
 

Objective and Quantitative  

Acoustic-Analysis of 

 Musician’s Dystonia  

 

A thesis submitted to the University of Dublin for the degree of  

MSc by Research in Biomedical Engineering  

 

2020 

Marta Perez Denia 

Under the supervision of Prof. Richard B. Reilly 

 

 

 

 

Trinity Centre for Biomedical Engineering 

Department of Mechanical and Manufacturing Engineering  

School of Engineering 

 Trinity College Dublin 



ii 

 

 

Declaration 

I, Marta Perez Denia, declare that this thesis has not been submitted as an exercise for a degree at 

this or any other university and it is entirely my own work. 

I agree to deposit this thesis in the University’s open access institutional repository or allow the 

Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity College Library 

conditions of use and acknowledgement. 

I consent to the examiner retaining a copy of the thesis beyond the examining period, should they 

so wish (EU GDPR May 2018).  

 

 

Signed, 

 

 

Marta Perez Denia 

  



iii 

 

Summary 

Musician’s Dystonia (MD) is the most common movement disorder affecting musicians. Being a 

specific phenotype of Dystonia, MD is a focal, task-specific and painless disorder that affects 

motor control during musical performance, characterised by abnormal muscle contractions. With 

an estimate of 1-2% in professional musicians affected, MD has been reported in virtually every 

instrument, including keyboard, strings, woodwind, brass and drums. The main phenotypes 

associated with MD are Hand Musician’s Dystonia (HD) and Embouchure Dystonia (ED). 

Nevertheless, the disorder has been reported to manifest in several body regions (e.g. arm, hand, 

lower cranial structure, cervical muscles, breathing muscle, vocal cords, legs). 

There exists a lack of research in MD and this is reflected in the absence of objective 

methodologies for its assessment, specifically those that meet the requirements of ease of use in 

clinical environments. There is clinical need for a tool that ensures such requirements and that 

would allow MD assessment alongside the Dystonia-triggering musical instrument. Such a tool 

would also provide a standardised methodology for longitudinal studies of MD.  

The aim of this research was to address these challenges by developing a software platform for 

objective and quantitative acoustic-analysis of Musician’s Dystonia. The main outcomes of the 

research presented in this thesis are as follows:  

An experimental set-up for audio-recordings and a protocol of musical exercises for ED 

evaluation. The experimental set-up enables subsequent automated analysis of the acquired 

recordings. The protocol permits studying ED across the disorder’s task-specific domains. ED 

musical technique-specificity is evaluated by means of sequenced and sustained notes. Register-

specificity is tested by notes encompassing complete playing and dynamic ranges. Sequenced 

notes played at slow, medium and fast tempos enable speed-specificity study.  

Software analysis for Embouchure Dystonia’s severity assessment. The software platform 

allows automated evaluation across the following specific acoustic domains by extracting key 

acoustic-features: loudness and pitch instability, rhythmic abilities, note attack precision, 

loudness consistency and pitch consistency.  

Healthy wind instrumentalist’s normative acoustic data and feature set. Seven healthy wind 

instrumentalists followed the experimental protocol and generated a series of audio recordings, 

which formed a baseline dataset and following application of the software platform a reference 

output feature sets This data and feature set provide a comparison for data acquired from ED 

musicians. 
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A comparative study between audio-based features extracted from ED and control 

musicians’ acoustic data. A freely available database of six ED subjects recorded during musical 

performance was analysed by the developed software platform. Inter-group comparisons revealed 

greater sound instability in notes played by ED than in those recorded from healthy musicians.  

Software analysis for Hand Musician’s Dystonia severity assessment. The software suite 

allows analysis of audio-recordings acquired from HD subjects during performance of protocol-

guided musical exercises. Loudness and pitch instability, and tone quality within the acoustic data 

are evaluated and key audio-based features extracted.  

Analysis of audio-recordings acquired from HD musicians before and after a sensory-motor 

rehabilitation therapy. This is, to our best knowledge, the first study attempting to perform 

acoustic analysis of HD. Analysed data consisted of audio-recordings of seven HD musicians 

performing protocol-guided musical exercises, acquired pre and post a rehabilitation designed 

intervention. Improvement or reduction in improvement of musical performance was quantified 

for each HD subject. The analysis software demonstrated an ability to resolve changes in 

impairments during musical performance pre- and post-intervention.  

