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Summary 
 
Functional effects of transcranial direct stimulation in musicians with 

focal dystonia 

Franziska Buttkus 

 

Focal dystonia in musicians is a task-specific movement disorder which presents itself as a 

loss of voluntary motor control in extensively trained movements while playing a musical 

instrument. The disorder represents one of the most serious conditions as yet to be resolved in 

the field of musician’s medicine. Musicians suffering from the disorder are highly disabled 

professionally, often leading to the termination of their musical career. 

Transcranial direct current stimulation (tDCS) is a non-invasive tool to guide neuroplasticity 

and modulate cortical function by a tonic stimulation with weak direct currents. Anodal tDCS 

enhances cortical excitability, whereas cathodal tDCS reduces it.  

The present thesis aims to investigate the functional effects of tDCS as new treatment 

approach for focal hand dystonia in musicians and to provide new insights into the 

pathophysiology of focal dystonia.  

The first experimental study of the present thesis addresses the question as to whether a single 

session of cathodal tDCS over the primary motor cortex facilitates fine motor control in a 

group of guitarists suffering from focal hand dystonia. We hypothesized that cathodal tDCS 

over the primary motor cortex reduces the overshooting activity in musician’s dystonia and 

improves fine motor control due to an enhanced signal-to-noise ratio in the motor system. 

Professional guitarists (n=10) with musician’s dystonia played exercises before, directly after 

and 60min after cathodal tDCS. Guitar exercises were video-documented and symptoms were 

evaluated by three independent experts. No beneficial effect of cathodal tDCS on fine motor 

control was found for the entire group.  

In the second experiment, tDCS was combined with another treatment approach to musician’s 

dystonia: Nine professional pianists with musician’s dystonia carried out sensorimotor 

retraining at the instrument while being stimulated over the primary motor cortex. 

Sensorimotor retraining is a therapeutic approach to focal dystonia in musicians and aims to 

establish new non-dystonic movements through motor learning processes. Anodal tDCS has 

been shown to facilitate motor learning, whereas cathodal tDCS improves performance in 

overlearned tasks. Thus, we tested both types of stimulation and their effects on sensorimotor  



 

retraining. Again, no beneficial effects of a single-session tDCS-supported sensorimotor 

retraining on fine motor control were found.  

The third experiment investigated whether daily repeated tDCS-supported retraining 

facilitates fine motor control of a single pianist with focal hand dystonia. tDCS was applied 

for five consecutive days over the primary motor cortex while the pianist carried out 

sensorimotor retraining. Three conditions (anodal, placebo and cathodal) were tested in three 

weeks, with a time interval of several weeks between the conditions. Improvement of fine 

motor control after retraining and tDCS was found in all three conditions. Cathodal tDCS was 

found to prolong the effect of retraining. However, this result requires further verification as 

cumulative retraining effects in the cathodal stimulation week (third week) might have 

influenced this outcome.  

 

To summarize previous studies and the results of the present thesis, the application of tDCS 

when limited to a single session is not a helpful treatment option for musician’s dystonia. 

Future studies should concentrate on the effects of repeated cathodal stimulation applied over 

several days or even weeks. 

Sensorimotor retraining yielded very promising results in the single case report. Research 

studies should aim at indentifying optimal retraining strategies in a large number of affected 

musicians.  

As therapeutic options are limited in patients with musician’s dystonia, prevention should be 

addressed as an important goal in music high schools and orchestras. 

 

 
 
 
 
 
 
 



 

Zusammenfassung 
 
Funktionelle Auswirkungen der transkraniellen Gleichstromstimulation  

bei Musikern mit fokaler Dystonie 

Franziska Buttkus 

 

Die fokale Dystonie bei Musikern ist eine neurologische Bewegungserkrankung, die durch 

den Verlust der willkürlichen Feinmotorik hoch trainierter Bewegungsabläufe am 

Musikinstrument gekennzeichnet ist. Die Erforschung und die Behandlung der 

Musikerdystonie stellt eine der größten Herausforderungen im Bereich der Musikermedizin 

dar. Von fokaler Dystonie betroffene Musiker sind in der Ausübung ihres Berufes stark 

eingeschränkt und  oft gezwungen, ihre musikalische Karriere aufzugeben.  

Mit Hilfe der schwachen transkraniellen Gleichstromstimulation (tDCS) lässt sich über eine 

Verschiebung des Ruhemembranpotentials die zerebrale Erregbarkeit kortikaler Neurone 

modulieren. Durch anodale Reizung wird die kortikale Exzitabilität erhöht, durch kathodale 

Reizung vermindert. 

Die vorliegende Dissertation untersucht die funktionellen Auswirkungen der transkraniellen 

Gleichstromstimulation auf die Kontrolle der Feinmotorik bei Musikern mit fokaler Dystonie. 

Sie versucht, die Möglichkeiten der transkraniellen Gleichstromstimulation als neuen 

Therapieansatz der Musikerdystonie auszuloten und versucht, neue Einblicke in die 

Pathophysiologie der Erkrankung zu gewinnen. 

Das erste Experiment der vorliegenden Arbeit untersucht, ob eine einmalige kathodale 

Stimulation des primären Motorkortex bei Gitarristen mit fokaler Dystonie die Kontrolle der 

Feinmotorik verbessert. Unsere Hypothese lautete, dass kathodale transkranielle 

Gleichstromstimulation die überschießende Aktivierung des motorischen Systems reduziert 

und mittels eines verbesserten Signal-Rausch-Verhältnisses die feinmotorische Kontrolle 

erleichtert. Eine Gruppe professioneller Gitarristen mit fokaler Dystonie (n = 10) spielte eine 

Reihe von Übungen direkt vor, direkt nach und 60 Minuten nach der Stimulation. Die Güte 

der Feinmotorik wurde über ein standardisiertes Video-Rating von drei Fachleuten beurteilt. 

Es konnte keine Veränderung der feinmotorischen Kontrolle bei den Gitarristen festgestellt 

werden. 

Für das zweite Experiment wurde die transkranielle Gleichstromstimulation mit einem 

sensomotorischen Retraining speziell zur Therapie der Musikerdystonie kombiniert: Neun 

professionelle Pianisten mit fokaler Dystonie führten Retrainingsübungen am Klavier aus, 



 

während tDCS über dem primären motorischen Kortex appliziert wurde. Ziel des 

sensomotorischen Retrainings ist das Wieder-Erlernen gesunder und alternativer 

Bewegungsabläufe am Instrument. Es wurde mehrfach gezeigt, dass anodale und kathodale 

Gleichstromstimulation motorisches Lernen unterstützen kann. Unsere Hypothese lautete 

daher, dass die Effekte eines sensomotorischen Retrainings am Instrument durch eine 

gleichzeitige Reizung mit Gleichstromstimulation verstärkt werden. Die Ergebnisse des 

zweiten Experiments zeigten jedoch, dass keine Veränderung der feinmotorischen Kontrolle 

bei den Pianisten eintrat. 

Das dritte Experiment untersucht die Auswirkungen wiederholten tDCS-unterstützen 

Retrainings bei einem Pianisten mit fokaler Dystonie. Anodale, kathodale und plazebo-tDCS 

wurde über dem primären motorischen Kortex appliziert, während der Pianist ein 

sensomotorisches Retraining am Klavier ausführte. Die feinmotorische Kontrolle verbesserte 

sich in allen drei Bedingungen signifikant. Die Verbesserung hielt bei Reizung mit kathodaler 

Stimulation länger an. 

 

Fasst man die Ergebnisse früherer Studien und die Ergebnisse der vorliegenden Arbeit 

zusammen, kann die transkranielle Gleichstromstimulation nicht als eine vielversprechende 

Methode zur Therapie der Musikerdystonie empfohlen werden.Zukünftige Studien sollten das 

Ziel haben, Effekte der wiederholten kathodalen Stimulation über mehrere Tage oder sogar 

Wochen an größeren Gruppen betroffener Musiker zu untersuchen. 

Der Behandlungsansatz des sensomotorischen Retrainings hat in der Einzelfallstudie der 

vorliegenden Arbeit ein großes therapeutisches Potential gezeigt. Die Erforschung optimaler 

Retrainingsstrategien mit Hilfe größerer Gruppen betroffener Musiker erscheint 

vielversprechend. Da die therapeutischen Behandlungsmöglichkeiten der Musikerdystonie 

insgesamt leider begrenzt sind, sollte die Prävention der Erkrankung an Musikhochschulen 

und in Orchestern stärker gefördert werden. 
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Introduction 
 

 

1. Focal dystonia in musicians 
 

The performance of music at a professional level is one of the most demanding tasks for the 

human central nervous system (Altenmüller 2003). Precise execution of fast and complex 

physical movements under continuous auditory feedback is necessary to play an instrument 

and to meet sophisticated professional standards. The level of performance skill in 

professional musicians at music high schools, in orchestras and among free-lancers is often 

very demanding. An exceptionally high standard of performance ability is required in audition 

selection processes to apply successfully for a position in an orchestra (Gembris et al. 2005)., 

Professional musicians often perform under very demanding circumstances. Excellent motor 

control is therefore crucial, and a prerequisite for succeeding in a professional musical career.  

 

Musician’s dystonia is a task-specific movement disorder which affects fine motor control 

while playing a musical instrument. Suffering from musician’s dystonia is highly disabling 

and about half of the affected musicians are forced to terminate their musical careers (Schuele 

et al. 2004). The prevalence of professional musicians suffering from focal dystonia (about 

0.5% - 1%) makes the disorder one of the most serious problems in the field of musician’s 

medicine and one that is worthy of our attention (Frucht 2004).   
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1.1 Phenomenology 

Focal dystonia in musicians (MD) is a task-specific movement disorder which presents itself 

as a loss of motor control in extensively trained movements while the musician is playing the 

instrument (Altenmüller 2003). This loss of fine motor control is characterized by 

simultaneous activation of agonist and antagonist muscles, additional activation of muscles 

that are usually not involved in the task, and excessive muscle contraction (Cohen et al. 

1988). Various symptoms can mark the beginning of the disorder. Typically the disorder 

begins with a subtle loss of control in fast passages and trills, finger curling (Figure 1.1) or 

fingers “sticking on the keys”. In woodwind and brass players, the control of the embouchure 

is often impaired in certain registers (Altenmüller et al. 2010; Altenmüller et al. 2009). The 

progress of symptoms varies from patient to patient. Some patients report a slight but clear 

improvement of fine motor control while playing in concerts compared to fine motor control 

while practicing or playing during rehearsal (Altenmüller 2009, personal communication). At 

the onset of symptoms, most musicians believe that the reduced precision of their movements 

is due to a technical problem or lack of practice. Consequently, they increase their practise 

time and effort, often exacerbating the problem (Altenmüller et al. 2010). 

