.278, p < 0.0552) towards

better hand function of the music group patients after the training. All other ANCOVA  group

comparisons were non significant.
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Table 5.1: ANCOVA group comparison results for the motor tests and the stroke impact scale. Abbreviations:
ARAT, Action Research Arm Test; BBT, Box And Block Test; NHPT, Nine Hole Pegboard Test; FM, Fugl-
Meyer Assessment; SIS, Stroke Impact Scale. Significant group differences are indicated by *p < 0.05 and ** p
< 0.001. 

Test
(Pretest : Group

Interaction)
Sum Sq Mean Sq F value Pr (>F)

ARAT  6.635  6.635  0.1102  0.7432

BBT 0.7481 0.7481 0.01645 0.8994

NHPT 1694 1694 2.206 0.1558

FM.A.D 0.3989 0.3989 0.01179 0.9146

FM.H 0.8866 0.8866 1.641 0.2155

FM.I 1.775 1.775 0.363 0.5536

FM.J 48.61 48.61 19.96 0.0002**

SIS (total) 2091 2091 4.63 0.0445*

SIS.1 0.7875 0.7875 0.002578 0.9601

SIS.2 69.03 69.03 0.2237 0.6426

SIS.3 159.3 159.3 0.4738 0.5011

SIS.4 48.42 48.42 0.1189 0.7347

SIS.5 168.6 168.6 0.6058 0.4477

SIS.6 39.39 39.39 0.1303 0.7229

SIS.7 878 878 4.278 0.0552

SIS.8 833.5 833.5 0.8634 0.3666

SIS.9 207.4 207.4 0.8629 0.3667
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Arm movement smoothness

Movement data from two MG patients could not be retrieved due to technical failure of the

recording system.  For  the remaining 13 patients,  trajectory  smoothness  was derived and

shown to have improved after therapy [V = 88; p < 0.001; effect size r = 0.293, (Kerby,

2014); see Fig. 5.3]

Fig 5.3. Movement smoothness pre and post intervention was compared in the treatment group (MG) patients
and found to be significantly better after the therapy [V = 88; p < 0.001; effect size r = 0.293]. Shown here are
the kernel density estimates of the MG smoothness measures before (dashed line) and after therapy (solid line).
Individual patient data points are shown at the bottom (pre: +; post: o). 
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5.4 Discussion

The results of this clinical sonification study show that a musical sonification therapy may be

a  promising  new  way  of  treating  motor  impairments  after  stroke.  Musical  sonification

therapy may even improve psychological well-being after stroke. The patients of the musical

sonification group improved significantly compared to the movement training group in the

Fugl-Meyer subscale assessing joint pain. They also showed a trend to regain a better hand

function in the Stroke Impact Scale after the training. And movement smoothness pre and

post intervention was found to be significantly better after the therapy in the MG. In addition

to the motor domain, the Stroke Impact Scale assesses the emotional state of the patient,

memory and social participation. In contrast, the patients of the control group, receiving only

a  “sham“  movement  training  without  musical  feedback  improved  very  little  and  non-

significantly in some of the tests. Thus we assume that the musical aspect plays an important

role in the sonification therapy. However, in this study we did not control whether it is the

musical aspect of sonification or just any sound information provided by the sonification.

Furthermore, different motor tests should be included in future research in order to prevent

floor (Nine-Hole Pegboard Test) and ceiling effects (Action Research Arm Test) which were

found in some of the tests in this study. Of course, as we only present a small clinical trial

with limited statistical power, results need to be verified with a larger group of patients.

The  novel  aspect  of  our  approach  is  that  we  encouraged  the  patients  in  the  musical

sonification group to actively play and create music by moving their arms. This way, music

was not only a byproduct of e.g. a grasping motion. Instead, movements resembled more a

novel  musical  instrument  patients  were  starting  to  play.  This  musical  instrument  was

sometimes  compared  to  a  Teremin  by  professional  musicians.  Hence,  our  sonification

training was designed to resemble a music lesson rather than shaping a movement during

sound playback. Furthermore, we used musical stimuli such as a musical major scale with

discrete intervals and timbre parameters derived from the sound characteristics of acoustical

musical instruments, as opposed to the in the sonification community widely used sound
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mappings where tone pitch is scaled continuously and rather artificial sounds are applied

(Dubus and Bresin, 2013). The main idea underlying our hypothesis was that participants

could  improve  control  of  arm  positions  in  space  via  associative  learning,  leading  to

associating a given relative arm position with a specific musical sound. This sound-location

association  may  then  substitute  the  frequently  declined  or  even  lost  proprioception.