In summary, a software suite that allows objective analysis of Musician’s Dystonia is presented 

in this thesis. MD’s severity is quantitatively assessed by analysis of audio-recordings acquired 

from subjects during the musical performance of protocol-guided exercises. The presented 

methodology requires simple, low-cost and mobile equipment. No staff expertise is required for 

its implementation and it provides fast and automated analysis. A major strength of the presented 

analytical approach is the potential for remote data recording and processing, facilitating its use 

at scale and in large MD populations. Future research may combine this acoustic approach with 

complementary quantitative analysis (e.g. clinical, kinematic, neurophysiologic and 

neuroimaging) to provide further characterisation of symptomatology, assessment of efficacy of 

new treatments and also longitudinal analysis of Musician’s Dystonia.  
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 INTRODUCTION 

 Dystonia 

 Definition of Dystonia 

The term “Dystonia” was employed by Oppenheim in 1911, to describe abnormal muscle tone, 

specifically variable muscle tone and recurrent muscle spam (Oppenheim, 1911). Later in 1984, 

a committee was created by the Dystonia Medical Research Foundation to develop the first 

consensus definition of Dystonia defining it as a syndrome consisting of “sustained muscles 

contraction, frequently causing twisting and repetitive movements, or abnormal postures” (Fahn 

et al., 1987). The interpretation has evolved and, in view of the limitations of the 1984 definition, 

it was revised in 2013 by an international Consensus Committee, which proposed the following 

and currently employed definition of Dystonia: Dystonia encompasses a heterogeneous group of 

neurological “movement disorders characterized by sustained or intermittent muscle contractions 

causing abnormal, often repetitive, movements, postures, or both. Dystonic movements are 

typically patterned, twisting, and may be tremulous. Dystonia is often initiated or worsened by 

voluntary action and associated with overflow muscle activation” (Albanese and Bhatia, 2013). 

 Classification of the Dystonias 

Apart from updating the consensus definition of Dystonia, the international committee revised 

the classification (and its terminology) of the disorder in order to solve inconsistencies of previous 

definition schemes (Albanese and Bhatia, 2013; Jinnah and Albanese, 2014). Previously, 

Dystonia syndromes were classified along three groups: age at onset, body distribution and 

etiology (Fahn, 2011). In contrast, they proposed dividing the syndrome into two different axes: 

(I) clinical features and (II) etiology. Each one of the axes involves different dimensions. Axis I 

includes age at onset, body region affected, temporal aspects and any associated clinical 

manifestations, while Axis II groups identifiable anatomical changes and pattern of inheritance.  

A brief description of each classification axis along with its dimensions is outlined below.  

 Axis I: Clinical Features  

This axis allows structuring Dystonia phenotypes into clinically meaningful groups to help 

diagnosis, treatment and clinical research. It describes the phenomenology of the disorder found 

in a patient in terms of:   
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- Age at onset: this classification is practical for diagnosis and prognosis. Dystonia in those 

patients with childhood-onset is much more likely to both have a discoverable cause and 

spread from local to generalised. The system is based on five standard age groups that are 

used for other neurological disorders, and follows as: 

o Infancy (birth – 2 years) 

o Childhood (3 – 12 years) 

o Adolescence (13 – 20 years) 

o Early adulthood (21 – 40 years) 

o Late adulthood (>40 years) 

- Body distribution: this structure has practical value for diagnosis and guiding treatment 

decisions, and is described as:  

o Focal: a single region of the body is affected. Some examples are: 

 Blepharospasm: manifested in patients as sustained paroxysm of eye 

closure.  

 Oro-mandibular: manifested as jaw opening, jaw protraction, jaw 

closing, lip pursing, tongue protrusion, and/or platysma overactivity. 

 Cervical: present as torticollis (abnormal posturing with the head tuning 

to one side), laterocollis (tilt to the side), retrocollis (neck extension) and 

antecollis (neck flexion).  

 Laryngeal: manifested as the adductor type (with a strained voice and 

frequent pauses), or the abductor type (with a whispering/breathy 

quality). 

  Writer’s Cramp: defined as excessive involuntary muscle contractions 

leading to abnormal posturing on attempts to write.    

o Segmental: two or more contiguous body regions are affected. An example is 

cranial Dystonia, manifested as blepharospasm with lower facial and jaw or 

tongue involvement.    

o Multifocal: two or more non-contiguous regions are involved.  

o Generalised: the trunk and at least two other regions are affected. 

o Hemidystonia: more body regions from only one half of the body involved, 

typically acquired due to brain lesions in the contralateral hemisphere.  