Symptoms of musician’s dystonia are usually not accompanied by any pain, although muscle 

aching can occur after prolonged spasms (Altenmüller et al. 2009). Several studies found that 

the onset of the disorder peaked in the fourth decade of life (mean age of onset: 33 years) 

(Lederman 1991; Brandfonbrener 1995; Brandfonbrener et al. 2004; Altenmüller 2003). 

However, the age of onset has a wide variability. The earliest onset of musician’s dystonia 

was found around the age of 18 and the latest onset after the age of 60 years (Altenmüller et 

al. 2010). 
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Figure 1.1: Typical dystonic postures in a pianist, a violinist and a flutist with focal hand dystonia and 

a brass player with embouchure dystonia 

 

Interestingly, the occurrence of musician’s dystonia is related to the degree of spatial and 

temporal sensorimotor precision of a body part and the complexity of movement which is 

needed to play a certain instrument (Jabusch et al. 2006). Musical instruments requiring a 

large amount of practise time which are additionally characterized by high spatial and 

temporal constraints in certain body parts are more likely to produce dystonia than other 

instruments. This is the case for example for the classical guitar and also for the piano. 

Muscles which are involved in the most demanding task while playing the instrument are 

often most affected (Lederman et al. 1988). For example, guitarists and pianists are typically 

affected with upper limb focal dystonia in the right hand. Violinists experience a higher 

workload and a higher complexity of movements in the left hand than in the right. 

Consequently, they are predominantly affected in the left hand.  

Next to focal hand dystonia affecting single or several fingers, musician’s dystonia can also 

affect other parts of the body needed to play a certain instrument. In brass players, focal 

dystonia is very often localized in the lower facial muscles. This type of dystonia is called 

embouchure dystonia and is also characterized by a loss of fine motor control in the affected 

muscles (Figure 1.1), (Jabusch et al. 2006).  
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1.2 Etiology 

 

The etiology of musician’s dystonia is not well understood. Polygenetic abnormalities 

associated with environmental factors may interact in a multifactorial network (Torres-

Russotto et al. 2008, Altenmüller et al. 2010). The investigation of the multifactorial network 

causing musician’s dystonia represents an interesting part of the research into dystonia as it 

may also answer questions concerning the prevention of the disorder (see chapter 5).  

External and internal etiological factors may affect the general predisposition of a musician 

and interact with each other (Figure 1.2). The degree to which single factors influence this 

predisposition is difficult to measure and may even differ between subgroupings of musicians. 

However, the observation that the majority of musicians do not develop a task-specific 

dystonia suggests an underlying genetic predisposition as an important influencing factor 

(Altenmüller et al. 2010). 

 

 
Figure 1.2: The possible interplay between predisposition and intrinsic and extrinsic triggering factors 

in the manifestation of musician’s dystonia (Adapted from Jabusch, HC, Altenmüller, E: Adv Cogn 

Psychol 2006;2:207-220) 

 

Genetic factors 

Non-focal forms of dystonia with a spread of symptoms occur usually at a young age and are 

rare. This form of dystonia is often inherited. In contrast, adult-onset and task-specific 

dystonias such as musician’s dystonia are more frequent, typically sporadic and remain focal. 
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In the recent years, 15 genes associated with young-onset dystonia have been identified and 

classified as DYT loci (Schmidt et al. 2008). Of these, DYT1 is the most frequent, causing 

early-onset generalized dystonia (Schmidt et al. 2008). A study investigating genetic 

abnormalities in musician’s dystonia found that a GAG deletion of the DYT1 gene - as it was 

found in generalized dystonia - is not common in musicians with focal dystonia (Friedman et 

al. 2000). Another study also failed to locate any genetic abnormalities in musicians suffering 

focal dystonia. However, hereditary factors may play a role in the etiology of focal dystonia, 

since a positive family history is considerably higher frequent in affected musicians than 

healthy musicians. Lim and Altenmüller (2003) described a positive family history in 6% of 

the patients. In recent years, results indicate that genetic factors may play an even more 

important role: researchers found four families with a dominant pattern of inheritance 

(Schmidt et al. 2006). A recent study (Schmidt 2009) investigated 28 families of musicians 

with dystonia. Among the 28 investigated families, 14 had a previously known history of 

focal dystonia and 14 had no known family history. Neurological examination of the family 

members revealed that in 18 out of the 28 families, several generations were affected with 

dystonia. An autosomal dominant inheritance was compatible in at least 12 families. Authors 

suggest a genetic contribution to musician's dystonia with phenotypic variability including 

focal task-specific dystonia.  

Demographic data clearly demonstrates that male musicians have an increased risk of 

developing focal dystonia compared to female musicians (Lederman 1991, Lim et al. 2003, 

Jabusch et al. 2006). The gender ratio has been described slightly differently in several studies 

as being between 2:1 (Ledermann 1991), 4:1 and 5:1 respectively (Jabusch et al. 2006; Lim et 

al. 2003).  

 

”Workload” associated with the musical instrument  

Epidemiological data demonstrates that the role of environmental factors is of great 

importance. As already described, musical instruments requiring intensive use of particular 

body parts and very complex movements seem to constitute a higher risk for the development 

of musician’s dystonia (Altenmüller et al. 2009). The occurrence of musician’s dystonia is 

related to the degree of spatial and temporal sensorimotor precision and the complexity of 

movement which is needed to play a certain instrument (Jabusch et al. 2006). Furthermore, 

dystonic symptoms mostly occur in muscles which are involved in the most demanding task 

while playing the musical instrument (Lederman et al. 1988).  
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It is also very interesting that most of the affected musicians perform in the classical genre 

(Altenmülller et al. 2010). In the genre of classical music, circumstances are often more 

demanding than in the genre of jazz or pop, requiring a maximum of temporal accuracy 

within a range of milliseconds, which is immediately scrutinized by the performing musician 

as well as by the audience at the moment of performance. For the musician, fine motor control 

at a high level of spatial and temporal precision is essential.  

 

Practise 

Approximately half of the affected musicians perform as soloists and report a very high 

cumulated practise time before the onset of their dystonia (Jabusch et al. 2005). Thus, task-

specific focal dystonias such as the golfer’s yips and musician’s dystonia seem to be 

associated with the long-term execution of very precise fine motor control. It seems plausible 

that the highly skilled, over-learned task itself acts as an environmental trigger factor but more 

research is needed to confirm this assumption (Torres-Russotto et al. 2008).  

In adult monkeys, a daily repeated performance of a motor task elicited symptoms of a 

movement disorder. The task involved excessive repetitive stimulation of skin regions on 

different digits which are not normally stimulated conjointly. As a result, the neuronal 

representations of the digits in the somatosensory cortex were altered (Byl et al. 1996).  

Severe degradation of finger representations in the somatosensory cortex was also found in 

patients with focal hand dystonia (Bara-Jimenez et al. 1998; Elbert et al. 1998). These 

findings support the assumption that extensive musical training itself can be a risk factor for 

focal hand dystonia in musicians. 

 

Psychological factors 

Psychological studies revealed interesting results about possible additional trigger factors of 

musician’s dystonia: Compared to healthy musicians, musicians with focal dystonia report 

higher levels of anxiety and perfectionism even before the onset of dystonic symptoms 

(Jabusch 2004, Jabusch et al. 2004; Altenmüller et al. 2009).  It seems possible that in a 

subgroup of patients, these psychological conditions play a role in the establishment of the 

disorder before the onset of musician’s dystonia (Altenmüller et al. 2009). The interaction of 

psychological phenomena and sensorimotor activation while making music is underlined by 

very specific affective conditions. Many musicians report a very strong positive joyful 

experience while making music but at the same time report to feel fear to fail or to play wrong 

notes. This reflects the extremely strict system of reward and punishment in professional 
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musicianship which is established in many music academies and orchestras. The experience 

of strong contradictory feelings builds an emotional double link, which is a unique 

characteristic of making music (Altenmüller 2001). These special conditions may initiate a 

stronger motor memory consolidation of instrumental playing than for other activities and 

may also play a role in the development of musician’s dystonia (Altenmüller et al. 2009). 

 

Trauma 

Several research studies address the role of traumata as an etiological factor of musician’s 

dystonia, including physical as well as psychological traumata. Contradictory results were 

found: in some studies, the presence of ulnar neuropathy as well as preceding trauma was 

associated with the onset of musician’s dystonia (Charness et al.1996; Frucht et al. 2000). 

However, in other studies a correlation between traumata and the occurrence of focal task-

specific dystonias was not confirmed (Frucht et al. 2001; Sheehy et al. 1988). 

 

 

 

1.3 Pathophysiology  

 

The pathophysiology of task-specific focal dystonia is still unclear (Jabusch et al. 2006). 

Results from the research of recent decades suggest – as assumed also for the etiological 

factors of the disorder – an interacting network of factors influencing the symptoms of focal 

dystonia.  Research studies found multiple abnormalities in the basal ganglia and its 

connections, decreased inhibition at various levels of sensorimotor systems, abnormal 

plasticity, and an impaired sensorimotor processing in patients with focal dystonia (Torres-

Russotto et al. 2008).  

 

Structural and functional abnormalities 

Numerous studies investigating focal dystonia have attempted to localize regional 

dysfunctions in certain brain areas or certain functional circuits of the central nervous system. 

Structural abnormalities have been found mainly in the basal ganglia with partly contradictory 

results. Some investigations based on volumetric analysis of magnetic resonance imaging 

revealed increased volumes of the putamen (Black et al. 1998), globus pallidus, caudate and 

nucleus accumbens (Egger et al. 2007) in patients with writer’s cramp. Another study found 

increased volumes of the gray matter of the primary sensorimotor cortex, bilateral posterior 
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thalamus and the cerebellum (Garraux et al. 2004). However, some studies also demonstrated 

reduced volumes in the same regions in patients with writer’s cramp (Delmaire et al. 2007). A 

recent study by Granert et al. (submitted) found that the findings of structural abnormalities 

may be correlated to different levels of fine motor skills in a group of musicians. Taken 

together, the results about structural changes are controversial and the meaning of the findings 

is still unclear (Torres-Russotto et al. 2008). 

Functional abnormalities of brain areas in task-specific dystonias were investigated using 

positron emission tomography (PET) or functional magnetic resonance imaging (fMRI). 

While performing a hand motor task, patients with writer's cramp had a progressively 

increased activity in the left primary sensorimotor and premotor cortices compared to healthy 

control subjects (Odergren et al. 1998). Patients also showed increased activity in the left 

thalamus and the cerebellum with right-side predominance in correlation to the duration of 

writing. According to the authors, the regions with increased activity corresponded to a 

cerebrocerebellar motor circuit. This may indicate that the cerebellum also plays a role in the 

pathophysiology of task-specific dystonias (Odergren et al. 1998).  