Additionally, the arm movement trajectories from outset to the target point were audible as

well. Thus, multi-modal learning might have taken place because patients received sound as

an additional parameter supplying information. One could speculate that this multi-modal

learning could help to close the sensorimotor loop, which may be affected by the stroke. 

In view of the clinical application, reduced gross motor functions of the arm and reduced

proprioception are common disabilities in stroke patients (Sacco et al., 1987). Hence, the

advantages of continuous real-time musical feedback are obvious: the therapy therefore aims

at retraining gross motor movements of the arm, which are the most disabling challenges in

early  rehabilitation  of  stroke.  Second,  real-time  sonification  may  substitute  deficits  in

proprioception of the arm, which frequently are a consequence of stroke. 

Finally, this form of therapy is highly motivating and could thus enhance motor functions

and the emotional well-being in some patients. Maybe through the creative, playful character

of this musical sonification device (Koelsch, 2005; Eschrich et al.,  2008; Koelsch, 2009;

Bood et al., 2013). 

Taken together,  we have developed and tested a  novel  musical  sonification therapy in a

group of patients, supporting learning effects in auditory sensory-motor integration. Now,

multi-modal  learning  of  spatial,  motor,  auditory, and  proprioceptive  information  in

rehabilitation of arm motor control in stroke patients needs to be evaluated in a larger multi-

centred representative randomized controlled clinical trial.
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6 Comprehensive Discussion

For  the  current  thesis  the  aim  was  to  develop  and  test  a  musical  sonification  therapy.

Therefore first a computer program was developed to test basic principals of how to design a

specific musical sonification.  Dubus and Bresin (2013) reviewed 60 sonification research

projects and found that only in a marginal number of them the sonification mappings had

been carefully assessed in advance. This review therefore stressed the need for validation of

sonification parameter mappings as conducted in the present first experimental study. The

results  of  this  “Sonicpointer” study were,  first:  participants become faster  in  finding the

target when pitch is being mapped onto the vertical movement axis and brightness is being

mapped onto the horizontal movement axis. Second, they learn to accurately pinpoint an

auditive target on screen best with this mapping. Third, pitch as an auxilliary localization

parameter is generally learned better and localisation is more precise than with brightness.

Pitch is the more effective mapping in both conditions. Brightness is only learned well when

being mapped onto the horizontal movement axis.

The results found in that first “Sonicpointer” study were then transferred and applied in two

clinical studies. In those we showed that a musical sonification therapy may be a promising

new way of treating motor impairments after stroke. Musical sonification therapy may even

improve  psychological  well-being  in  stroke  patients.  The  15  patients  in  the  musical

sonification  group  showed  reduced  joint  pain  in  the  Fugl  Meyer  Assessment  after  the

training, compared to the control group. And they showed a trend to having improved hand

function in the Stroke Impact Scale. They also improved in some of the motor-function tests

and in some other parts of the Stroke Impact Scale, which assesses additionally to the motor

domains the emotional state of the patient, memory and social participation. And movement

smoothness pre and post intervention was found to be significantly better after the therapy in

the MG.  In contrast the patients of the control-group, the mere movement therapy group,

benefited less from their training. 
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The new and innovative aspect of this approach is that we encouraged the patients in the

musical sonification group to actively play and create music by their arm movements. This

way, music is not only a passive byproduct of a motion or some physical parameter. Instead,

movements resembled more a novel musical instrument, often compared to a teremin by

musicians,  which the patients were starting to play.  Hence,  our sonification training was

designed to resemble a music lesson rather than shaping a movement during sound playback.

Furthermore,  we used a new approach by introducing musical stimuli  such as a musical

major  scale  with  discrete  intervals  and  timbre  parameters  derived  from  the  sound

characteristics of acoustical musical instruments. 

One of the key ideas was that participants could improve control of arm positions in space

via associative learning, leading to associating a given relative arm position with a specific

musical  sound.  This  sound-location  association  could  have  substituted  the  frequently

declined or even lost proprioception,  which could unfortunately not be properly assessed

because the clinical tests applied were not sensitive enough. Additionally, the trajectories

while moving their arms to the target point were audible as well. Thus multi-modal learning

could have taken place because patients received sound as an additional parameter supplying

information. 

Currently a clinical sonification trial is run in which a further developed sonificator is used

with a new and very promising audio design. We aim to replicate our earlier findings and to

also advance the musical sonification therapy aesthetically so as to make the therapeutic

experience for the patients as pleasant as possible.
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