An fMRI study on guitarists with and without musician’s dystonia investigated brain 

activation during guitar playing. A significantly larger activation of the contralateral primary 

sensorimotor cortex with an associated bilateral underactivation of premotor areas was found 

in the patients compared to the healthy guitarists (Pujol et al. 2000). This result again shows 

that an abnormal recruitment of cortical areas is involved in the control of voluntary 

movement in focal task-specific dystonias.  

The finding of hyper- or hypometabolism in cortical areas was also observed in other studies 

investigating patients with writer’s cramp (Ibáñez et al. 1999; Preibisch et al. 2001). The 

researchers often state that these findings suggest a dysfunction of the premotor cortical 

network, possibly arising from a dysfunction in the basal ganglia (Ibáñez et al. 1999; 

Preibisch et al. 2001; Torres-Russotto et al. 2008).  

In the next paragraph, a short overview will be given about the functions of the basal ganglia 

and the assumed dysfunctions in the case of focal dystonia. 

 

Dysfunctions of the Basal Ganglia 

Research in recent decades clearly demonstrates evidence for functional disturbances of the 

basal ganglia in task-specific focal dystonias (Lim et al. 2001; Ceballos-Baumann et al. 1997; 

Hallett 1998ab; Tempel et al. 1993; Torres-Russotto et al. 2008).  
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The globus pallidus internal (GPi) and in the substantia nigra pars reticulate (SNr) are the 

main output nuclei of the basal ganglia. They exhibit inhibitory effects on the thalamus. The 

thalamus in turn has excitatory connections to the cortex (Kandel et al. 1992). An altered 

thalamic control may result in the affected cortical motor planning and execution in the case 

of focal dystonia. Hallett (1998a) proposed that overactivity in the pathway from the striatum 

to the GPi and to the SNr inhibits the inhibitory effect from the basal ganglia to the thalamus. 

This may explain the resulting involuntary movements in dystonia. 

The classic model of the basal ganglia is characterized by two major pathways connecting the 

striatum to the GPi. The inhibitory GABAergic connection from the striatum to the GPi is the 

so-called direct pathway in the basal ganglia. The indirect pathway from the striatum is an 

inhibitory GABAergic connection to the globus pallidus externa (GPe), which then projects to 

the subthalamic nucleus (STN) via inhibitory GABAergic connections. The STN in turn 

projects directly to the GPi via excitatory glutamatergic connections as well as back to the 

GPe and then to the GPi (Figure 1.3) (Kandel et al. 1992; Trepel 2004; Torres-Russotto et al. 

2008).  

 
Figure 1.3: Excitatory and inhibitory basal ganglia connections. Black arrows represent inhibitory 
pathways; white arrows represent exctitatory projections. Modified version reproduced with friendly 
permission from Kandel et al. Principles of Neural Science 1992. 
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The indirect pathway of the basal ganglia is mainly responsible for broadly inhibiting 

unwanted muscle activation during an intended movement (Mink 1996). The condition of 

task-specific focal dystonia is characterized by such unwanted muscle contractions during an 

intended movement. It is therefore plausible to assume that an impairment of the inhibitory 

indirect pathway or an excessive direct pathway causes the symptoms of task-specific 

dystonias (Torres-Russotto et al. 2008). An inhibited indirect pathway or an excessive direct 

pathway could lead to a decreased output from the GPi and a lack of focus on motor 

activation.  

 

In patients with task-specific hand dystonias, research results indicate that the indirect 

pathway of the basal ganglia may be altered (Perlmutter et al. 1997ab). On striatal neurons 

that project to the GPe (indirect pathway), D2-like postsynaptic receptors are preferentially 

expressed. Striatal neurons projecting to the GPi (direct pathway) express more D1-like 

receptors, although some striatal neurons have both D1-like and D2-like receptors. PET-

measures of dopaminergic receptor binding in patients with task-specific dystonia revealed a 

decrease of dopamine D2-like binding (Perlmutter et al. 1997ab). The authors conclude from 

this result that there may be a striatal dopamine dysfunction in dystonia. This implies that a 

receptor abnormality may play a role in the pathophysiology of focal dystonia. 

 

Loss of inhibition  

Deficient inhibition at different levels of the central nervous system was found in several 

studies investigating the pathophysiology of musician’s dystonia (Hallett 2006). The loss of 

inhibition may contribute to the excessive motor activity in focal dystonia patients (Hallett 

2006). Generally, nervous system function requires a constant, subtle balance between 

excitation and inhibition in neuronal circuits. This is particularly important in precise and 

smooth movements of the hand or the embouchure (Altenmüller et al. 2010). Pianists, for 

example, perform rapid individualized finger movements requiring selective and specific 

activation of the muscles moving the intended finger in the intended way and inhibiting 

movements of the uninvolved fingers. In musicians with focal dystonia, electromyographic 

recordings show abnormally prolonged muscle activation with co-contraction of antagonistic 

muscles and an overflow of activation of inappropriate muscles (Cohen et al. 1988). 

Writer’s cramp and musician’s dystonia both are task-specific focal hand dystonias. 

Nevertheless, the pathophysiology of writer’s cramp and musician’s dystonia differs 

concerning corticospinal excitability. In a transcranial magnetic stimulation study by 
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Rosenkranz and colleagues (2005), measurements of vibration-induced short-latency 

intracortical inhibition (SICI) were recorded. The short-latency intracortical inhibition (SICI) 

is described as a standard method of estimating excitability in a GABAA-ergic circuit in the 

human cortex (Rothwell et al. 2009). Three groups of subjects were investigated: healthy non-

musicians, healthy musicians and musicians with focal hand dystonia. In healthy non-

musicians, SICI was reduced in the vibrated hand muscles. In directly neighbouring hand 

muscles the inhibition was enhanced. In healthy musicians, SICI was not only reduced in the 

vibrated hand muscle but also in directly neighbouring muscles. In distant hand muscles, SICI 

was enhanced. The results in musicians with focal dystonia revealed an impaired balance of 

excitatory and inhibitory cortical motor outputs: SICI was reduced not only in neighbouring 

muscles but also in distant muscles not functionally connected to the target muscles. In a 

fourth group of patients with writer’s cramp, no modulation of SICI by vibration was found in 

any muscle. This indicates that the responsiveness to sensory input is reduced or even lost in 

writer’s cramp (Rosenkranz et al. 2005). The authors concluded that unspecific and 

overreacting plasticity to sensory input seem to play a major role in the pathophysiology of 

musician’s dystonia but not in the pathophysiology of writer’s cramp.  

A TMS-study investigating patients with musician’s dystonia by Rosenkranz and Dengler et 

al. (2000) reported similar results. After vibration of a hand muscle, the researchers found that 

the normal facilitation of motor evoked potentials (MEPs) of the vibrated muscle was less 

pronounced in the patients compared to the healthy musicians. A perhaps even more 

interesting result was the fact that the patients with musician’s dystonia displayed a less 

pronounced inhibition of the antagonistic muscle. The results again give evidence to support 

the findings relating to loss of inhibition and to unspecific reaction to sensory input in patients 

with musician’s dystonia.  

A more recent study investigated whether musician’s dystonia also affects the inhibition of 

long-term over-learned motor programs (Ruiz et al. 2009). This is an interesting question 

because most of the patients with musician’s dystonia report a high cumulated practise time 

before the onset of their dystonia. The required motor programs for instrumental playing are 

highly skilled and practised for a long time. This fact is even more relevant as the affected 

musicians sometimes report an amelioration of their symptoms during sight-reading 

(Altenmüller, personal communication, 2009). In the study, EEG was measured while pianists 

with musician’ dystonia underwent a Go/NoGo paradigm. In this paradigm, the neural 

correlates are associated with the activation and inhibition of long-term overlearned motor 

memory traces. The positive shifts of movement related cortical potentials over the 
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sensorimotor areas after the NoGo signal are related to inhibition. They were significantly 

smaller in musicians with musician’s dystonia than in healthy pianists. The results also 

revealed a smaller inter-electrode phase coupling in the sensorimotor integration of inhibitory 

processes in the patients. The findings support the hypothesis of a deficient phase coupling 

between the supplementary motor cortex, the left premotor cortex and the sensorimotor cortex 

in musicians suffering from musician’s dystonia compared to healthy musicians. An 

impairment of focused motorcortical activation by proprioceptive input from a muscle 

involved in the dystonic movement was suggested by the authors (Ruiz et al. 2009). 

 

Studies on the neurochemical basis of the deficient inhibition used the technique of MR 

spectroscopy. They found reduced GABA levels in the sensorimotor area of patients with 

focal dystonia (Levy 2002). The loss of inhibition is consistent with this finding but the 

question still remains as to whether deficient inhibition is a primary characteristic of the 

pathophysiology. Deficient inhibition could either be a cause of the development of focal 

dystonia or it could be an adaptive response to the pathophysiological changes after the onset 

of dystonia. In any case, the loss of inhibition at multiple levels of the central nervous system 

may contribute to a lack of specificity in the output from the cortex and the development of 

unwanted motor activation (Torres-Russotto et al. 2008).  

 

Maladaptive plasticity 

Neuronal representations are believed to be shaped by prior experiences. The underlying 

physiological  processes are commonly referred to as neuroplasticity (Classen 2003). In focal 

hand dystonia, neuroplastic processes were found to be altered. In studies using fMRI and 

magnetoencephalography (MEG), degraded somatosensory representations of the fingers and 

the hand were found. In a study by Elbert et al. (1998), the cortical representations of the 

affected fingers overlapped more than representations in non-musician controls. Authors 

suggested that the broadening of the sensory fields in the sensorimotor cortex is associated 

with the excessive musical training of professional musicians. In particular, repetitive and 

rapid motor activities at the instrument may constitute a risk in terms of the development of 

movement disorders.  

Another study measured sensory evoked potentials (SEPs) as a result of electrical stimulation. 

The results supported the findings of abnormal finger representations in the primary 

somatosensory cortex: representations of fingers of the affected hand in patients with focal 

hand dystonia were often closer to each other than finger representations in the control 
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subjects and in some cases showed unusual somatotopic arrangements (Bara-Jimenez et al. 

1998). Less segregated finger representations may be associated with spreading and overflow 

during motor activities according to Torres-Russotto and colleagues (2008). Again, the 

question remains as to whether the overlap of sensory fields precedes the motor abnormalities 

or is a consequence of overtraining and excessive muscle activity associated with dystonia 

(Torres-Russotto et al. 2008). A study by Byl and colleagues (1996) aimed to test the 

hypothesis whether a somatosensory dedifferentiation could be caused by repetitive 

movements in adult monkeys. The monkeys were trained at a behavioural task consisting of 

rapid, repetitive and highly stereotypic movements for several days. The task involved 

excessive repetitive associative stimulation of skin regions on different digits which are 

normally not stimulated conjointly. All monkeys developed a movement control disorder and 

performance accuracy dropped to below 50%. At this stage, the hand representations in the 

primary somatosensory cortex were found to be markedly degraded in the monkeys (Byl et al. 

1996). 

 Nevertheless, there is still no clear answer to the question whether focal hand dystonia in 

humans can be induced by abnormal sensory input processing alone (Classen 2003). As only 

about 1% of professional musicians develop focal hand dystonia although most musicians 

practise their instruments extensively, musicians dystonia does not seem to be caused by 

practise induced sensory input alone. As described in chapter 1.2 (etiology of musician’s 

dystonia), it is plausible that there is a pre-existing disposition that seem that make an 

individual vulnerable to dystonia-inducing events.  

 

Another very interesting study revealing altered mechanisms of plasticity in patients with 

focal hand dystonia was conducted by Quartarone and colleagues (2005). The researchers 

applied transcranial direct current stimulation (tDCS, see chapter 2) and low-frequency 

repetitive transcranial magnetic stimulation (rTMS) to patients with writer’s cramp and to 

healthy subjects. The application of low frequency rTMS has been shown to increase or 

decrease the excitability of corticospinal or corticocortical pathways. In 2004, Siebner and 

colleagues demonstrated that in healthy subjects, the response to 1 Hz rTMS was altered in 

the primary motor cortex after a “preconditioning” with tDCS. Anodal tDCS (see chapter 2) 

applied before rTMS enhanced the normal inhibitory effect of rTMS. Cathodal tDCS, 

however, reversed the normal inhibitory after effect of rTMS. It produced an increase of 

corticospinal excitability. This result was replicated by Quartarone and colleagues (2005) in 

healthy subjects but was not found in patients with writer’s cramp. A preconditioning of the 
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primary motor cortex with anodal tDCS did not enhance the inhibitory after-effects of 1 Hz 

rTMS in the patients. Also, preconditioning cathodal tDCS did not have an effect on the after-

effects of 1 Hz rTMS. Even more revealing was that the normal inhibitory effect of cathodal 

tDCS on corticospinal excitability was completely absent. The authors suggest that there are 

mechanisms of synaptic stabilization that provide a “homeostatic”-like plasticity in the 

primary motor cortex in healthy subjects. According to Quartarone and colleagues (2005), this 

homeostatic stabilization of plastic effects may be impaired in patients with focal dystonia. 

The results and conclusions of Quartarone and colleagues are highly relevant to the 

experimental studies of the present thesis and will be discussed further in chapter 5. 

 

Impaired sensorimotor processing  

The pathophysiology of focal hand dystonia may include changes in sensory functions and an 

impaired sensorimotor processing (Abbruzzese et al. 2001; Abbruzzese 2003; Lim 2001; 

Altenmüller et al. 2010). Musicians with focal dystonia often report not only motor symptoms 

such as a loss of fine motor control but also a changed perception of sensory input in the 

affected body part while playing the musical instrument (Altenmüller 2009, personal 

communication). Studies investigating the sensory side of focal hand dystonia found sensory 

abnormalities such as deficient temporal and spatial discrimination ability (Sanger et al. 2001; 

Bara-Jimenez et al. 2000). A study investigating sensory thresholds in healthy pianists 

revealed practise-related superior acuity in sensory discrimination tasks in the musicians 

compared to non-musicians (Ragert et al. 2004). Sensory abnormalities could also be a 

response to training in a highly learned and skilled motor task rather than being specific to 

dystonia (Torres-Russotto et al. 2008). Nevertheless, clinical observations indicate that the 

spatial discrimination threshold measured by a simultaneous two-point discrimination 

paradigm may be increased in musicians with focal dystonia (Altenmüller 2009, personal 

communication).  

The deteriorated discrimination ability in patients with musician’s dystonia may reflect the 

changed sensory processing in the disorder. Sanger and Merzenich (2000) suggested a 

computational model implying that a changed sensory feedback system leads to altered 

sensory representations which can in turn lead to abnormal motor behaviour (Sanger et al. 

2000). 

Another strong indication for an involved sensory side to the disorder is the so-called ‘sensory 

trick’ phenomenon or the ‘geste antagoniste’. Patients with focal dystonia often experience an 

amelioration of symptoms by varying sensory inputs to involved or nearby body parts. This is 



Introduction    23 
 

especially the case in craniofacial dystonia. Musicians with focal dystonia frequently report 

individual sensory-trick phenomena (Altenmüller 2009, personal communication). However, 

the existence of a sensory trick which generally ameliorates the symptoms of musician’s 

dystonia still has to be investigated. Possibly, the critical mechanism underlying the sensory 

trick phenomenon is a modified sensorimotor processing which allows the avoidance of 

dystonic symptoms (Abbruzzese et al. 2003).   

 

As described earlier, fmri-studies revealed enlarged sensory fields in the somatosensory 

cortex in patients with focal hand dystonia (Elbert et al. 1998; Bara-Jimenez et al. 1998; 

Sanger et al. 2002). In generalized dystonia, the broadening of sensory fields was seen to 

extend beyond cortical regions: the pallidum and thalamus of patients with generalized 

dystonia had enlarged sensory receptive fields. These results were gained by microelectrode 

recordings of the basal ganglia in patients who underwent deep brain stimulation treatment to 

ameliorate symptoms of generalized dystonia (Vitek et al. 1999).  

In patients with writer’s cramp, sensory abnormalities were not only found in the affected 

hand but also in the healthy hand (Tempel et al. 1993). A study by Meunier (2001) has shown 

a clear disarray in the somatosensory cortex, not only in the finger representations of the 

affected hand, but also in the  representation of the contralateral healthy hand in patients with 

task-specific focal hand dystonia. Another study revealed low spatial discrimination ability on 

hands of patients with cervical dystonia and patients with blepharospasm (Molloy 2003). 

Changes in sensory function were also found in non-affected family members of patients with 

generalized dystonia (O'Dwyer et al. 2005; Eidelberg et al. 1998).  

All of these studies clearly indicate that sensory processing seems to be altered at a 

fundamental level in dystonia (Torres-Russotto et al. 2008). Some researchers again raise the 

question as to whether sensory changes precede motor abnormalities or whether they are a 

consequence of excessive muscle activity associated with dystonia. The above described 

results reveal sensory abnormalities also in unaffected body-parts and non-affected family 

members. Considering this, the logical answer to this question would define alterations in 

sensory functions as a primary basic part in the pathophysiology of focal dystonia and not as 

consequences of the continuous abnormal use of muscles. 

 

Integration of pathophysiological aspects 

The pathophysiology of musician’s dystonia includes abnormalities in the basal ganglia or its 

connections, decreased inhibition at various levels of the sensorimotor systems, abnormal 
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plasticity, and an impaired sensorimotor processing. An interacting network between these 

abnormalities seems plausible.  It is possible that one aspect plays a more substantial role 

triggering the disorder while another aspect mainly maintains the disorder. 

 

The dysfunctions of the basal ganglia, the loss of inhibition and excessive plasticity seem to 

be connected and complement each other. Torres-Russotto (2008) concludes that a 

dysfunction in the indirect pathway of the basal ganglia may lead to reduced surround 

inhibition of an intended motor activity. Surround inhibition is commonly referred to as the 

mechanism for the suppression of unwanted movements. The dysfunctions in the basal 

ganglia, the loss of inhibition and the excessive plasticity may be different characteristics of 

the same underlying pathophysiological mechanism. More research is needed to clarify the 

connections between the different phenomena and to gain insight into the underlying 

pathophysiological mechanisms. Equally important are research studies investigating the 

altered sensory functions in focal dystonia. The role of the altered sensory functions needs 

clarification (Torres-Russotto 2008). 

Over recent years, there has also been a rising discussion about possible influences of the 

cerebellum on task-specific focal dystonias. It has been hypothesized that the cerebellar 

control over muscle tone could become unbalanced with repetitive prolonged practise of 

motor plans, as done by musicians (Perlmutter et al. 2007).  

Finally, it is worth noting that different types of focal dystonias may differ in their 

pathophysiological background. Musician’s dystonia, for example, may be more influenced 

by external factors such as practise habits than writer’s cramp. Clinical observations suggest 

that even different subgroups of musician’s dystonia may not share the same 

pathophysiological and etiological basis (Altenmüller 2010, personal communication). 

 

 
 

 

1.4 Therapy 

 

Treatment of patients with musician’s dystonia is still a challenge (Frucht 2001; Schuele 

2004). Unfortunately, many of the available approaches are only moderately effective, 

depending on the type of dystonia (Altenmüller et al. 2010). Many therapy options are 

directed towards symptomatic relief. Current treatments include pharmacological alternatives, 
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botulinum toxin injections, ergonomic modifications and behavioural approaches 

(Altenmüller 2003; Schuele et al. 2005; Candia et al. 2003, Byl et al. 2000; Boullet 2002). In 

the last decade, deep brain stimulation has developed as a surgical option, mainly to treat 

generalized dystonia, cervical dystonia and very severe cases of focal dystonia.  

The following chapter offers an overview of various different treatment approaches, with the 

main focus being on behavioural treatments. Sensorimotor retraining as one of the current 

available behavioural trainings was applied as a motor learning paradigm in the experimental 

studies for this thesis.  

 

Pharmacological treatment 

Anticholinergic drugs that influence neurotransmission in the basal ganglia are helpful for the 

treatment of musician’s dystonia (Altenmüller 2003). Trihexyphenidyl (Artane®) in particular 

was shown to alleviate symptoms in approximately one-third of patients with musician’s 

dystonia (Jabusch et al. 2005). Trihexyphenidyl reduces the muscle tonus by competitive 

binding on the muscarinic acetylcholine receptors, thus reducing dystonic symptoms to a 

certain degree. 

Treatment with trihexyphenidyl seems to be helpful in limb dystonia patients. However, none 

of the musicians with embouchure dystonia reported improvement through anticholinergic 

drugs (Jabusch et al. 2005). Unfortunately, long-term treatment with trihexyphenidyl is also 

limited by frequent side-effects which often leads to the termination of treatment (Altenmüller 

2003; Jabusch et al. 2005; Jabusch et al. 2006). Side-effects such as fatigue, dry mouth and 

slight memory impairment have been reported even with low dosages of between 4-6mg/day. 

Nevertheless, trihexyphenidyl is a helpful treatment option for musician’s dystonia when no 

contraindications are present (Jabusch et al. 2005). 

 

Botulinum toxin 

Another therapeutic option is a symptomatic treatment with local intramuscular injections of 

botulinum toxin (Botox). Botulinum toxin blocks the transmission of nerve impulses to the 

muscle and is able to weaken the overactive muscles in focal dystonia. Results in musician’s 

dystonia depend on the dystonic pattern, on the injection technique, and on the precise 

localisation of the dystonic muscle. In a study investigating 144 patients with musician’s 

dystonia, 49% - 69% of the musicians experienced improvement from the injections. 36% 

musicians even reported long-term benefit in their performance ability (Schuele et al. 2005). 

The analysis of the patient’s data revealed that botulinum toxin was successful in those 
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patients in whom primary dystonic movements could be clearly distinguished from secondary 

compensatory movements. Musicians with embouchure dystonia and with dystonia affecting 

the upper arm and shoulder muscles did not benefit from botulinum toxin treatment (Schuele 

et al. 2005). 

It has been hypothesized that by altering the peripheral feedback, botulinum toxin could 

potentially produce reorganization of the intracortical circuits, leading to excitability changes 

of the motor cortex in patients with dystonia (Gilio et al. 2000). However, studies focussing 

on this question focus exclusively on patients with writer’s cramp and contain contradictory 

results (Priori et al. 1995; Gilio et al. 2000). 

 

Ergonomic modifications 

Ergonomic changes are used to prevent dystonic movements mechanically or to circumvent 

postures at the instrument leading to the occurrence of symptoms (Jabusch et al. 2005). About 

63% of musicians with the option to use ergonomic modifications reported improvement in 

their performance ability (Jabusch et al. 2005). The aims of ergonomic changes are either a 

blocking or circumvention of dystonic movements, for example by attaching splints to the 

affected fingers (Figure 1.4). As the dystonic muscles still have a high tonus and try to 

contract, the attachment of splints can lead to pain in the affected fingers after some time. 

Circumvention of dystonic movements can be sometimes achieved by modifications to the 

instrument, e.g. repositioning of individual keys in woodwind instruments (Altenmüller 

2003).  

Ergonomic changes should be considered in all patients with limb dystonia. They are not 

helpful in embouchure dystonia (Jabusch et al. 2005). 

 

 
 

Figure 1.4: Splint attached to the affected middle finger in order to block the dystonic movement. 
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Sensorimotor retraining 

Behavioural approaches to therapy in the field of musician’s dystonia include constraint-

induced training, immobilization, learning-based sensorimotor retraining, pedagogical 

retraining at the instrument and self-guided exercises on the instrument (Altenmüller et al. 

2010; Jabusch et al. 2005). These behavioural programs are based on the hypothesis that 

maladaptive plasticity and disturbed hand representations play an important role in musician’s 

dystonia. They address the reversal of the central nervous system degradation by using 

neuroplastic learning principles (Altenmüller et al. 2010). The exercises are designed to 

establish new and non-dystonic motor programs. So far, behavioural treatment approaches 

have been described with heterogeneous outcomes (Boullet 2003; Boullett 2005; Jabusch et 

al. 2005, Candia et al. 2003; Byl et al.  2000). 

During constraint-induced training the affected fingers perform exercises on the instrument 

while the unaffected fingers are constrained with splints. Patients perform the training for 2 

weeks, 2 to 3 hours a day. When the control of the most involved digits improve, splints are 

gradually removed from the less involved digits and practise time at the instrument is 

increased. In a study investigating 11 musicians with MD, 8 musicians benefited from the 

training (Candia et al. 2002). The authors also demonstrated that some reorganization of the 

receptive fields in the somatosensory cortex developed after training (Candia et al. 2003). 

They used whole-head magnetoencephalography to demonstrate that the functional 

organization of the somatosensory cortex was changed after the training compared to before 

training. Before treatment, somatosensory relationships of the individual fingers differed 

between the affected and unaffected hands. After treatment, finger representations 

contralateral to the dystonic side became more similar to the less-affected side. Furthermore, 

somatosensory finger representations were ordered more according to homuncular principles 

after treatment compared to before treatment. 

Immobilization of affected body parts as a treatment approach is based on the evidence that 

the topographical organization of the affected hand is abnormal in musician’s dystonia. Limb 

immobilization in healthy subjects leads to a shrinkage of cortical representations of the 

immobilized limb. Thus, immobilization of affected digits and body parts is thought to 

decrease the size of the representational area of the involved hand and to stop further 

distortion of representations. In a study investigating 19 musicians, 6 musicians reported 

marked improvement of fine motor control (Pesenti et al. 2004). The other participants 

reported no improvement or only minor improvement. 



Introduction    28 
 

Learning-based sensorimotor retraining (LBST) aims to redefine spatial and temporal 

processing capacities in the sensory and motor cortices in order to restore task-specific skills, 

e.g. writing (Byl et al. 2002). LSBT includes sets of subtasks of the target task and 

emphasizes various aspects of the sensory feedback (for example somatosensation, 

proprioception, kinaesthesia, haptics). In one set of tasks the patients are asked to learn how to 

read Braille, with task difficulty increasing as each patient masters progressively more 

difficult distinctions. LSBT has been tested successfully on patients with musician’s dystonia: 

all 12 trained musicians showed improvements in a variety of sensory discrimination tests, 

fine motor accuracy, speed, strength, flexibility and functional independence. Motor control in 

instrumental playing improved to an average of 70 - 94% of normal (Byl et al. 2000). 

Pedagogical retraining requires controlled practice of sensorimotor exercices at the musical 

instrument guided by experienced teachers (Altenmüller 2003). Jabusch et al. (2005) report 

improvement in 50% of musicians performing pedagogical retraining based on the following 

principles (Boullet 2003):  1) movements of affected body parts were limited to a tempo and 

force at which the dystonic movement would not occur; 2) compensatory movements (e.g. of 

adjacent fingers) were avoided partially under the application of splints; 3) instant visual 

feedback with mirrors or monitors helped patients to recognize dystonic and nondystonic 

movements; 4) body awareness techniques (e.g. Feldenkrais) were applied to increase the 

patient’s perception of nondystonic movements. The patients reporting improvement had 

undergone pedagogical retraining for an average of 28 months (range 3 – 72 months) (Jabusch 

et al. 2005). Two patients with embouchure dystonia took part in the treatment and reported 

no improvement (Jabusch et al. 2005). Behavioural approaches to the treatment of 

embouchure dystonia have also been tested with little success by other groups. Schuele and 

Lederman state that only few patients with embouchure dystonia can respond to rebuild their 

embouchure (Schuele et al. 2003; Jabusch et al. 2005).  

Sensorimotor retraining and other behavioural approaches as treatment options in musician’s 

dystonia usually require several years of specific instruction and training (Altenmüller 2003). 

Musicians with focal dystonia undergoing retraining therapies need time and patience to 

benefit from the training. Nevertheless, Jabusch and Altenmüller (2006) report that results of 

pedagogical retraining were rated better than results of medical treatment by the patients. 

These positive results may be biased by a particular attitude amongst musicians and the 

perceived self-control that the exercises bring. On the other hand, positive results of 

behavioural approaches underline the benefit of active involvement of patients in the 
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treatment process. According to Jabusch and colleagues, retraining exercises should be 

included in all treatment approaches, at least as an adjunct (Jabusch et al. 2006). 
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2. Transcranial direct current stimulation 
 

2.1 General Principles  

 

Transcranial direct current stimulation (tDCS) is characterized by the application of weak 

electrical currents through the scalp (Figure 2.1). The effects of weak electric currents on the 

brain and neuronal functions were first described more than 200 years ago (Priori 2003; Zago 

et al. 2008). Researchers found that transcranially applied direct currents were able to 

modulate spontaneous neuronal firing and tDCS was used to treat mental disorder (Priori 

2003). During the last 50 years, the technique has mainly been used in animal studies 

(Bindman et al. 1964; Creutzfeld et al. 1962; Terzuolo and Bullock 1956; Purpura et al. 

1965).  

tDCS was reintroduced as a noninvasive technique to alter cortical activity in humans during 

the last 10 years (Nitsche et al. 2000). The weak electrical stimulation was shown to modulate 

human cerebral cortical functions reliably. It induces focal and prolonged – yet reversible – 
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shifts of cortical excitability (Priori 2003; Nitsche et al. 2000; Nitsche et al. 2001; Nitsche et 

al. 2003; Priori et al. 1998).  

 

 
Figure 2.1: Application of weak direct current through the scalp. 

 

Brain regions exposed to tDCS are polarized by the electric field between the electrodes. The 

basic underlying mechanism is a shift in the resting membrane potential towards either hyper- 

or depolarisation, depending on the stimulation polarity. This in turn leads to changes in the 

excitability of cortical neurons (Nitsche et al. 2002; Creutzfeld et al. 1962; Purpura et al. 

1965). After professional training, the method is easily performed and allows a focal, 

selective, reversible, pain-free, and non-invasive induction of changes in cortical excitability 

(Nitsche et al. 2002).  

In the experiments on which this thesis is based, tDCS was applied on the primary motor 

cortex (for details, see chapter 4). The following paragraph focuses in more detail on the 

physiological background of tDCS.  

 

Physiological background of tDCS: Mechanisms of action 

Several studies investigate the physiological mechanisms resulting in the excitability shift 

induced by tDCS (Priori 2003; Nitsche et al. 2000; Nitsche et al. 2001; Nitsche et al. 2003; 

Priori et al. 1998). A suitable method of evaluating cortical excitability changes is transcranial 

magnetic stimulation (TMS). TMS is a painless and non-invasive method and allows the 

quantification of motor-cortical neuron responses (Nitsche et al. 2000). The amplitude of the 

resulting motor-evoked potential (MEP) represents the excitability of the motor system. 

Anodal tDCS over the motor cortex increases amplitudes of MEPs whereas cathodal tDCS 

reduces MEP amplitudes (Nitsche et al. 2000, Figure 2.2). An important feature of tDCS is 

that the induced effects can outlast the period of stimulation. Higher current densities as well 

as longer durations of stimulation lead to after-effects on the cortical excitability (Figure 2.3 
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and Figure 2.4). This may be especially important for the application of tDCS in the clinical 

context.  

The effects and the efficiency of tDCS depend on the electrodes’ positions, the electrodes’ 

polarity, the current density and the duration of stimulation (see below). 

When tDCS is applied over the motor cortex, the induced changes of excitability probably 

occur only within the stimulated area. A study by Nitsche and colleagues (2003) found that 

tDCS had no effects on spinal H-reflexes. 

 

 
Figure 2.2: Cortical excitability change during current flow. Reproduced with friendly 
permission from Nitsche MA, Paulus, W: Journal of Physiology, 2000;527:633-9. 

 

 
Figure 2.3: Polarity specific after-effects of tDCS after 5 min of DC-stimulation at 1 mA. 
Reproduced with friendly permission from Nitsche MA, Paulus, W: Journal of Physiology, 
2000;527:633-9. 
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Physiological mechanisms during tDCS 

The underlying mechanisms of tDCS have been investigated by pharmacological studies. 

During the application of tDCS, the electric field of anodal stimulation probably depolarizes 

neurons by increasing Na+ - influx in the cell. Na+ channel antagonists, such as 

carbamazepine, block the effect of anodal tDCS both during and after stimulation (Liebetanz 

et al. 2002). Carbamazepine stabilizes the Na+ channels, which normally act voltage-

dependent. The results of Liebetanz and colleagues reveal that anodal stimulation requires a 

polarization of membrane potentials to modulate cortical excitability.  

However, Carbamazepine had no effect on the response to cathodal stimulation. Thus, the 

basic underlying mechanism during cathodal tDCS must differ from the mechanisms during 

anodal tDCS. It may be the case that cathodal tDCS requires a K+ dependent 

hyperpolarization of the membrane (Liebetanz et al. 2002). More research is needed to clarify 

the physiological mechanisms during cathodal stimulation. 

Synaptic changes as long-term effects of tDCS 

The physiological mechanisms during tDCS are different from the mechanisms of the 

observed after-effects of tDCS.  Longer lasting changes of excitability occur only after several 

minutes of stimulation (see duration of tDCS). Pharmacological studies have helped in 

understanding the underlying mechanisms. When tDCS was combined with the N-methyl-D-

aspartate (NMDA)-receptor antagonist Dextromethorphan, the post-stimulation effects of both 

anodal and cathodal tDCS were completely suppressed (Liebetanz et al. 2002). As the authors 

assume, this strongly suggests the involvement of the NMDA receptors in both types of 

tDCS-induced neuroplasticity.  

The elicited neuroplastic changes seem to be similar to processes such as long-term 

potentiation (LTP) and long-term depression (LTD) (Nitsche et al. 2000). The process of LTP 

is a long-lasting enhancement in signal transmission between two synchronously stimulated 

neurons. As anodal tDCS leads to a depolarized resting membrane potential, the likelihood of 

action potentials is increased by the stimulation. The depolarization of the cell also leads to an 

altered influx of Ca2+ in the cells mediated by NMDA receptors. Higher Ca2+ levels in 

neurons result in cascades of chemical reactions in the neuron that finally cause stronger 

activations of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. 

In addition to enhanced activations, the expression of new AMPA receptors is elicited.  

The process of a weakening of signal transmission between neuronal synapses is called long-

term depression (LTD). LTD is thought to result mainly from a decrease in postsynaptic 
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receptor density, although a decrease in presynaptic neurotransmitter release may also play a 

role. LTD-like processes induced by cathodal stimulation are assumed to be similar to 

NMDA-receptor-mediated LTD, because a blocking of the NMDA-receptors abolishes the 

after-effects of tDCS. 

  

Electrode polarity and electrode positions 

The anode is defined as the positively charged electrode whereas the cathode is defined as the 

negatively charged electrode. Usually, one electrode is referred to as an active stimulation 

electrode and the other as the reference electrode. Since both electrodes have similar current, 

this is a functional definition and does not imply that the reference electrode is 

physiologically inert.  

For the stimulation of the primary motor cortex, different positions of electrodes were tested 

for their efficiency (Nitsche et al. 2000). The placement of the active electrode over the 

primary motor cortex and the placement of the reference electrode over the contralateral orbit 

was the most efficient stimulation position in order to elicit changes in excitability of the 

primary motor cortex (Nitsche et al. 2000).  

tDCS with the anode positioned over the primary motor cortex and the cathode over the 

contralateral orbit causes an anterior-posterior directed current flow and enhances motor 

cortex excitability (Nitsche et al. 2000). Reversed electrode positions with the cathode 

positioned over the primary motor cortex diminish motor cortex excitability.  

 

Current density 

The current density is the quotient of current strength and electrode size. Larger current 

densities result in stronger effects of tDCS (Nitsche et al. 2000; Iyer et al. 2005). The 

delivered current density has varied between 0.029 and 0.08 mA/cm2 in most published 

studies (Nitsche et al. 2003; Nitsche et al. 2008).  

In all experiments on which this thesis is based, a current density of 0.057mA/cm2 was used 

(we delivered a current strength of 2mA and used electrodes with a surface of 35 cm2). The 

density of 0.057mA/cm2 is often applied in clinical studies and was recommended by our 

collaborators Dr. Michael Nitsche, Prof. Walter Paulus and their research group at the 

University of Goettingen.  
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Duration of stimulation 

The duration of excitability changes induced by tDCS depends on the duration of stimulation. 

When tDCS is applied for seconds or a few minutes, excitability changes occur only during 

stimulation (see Figure 2.4). Longer applications of tDCS elicit longer lasting effects. Given a 

constant current density for more than 9 minutes, after-effects can be stable for hours after the 

end of stimulation.  

In order to induce longer lasting effects in the primary motor cortex of patients with 

musician’s dystonia, we applied tDCS for 20 minutes in experiments relating to the present 

thesis. 

 

 
Figure 2.4: Long lasting changes in cortical excitability of the primary motor cortex after the 
application of tDCS. Stimulation durations of 5-7 min lead to after-effects for several minutes. 
Stimulation durations of 13 min, however, induce changes in cortical excitability lasting for about 
90 minutes after the end of stimulation. Black symbols indicate significant differences between 
normalized MEP-amplitudes before tDCS and after tDCS. Reproduced with friendly permission 
from Nitsche MA (der Nervenarzt, 2002;73:332-335. 

 

 

Safety of tDCS 

In general, animal and human evidence and theoretical knowledge indicate that the currently 

used tDCS protocols are safe (Nitsche et al. 2008). The effects of tDCS induced changes in 

excitability are most probably caused by a mild effect on cation channels and are not able to 

induce firing of cells that are not spontaneously active. tDCS has been shown to increase 

spontaneous firing rate only to a moderate degree in animals (Bindman et al. 1964). 
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Therefore, it is unlikely the threshold of excitotoxicity would be reached by the application of 

tDCS (Nitsche et al. 2008). 

There are some safety studies investigating frequently used tDCS protocols. Results show that 

these parameters do not cause heating effects under the electrode (Nitsche et al. 2000). The 

serum neurone-specific enolase level, a sensitive marker for neuronal damage, was not 

elevated during or after tDCS (Nitsche et al. 2001; Nitsche et al. 2003). There was also no 

effect in changes of diffusion weighted or contrast-enhanced magnetic resonance imaging 

(MRI), EEG-activity or cognitive distortion (Iyer et al. 2005; Nitsche et al. 2004). 

Furthermore, the described tDCS protocols have been used worldwide in many studies with 

no serious side effects except for a slight itching under the electrodes and seldom-occurring 

headache, fatigue and nausea (Poreisz et al. 2007). Nevertheless, the experience with tDCS is 

still limited and possible risks are not completely known so far. It is recommended that the 

personnel conducting tDCS should be appropriately trained before applying the technique. 

Current density, duration of stimulation and positions of electrodes should be well controlled. 

The stimulation device should guarantee a constant current strength, because current strength 

determines the intensity of the electric field in the stimulated tissue. A constant voltage device 

could result in unwanted increases in current strength if resistance decreases.  

The application of tDCS in patients should be supervised by a licensed medical doctor. The 

altered physiology in neuropsychiatric diseases might render the brain more vulnerable to 

adverse effects than in healthy subjects. On patients, further research concerning the safety 

aspects of tDCS is needed (Nitsche et al. 2008). 

 

 

2.2. Effects of motor cortex stimulation on motor learning 

 

Several studies investigate the behavioural effect of motor cortex tDCS, focussing especially 

on changes in motor learning abilities.  

Anodal stimulation has been shown to improve performance in a simple version of the serial 

reaction time task (SRTT) when the subjects performed the task during stimulation (Nitsche et 

al. 2003). For the performance of the SRTT, participants have to quickly respond to four 

different visual clues appearing on a computer screen. The visual clues contain certain 

repeating sequences that can be predicted and learned by the participants. In the study 

conducted by Nitsche and colleagues (2003), improved performance was observed only when 

the primary motor cortex was stimulated with anodal tDCS. Anodal stimulation of the 
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supplementary motor cortices did not lead to better results in the SRTT. Cathodal stimulation 

did not influence performance at all. The authors concluded that the primary motor cortex is 

involved in the acquisition and early consolidation phase of implicit motor learning. An 

increase of motor cortex excitability by anodal tDCS seems to facilitate these processes. In 

another study, anodal and cathodal tDCS of the left middle temporal visual area (V5) and the 

primary motor cortex was shown to improve visuo-motor learning while healthy subjects 

performed a visuomotor tracking task involving hand movements (Antal et al. 2004; Antal et 

al. 2004). The authors propose that the improvement in performance caused by cathodal tDCS 

of V5 is probably due to an enhanced signal-to-noise ratio in neuronal signaling.   

In 1998, Classen and colleagues described a rather contradictory result: they studied subjects 

practicing thumb movements in the opposite direction to the thumb movements that were 

evoked by TMS pulses before training. After 30 minutes of training, the TMS-evoked thumb 

movements were in the direction of the practiced movement. The researchers applied anodal 

or cathodal tDCS during the last 5 minutes of practise. Interestingly, this intervention resulted 

in the abolishment of the learned movements and the thumb movement evoked by TMS 

pulses pointed again in the former direction. 

In two out of three experiments related to the present thesis, a motor learning paradigm was 

performed by the participants during the application of tDCS. The motor learning paradigm 

consisted of a sensorimotor retraining especially developed for pianists with musician’s 

dystonia (see chapter 1, therapy of musician’s dystonia). Our hypothesis was that anodal 

tDCS of the primary motor cortex facilitates the motor learning processes during the 

performance of the sensorimotor retraining. We also applied cathodal stimulation since we 

hypothesized that cathodal tDCS reduces overshooting activity in musician’s dystonia and 

improves fine motor control due to an enhanced signal-to-noise ratio. 
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3. Aims of the dissertation 
 

As the specific pathophysiology of musician’s dystonia involves a loss of inhibition in the 

central nervous system and maladaptive plasticity, tDCS may offer new treatment options. 

tDCS is a non-invasive tool that modulates cortical function directly by a tonic stimulation 

with weak direct currents.  It can also guide neuroplasticity and was found to have effects on 

the behavioural level, facilitating motor learning processes.  

The first experiment aimed to directly modulate cortical functions. We tested whether single 

session cathodal tDCS of the primary motor cortex facilitates fine motor control in a group of 

professional guitarists with MD via reducing motor cortex excitability. We hypothesized that 

cathodal tDCS of the primary motor cortex reduces overshooting activity in musician’s 

dystonia and improves fine motor control due to an enhanced signal-to-noise ratio.  

In the second experiment, we investigated the effects of tDCS on motor learning processes 

during a sensorimotor retraining. A single-session tDCS was combined with a sensorimotor 

retraining at the instrument. Our hypothesis was that anodal tDCS of the primary motor cortex 

facilitates the motor learning processes during the sensorimotor retraining (see chapter 2, 

behavioural effects of motor cortex stimulation). Cathodal tDCS was hypothesized to improve 
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fine motor control in musicians with focal dystonia through reducing motor cortex 

excitability. 

 The aim of the third experiment was to investigate the effects of daily repeated tDCS-

supported retraining. It has been shown that consecutive daily sessions of tDCS may increase 

its behavioral effects (Boggio et al. 2007). We decided to apply anodal, cathodal and placebo 

tDCS during the performance of sensorimotor retraining on a daily basis for five consecutive 

days. As a first approach, we conducted a single case study. 
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Abstract 

Musician's dystonia (MD) is a task-specific movement disorder with a loss of voluntary motor 

control in highly trained movements. Defective inhibition on different levels of the central 

nervous system is involved in its pathophysiology. Cathodal transcranial direct current 

stimulation (ctDCS) diminishes excitability of the motor cortex and improves performance in 

overlearned tasks in healthy subjects. The aim of this study was to investigate whether ctDCS 

improves fine motor control in MD. 

Professional guitarists (n=10) with MD played exercises before, directly after and 60min after 

ctDCS. ctDCS (2mA, 20min) was applied on the primary motor cortex contralateral to the 

affected hand. Guitar exercises were video-documented and symptoms were evaluated by 

three independent experts. No beneficial effect of ctDCS on fine motor control was found for 

the entire group. However, motor control of one guitarist improved after stimulation. This 

patient suffered from arm dystonia, while the other guitarists suffered from hand dystonia. 
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Franziska Buttkus, MSc, Volker Baur, MSc, Hans-Christian Jabusch, MD, Maria de la Cruz 

Gomez-Pellin, Walter Paulus, MD, Michael A. Nitsche, MD, Eckart Altenmüller, MD. 

Restorative Neurology and Neuroscience, in press. 

 

ABSTRACT 

Background: Focal dystonia in musicians (MD) is a task-specific movement disorder with a 

loss of voluntary motor control during instrumental playing. Defective inhibition on different 

levels of the central nervous system is involved in the pathophysiology. Sensorimotor 

retraining is a therapeutic approach to MD and aims to establish non-dystonic movements. 

Transcranial direct current stimulation (tDCS) modulates cortical excitability and alters motor 

performance. In this study, tDCS of the motor cortex was expected to assist retraining at the 

instrument.  

Methods: Nine professional pianists suffering from MD were included in a placebo-

controlled double-blinded study. Retraining consisted of slow, voluntarily controlled 

movements on the piano and was combined with tDCS. Patients were treated with three 

stimulation protocols: anodal tDCS, cathodal tDCS and placebo stimulation.  

Results: No beneficial effects of single-session tDCS-supported sensorimotor retraining on 

fine motor control in pianists with MD were found in all three conditions. 

Conclusions: The main cause of the negative result of this study may be the short 

intervention time. One retraining session with a duration of 20 min seems not sufficient to 

improve symptoms of MD. Additionally, a single tDCS session might not be sufficient to 

modify sensorimotor learning of a highly skilled task in musicians with dystonia. 
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General discussion and conclusions 
 

Focal dystonia in musicians is one of the most important problems to solve in the field of 

musician’s medicine. Musicians suffering from the disorder are highly disabled professionally 

and the disorder often leads to the termination of their musical career.  

The present thesis investigates functional effects of tDCS on fine motor control in musicians 

with focal hand dystonia. tDCS can modulate cortical excitability and is a non-invasive tool to 

guide neuroplasticity. As the specific pathophysiology of musician’s dystonia involves a loss 

of inhibition in the central nervous system and maladaptive plasticity, tDCS may offer new 

treatment options. 

Three placebo-controlled and double-blind studies were conducted and are described in 

chapter 4. The results of the first study indicated that a single session of cathodal tDC-

Stimulation over the primary motor cortex was not sufficient to facilitate fine motor control in 

guitarists suffering from musician’s dystonia. In the following experiments, tDCS was 

combined with a motor learning paradigm (consisting of a sensorimotor retraining at the 

piano) and both cathodal and anodal stimulation were applied (studies 2 and 3). Study 2 

investigated the effects of one single session of tDCS-supported sensorimotor retraining in a 

group of pianists suffering from musician’s dystonia. No effects on fine motor control were 

found. Study 3 investigated the effect of a 5-day repeated tDCS-supported retraining in one 

single pianist with musician’s dystonia. Beneficial effects of daily repeated sessions of 
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sensorimotor retraining were found in all three stimulation conditions (anodal, cathodal and 

placebo). Anodal tDCS did not enhance retraining effects beyond placebo, but cathodal tDCS 

may have prolonged retraining effects. 

 

Single session treatment 

Why did the single application of tDCS combined with sensorimotor retraining in study 2 

yield negative results? According to our hypothesis, we expected that cathodal tDCS of the 

primary motor cortex would be able to facilitate fine motor control through reducing motor 

cortex excitability in a group of professional guitarists with musician’s dystonia. A reduction 

of motor cortex excitability was assumed to improve fine motor control as it may support the 

decreased inhibitory functions in patients with focal dystonia. It was also expected that anodal 

and/or cathodal tDCS combined with a sensorimotor retraining would improve fine motor 

control through facilitated motor learning and by reducing motor cortex excitability during the 

learning paradigm. Since the acquisition of new motor skills is accompanied by changes of 

neuronal activity and excitability, we assumed that tDCS would be a promising tool to assist 

motor learning. 

There are several possible reasons for the negative outcome of studies 1 and 2. Firstly, 

consideration must be given to the short intervention time, as this may provide an explanation 

for the results. One stimulation session of 20min, even if combined with retraining, does not 

seem sufficient to change the pathophysiological movement patterns in musician’s dystonia. 

The “relearning” of new movement patterns on a behavioural level and on a 

neurophysiological level requires a certain minimum amount of time and/or session numbers. 

Deep brain stimulation as it is applied in generalized dystonia requires several months to 

induce changes on the neurophysiological level (Ruge et al. 2009). This example 

demonstrates that time is needed to elicit long lasting changes in dystonia. Behavioural 

treatment approaches to musician’s dystonia aim to use neuroplastic learning principles of the 

central nervous system and naturally require at least a certain amount of practise (Jabusch et 

al. 2006). The hypothesis that tDCS-supported retraining might lead to more efficient and 

direct improvement after one retraining session was not verified.  

A second explanation for the negative outcome may be the chosen stimulation area. The 

stimulation of the primary motor cortex only may be not sufficient to facilitate sensorimotor 

learning of new movement patterns in musician’s dystonia. Additional stimulation of pre-

motor areas, supplemental motor areas and visual areas (Antal et al. 2004, Antal et al. 2004) 

might elicit beneficial effects and could form the basis of future investigation. Stimulation of 
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the internal globus pallidus as carried out in the treatment of generalized dystonia and 

segmental dystonia has been shown to substantially improve symptoms in primary dystonia 

(Voges et al. 2010, Woehrle et al. 2009). In the case of focal and task-specific dystonia, this 

treatment can not be applied regularly, as it involves a very invasive and complex procedure. 

A few studies deal with the effects of deep brain stimulation in writer’s cramp and report 

major improvements after stimulation (Cho et al. 2009; Fukaya et al. 2003). It is possible that 

transcranially applied direct current stimulation did not activate the cortico-subcortical 

structures necessary for improving fine motor control in the desired way.  

Next to electrode positioning, current density is also known to influence the effects of tDCS. 

Further studies on the effects of tDCS in musician’s dystonia should thus vary the current 

density to a certain degree. The used protocol of 0.057mA/cm2 is applied frequently in clinical 

studies and appears to be safe (see safety of tDCS, chapter 2). Current density should not be 

increased without careful consideration of safety aspects, especially when tDCS is applied to 

patients. 

Another possible reason for the negative results of the single session treatment in studies 1 

and 2 may lie in the specific pathophysiology of musician’s dystonia itself.  

In healthy subjects, tDCS influences the after-effects of low-frequency repetitive TMS 

(rTMS) when it is applied prior to the rTMS (Siebner et al. 2004). After a preconditioning 

with anodal tDCS, thus increasing cortical excitability, the normal inhibitory after-effects of 

low-frequency rTMS were even enhanced. The mean amplitudes of motor evoked potentials 

(MEPs) were significantly reduced compared to the condition without preconditioning anodal 

tDCS. A preconditioning with cathodal tDCS produced the opposite effect. The low-

frequency rTMS even resulted in an increased cortical excitability. The authors suggest that 

there are mechanisms of synaptic stabilization providing a “homeostatic”-like plasticity in the 

primary motor cortex in healthy subjects. These mechanisms are assumed to keep excitability 

levels within a useful dynamic range.  

In patients with writer’s cramp, however, the described effects were absent (Quartarone et al. 

2005). A preconditioning of the primary motor cortex with anodal tDCS did not enhance the 

inhibitory after-effects of 1 Hz rTMS in the patients. Also preconditioning cathodal tDCS did 

not influence the after-effects of 1 Hz rTMS. According to Quartarone and colleagues (2005), 

the homeostatic stabilization of plastic effects may be impaired in patients with focal 

dystonia. Moreover, they propose that a faulty homeostatic response to acute increases in 

corticospinal excitability favours maladaptive motor plasticity.  
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In this context, the most relevant result of Quartarone and colleagues (2005) was the complete 

lack of the normal inhibitory effect of cathodal tDCS on corticospinal excitability in the 

patients. Why did cathodal stimulation fail to influence cortical excitability? The researchers 

suggest that this result relates to the fact that tDCS is a “tonic” stimulation that can only bias 

the firing frequency and membrane potential of already active cells. Research results indicate 

that cathodal tDCS produces its effects by reducing ongoing levels of discharge and 

hyperpolarizing membrane potentials (Nitsche et al. 2000). The hyperpolarisation of a cell 

increases the chance of long-term depression of synapses (LTD, see also mechanisms of 

tDCS, chapter 2). Quartarone and colleagues argue that in patients with dystonia at rest the 

cell membrane potentials are already strongly hyperpolarized compared to healthy subjects. 

Thus, cathodal tDCS is unable to decrease excitability any further so that amplitudes of MEPs 

are not changed in the patients. In contrast, anodal tDCS induces plastic effects as seen in 

healthy subjects because anodal stimulation is able to depolarize the neurons.  

In our studies, we focused on the behavioural effects of treatment and investigated the fine 

motor control of patients directly after tDCS and retraining sessions at the musical instrument. 

As focal dystonia in musicians is a task-specific disorder, symptoms occur only while the 

patients play their musical instrument. The investigation of fine motor control directly at the 

instrument requires specialisation and experience in the field of musicians’ medicine. In 

studies 2 and 3, fine motor control was measured by an objective tool developed for the 

quantification of musician’s dystonia in pianists, implemented at the Institute of Music 

Physiology and Musicians’ Medicine in Hanover (Jabusch et al. 2004). Our main focus in the 

experiments relating to this thesis was the careful investigation of behavioural effects directly 

after stimulation without any further distraction of the patients. Musicians with musician’s 

dystonia often report that the amelioration of symptoms after performing sensorimotor 

retraining or after other treatments is easily influenced by other stimuli. This might also be 

related to the sensory trick phenomenon (Schramm et al. 2004), which is characterized by a 

transient improvement of motor symptoms by a change in afferent sensory information.  

For this reason it was decided not to include trancranial magnetic stimulation techniques 

(TMS). As we did not observe beneficial behavioural effects after tDCS, it would be 

interesting to investigate whether the normal inhibitory effects of cathodal tDCS take place in 

patients with musician’s dystonia or not. The use of transcranial magnetic stimulation would 

allow the measurement of physiological effects and could answer this question. Further 

studies investigating the effects of tDCS on musician’s dystonia should therefore include 

TMS-techniques in addition to behavioural measurements, if possible.  
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The altered response to tDCS in patients with focal dystonia compared to healthy subjects was 

only observed with cathodal stimulation. As described above, anodal stimulation effects are 

reported to be similar in both groups (Quartarone et al. 2005). According to our hypothesis, 

we expected anodal tDCS to facilitate motor learning of the musicians during the 

sensorimotor retraining in study 2. The lack of improvement of fine motor control after anodal 

tDCS-supported sensorimotor retraining in study 2 might be due to the previously described 

effects.  

In the outpatient clinic of the Institute of Music Physiology and Musicians’ Medicine in 

Hanover we often observe that sensorimotor retraining elicits stronger effects when the 

affected musicians perform the retraining frequently. On the other hand, Boggio and 

colleagues (2007) found that daily repeated application of tDCS enhances the modulation of 

cortical excitability. For this reason we decided to conduct a study with daily repeated 

sessions of tDCS-supported retraining. 

Repeated session treatment 

In order to investigate effects of daily repeated tDCS-supported retraining on fine motor 

control in musician’s dystonia, we conducted a single case study with repeated treatment 

sessions. Daily repeated treatment sessions required the participating musician to spend a total 

of three weeks (3.5 hours a day) taking part in the experiment. For this reason we decided to 

conduct a single case study as a more efficient way of yielding first results about the effects of 

repeated tDCS-supported retraining sessions.  

We observed that retraining resulted in beneficial effects on fine motor control in the reported 

patient, which was prolonged in the cathodal tDCS condition. Anodal tDCS did not enhance 

retraining effects beyond placebo. Improved fine motor control was found in all three 

stimulation conditions and was most pronounced immediately after treatment. Just 20 minutes 

of sensorimotor retraining per day led to a substantial improvement of symptoms in the 

reported patient, This result was rather unexpected but shows again the therapeutic option of 

behavioural treatment approaches to musician’s dystonia (see chapter 1, therapy of musician’s 

dystonia). The conclusions that can be drawn from the results of study 3 are of course limited 

since the effects of sensorimotor retraining will need to be investigated in a larger number of 

patients. In the reported patient, motor control deteriorated again during the follow-up (see 

Figure 1, page 67). Musicians with focal dystonia often report that the effects of retraining 

exercises are not stable and that symptoms deteriorate over time after the end of one practise 

session (Altenmüller 2009, personal communication). This phenomenon is a main reason why 

patients undergoing behavioural treatment often have to invest years of practise before 
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regaining stable motor control at their instrument. Studies investigating optimal retraining 

strategies in terms of efficiency are required. This is especially the case since many musicians 

prefer treatment options which include active involvement and a perceived self-control. As 

each musician experience slightly different symptoms, strategies and exercises should be 

defined and described in a way that is applicable to individual symptoms. 

In study 3, the inter-treatment comparison suggests that cathodal tDCS may prolong retraining 

effects. The intended inhibitory effect of cathodal tDCS may have facilitated physiological 

inhibition in the reported patient and stabilized retraining effects. However, as a limitation of 

the results cumulative retraining effects in the cathodal stimulation week may have influenced 

the outcome. Cathodal tDCS was applied in the third study week, meaning that the reported 

patient had performed two weeks of tDCS-supported retraining already. However, to avoid 

any carry-over effect, an interval of at least 6 weeks was observed between treatment 

conditions. Again, studies on large numbers of patients with musician’s dystonia are needed 

to clarify effects of repeated cathodal tDCS on retraining. 

 

General conclusion and outlook 

To summarize previous studies investigating the effects of tDCS on patients with focal 

dystonia and the results of the present thesis, tDCS does not appear the most promising 

method to offer new therapeutic options in musician’s dystonia. However, the results from 

tDCS-studies help us to gain new insight into the pathophysiology of musician’s dystonia. 

tDCS is a non-invasive method to induce cortical plasticity.  

Other stimulation techniques as for example repetitive transcranial magnetic stimulation 

(rTMS) or random noise stimulation may constitute an interesting next step in focal dystonia 

research. The technique of rTMS in particular may yield beneficial effects on fine motor 

control in musician’s dystonia. Several researchers have investigated the effects of rTMS in 

patients with writer’s cramp and found promising results. Similar to tDCS, rTMS has been 

shown to increase or decrease the excitability of corticospinal or corticocortical pathways. 

However, the after-effects of rTMS are also believed to occur in corticospinal pathways as is 

probably not be the case in long lasting effects of tDCS (Nitsche et al. 2003). The 

physiological changes induced by rTMS depend on the intensity of stimulation, coil 

orientation and frequency of stimulation. The underlying mechanisms are believed to be 

similar to long-term potentiation (LTP) and long-term depression (LTD) as is probably the 

case for tDCS.  
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In healthy subjects, low-frequency rTMS reduces cortical excitability in stimulated areas. 

Similar to our hypothesis, research studies hypothesized that the modulating effects of rTMS 

offer a new perspective for the treatment of conditions characterized by alterations of cortical 

excitability. The effects of rTMS on patients with focal dystonia were investigated in several 

studies and yielded interesting results: Siebner and colleagues (1999) stimulated the motor 

cortex with a low-frequency rTMS in healthy subjects and in patients with writer’s cramp. 

The authors aimed to reduce the abnormally enhanced excitability in the motor cortex of the 

patients and measured motor cortex excitability and handwriting abilities after rTMS. In a 

first experiment, Siebner and colleagues found that low-frequency rTMS resulted in a 

normalization of the deficient cortico-cortical inhibition in the patients without affecting the 

motor threshold. In a second experiment, cortical excitability was measured by a stimulus-

response curve and by the post-excitatory silent period before and after subthreshold rTMS. 

1Hz rTMS resulted in a significant prolongation of the post-excitatory silent period without 

affecting the stimulus-response curve in the patients. Behavioural tests in both experiments 

demonstrated a reduction of mean writing pressure which was related to a clear but transient 

improvement of handwriting in the patients. Authors concluded that rTMS may be able to 

reinforce deficient intracortical inhibition in the patients and may improve fine motor control 

temporarily in writer’s cramp. As we observed no beneficial behavioural effects of the DC-

stimulation used in our experiments, there is obviously a crucial difference between the two 

stimulation techniques concerning the susceptibility of the stimulation in focal dystonia. To 

our knowledge, the application of rTMS on patients with musician’s dystonia as a special 

form of focal dystonia has not yet been investigated. A combination of low frequency rTMS 

supporting a motor learning paradigm on patients with musician’s dystonia may yield 

particularly interesting results. As described above, there is some evidence for a reinforced 

deficient intracortical inhibition after low frequency rTMS in patients with focal dystonia. A 

combination of sensorimotor retraining exercises and reinforced inhibition as undertaken in 

our experiments may be a rewarding approach in attempting to improve current treatment 

options for musician’s dystonia. Facilitated sensorimotor learning in affected musicians may 

result in the improved efficiency of retraining exercises. Stabilizing the retraining effects over 

time through prolonging them with rTMS-treatment could add a wonderful new therapy 

option for affected musicians. 

 

Treatment of patients with musician’s dystonia in general is still a challenge (Frucht et al. 

2001, Altenmüller et al. 2010). Many of the available medical approaches are only moderately 
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effective, and other options have yet to be developed. Behavioural therapies and 

interdisciplinary strategies combining pharmacological, behavioural and perhaps 

electrophysiological methods are promising, but the different approaches need to be evaluated 

and long-term effects are still unknown (Altenmüller et al. 2010). More research in this field 

is needed.  

If external factors such as disadvantageous practise habits, exaggerated perfectionism and 

anxiety play a role in the multifactor network influencing focal dystonia, this should be 

addressed also for prevention. The education system for musicians like music schools and 

music academies should rather cultivate a playful attitude towards making music, and replace 

the fascination of mere perfection and virtuosity by the joy of emotional communication 

shared by the audience and the musicians (Altenmüller et al. 2009). 
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Figure A.1: Exercises performed in experiment 1 by the guitarists 

 

 



    
 

 

 
 
 
 
 
Proband:          Take:  
 
 

 

Figure A.2: Template for the evaluation of fine motor control by three independent experts, 

experiment 1. 

 

 

 

 

 

 

 

 

 

Übung Rhyth-
mus 

Laut-
stärke 

Klang ADDS dystone 
Bewegungen 

Kompensato
rische 
Bewegungen 

grobmotorische 
Bewegungen 

Arpeggio        
LS ami        
LS imi        
LS ama        
LS ami KE2        
LS ama KE2        
Tonleiter pi        
Tonleiter mi        
Tonleiter am        
Tonleiter am KE2        
Sim Anschl klein        
Sim Anschl groß        
schwieriges Stück        
Gesamteindruck Take        



    
 

 
 

Immer ohne Kraft und sehr langsam üben.  
Ganz viel Geduld für 20 Minuten mitbringen. 

 
Ziel ist es, jede dystone und jede 

kompensatorische Bewegung zu vermeiden. 
 
 
 
 

 
1. Tonleiter sehr langsam  

 
2. Betroffene Finger sehr langsam, 

einzeln nacheinander. 
Auch mit der linken Hand den rechten 
Arm stützen.   

 
3. Untersatz herausgreifen und ganz 

langsam  ausführen (3 1 oder 4 1). 
Das gleiche mit dem Übersatz (1 3  
oder 1 4). 

 
 
 
 



    
 

4.  Zwei Untersätze zusammenhängend 
spielen (3 1 und 4 1) langsam. 
Zwei Übersätze zusammenhängend 
spielen (1 4 und 1 3) langsam. 
Auch mit links gespiegelt durchführen. 

 
5. Getupftes non-legato im Fünftonraum  

(1 – 5 5 – 1). 
Auch Übungen 3 und 4 non legato 
getupft. 

 
6. 1 3  1 4  1 3  1 4 5 und  

abwärts: 5 4 1  3 1  4 1  3 1 
 

7. Immer zwei Finger gleichzeitig liegen 
lassen, erst wenn der nächste Finger 
unten   ist, den vorherigen heben. 

 
8. Daumen einzeln spielen und 2 3 bzw. 

2 3 4  gleichzeitig spielen. 
 
 

A.3: Description of the principles and exercises performed as sensorimotor retraining by the 
pianists in experiment 2 and 3. 
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