- Temporal pattern: its classification is useful for diagnostic testing, counselling and 

treatment options. It includes different intra-dimensions: 

o Manner of onset:  

 Acute 

 Insidious  
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o Short-term variations in symptoms:  

 Persistent: Dystonia persists to approximately the same extent 

throughout the day. 

 Action-specific: occurs only during a particular activity or task. 

 Diurnal fluctuations: fluctuates during the day, with circadian variations 

in occurrence, severity and phenomenology.  

 Paroxysmal: Dystonia occurs in sudden self-limited episodes commonly 

provoked by a trigger, with return to pre-existing neurological state.  

o Long-term variations in overall severity (disease course): 

 Static 

 Progressive 

- Associated features: for distinguishing whether patients present Dystonia with other 

movement disorders or not, the following terms can be used:  

o Isolated: only Dystonia is found (except for tremor). This term encompasses 

many cases previously described as ‘pure’ or ‘primary’ Dystonia. 

o Combined: Dystonia is combined with other movement disorders (e.g. 

myoclonus, Parkinsonism), with neurological abnormalities (e.g. dementia, 

seizures, neuropathy) or with systemic features (e.g. liver disease, 

haematological abnormalities). This new class includes patients previously 

assigned as “secondary”, “Dystonia plus” or “heredodegenerative”.  

 Axis II: Etiology 

Many forms of Dystonia have unknown etiology, due to this, this axis is an evolving area that is 

being constantly updated. The following two complementary sub-classes are the currently 

defined:  

- Nervous system pathology: allows classifying patients according to identifiable 

anatomical changes.  

o Degeneration: progressive structural abnormality either at the gross, microscopic 

or molecular level (e.g. neuronal loss). 

o Static lesions: non-progressive neurodevelopmental anomalies or acquired 

lesions. 

o No degeneration or structural pathology.  

- Heritability: the different patterns of Dystonia inheritance defined at the moment are:  

o Inherited: Dystonia due to a genetic origin, which can be autosomal dominant, 

autosomal recessive, X-linked recessive or Mitochondrial. 
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o Acquired: Dystonia due to a known specific cause such as perinatal brain injury, 

infection, drugs, toxic substances, vascular causes, neoplasms, brain injury, 

psychogenic or functional origin.  

o Idiopathic: Dystonia of unknown cause (sporadic or familial). Many cases of 

adult-onset segmental or isolated focal Dystonia belong to this class.  

 Epidemiology 

Dystonia is the third most common movement disorder after Parkinsonism and Essential Tremor. 

Nevertheless, its true prevalence is yet unknown due to the lack of systematic studies on 

epidemiology. Differences in study design, study populations (size, age and ethnicity), case-

finding procedures and diagnostic procedures have, very likely, lead to a large variability in the 

estimated prevalence (Defazio et al., 2004; Defazio, 2010). For the case of adult-onset focal 

Dystonia (the commonest form of isolated Dystonia), a meta-analysis revealed that clinic-based 

studies estimate a prevalence of 16.43 per 100,000 (Steeves et al., 2012), while a population-

based study revealed a prevalence of  732 per 100,000 (Müller et al., 2002); for the case of early-

onset variants of Dystonia, its prevalence ranges from 0.07 to 7.6 per 100,000 (Das et al., 2007; 

Defazio, 2010; Steeves et al., 2012). Moreover, there is a great probability that prevalence of 

Dystonia is underestimated due to: the wide spectrum of forms of Dystonia; diagnostic 

uncertainties; phenotypes that lead patients with mild symptoms of Dystonia not to seek medical 

advice; disorders that are more common or better acknowledged than Dystonia; the delay of 

clinical diagnosis (Lalli and Albanese, 2010). 

 Pathomechanisms of Dystonia 

Although Dystonias can be clustered as a function of their motor manifestations, pathogenesis 

may differ among the subtypes (Jinnah et al., 2017) and its anatomical basis is still debated (Balint 

et al., 2018). While earlier studies characterised Dystonia as a disorder of the basal ganglia 

(especially in the putamen) (Berardelli et al., 1998; Hallet, 2006; Breakefield et al., 2008), more 

recent researches suggest the involvement of more regions (mainly the cerebellum) based on the 

evidence from human neuroimaging studies, neuropathology, physiology, cell biology and animal 

models (Neychev et al., 2011). The different regions suggested to conform the motor network 

model were reviewed in Jinnah et al. (2017), and included: basal ganglia; cerebellum; 

sensorimotor cortex; thalamus. Also, Prudente et al. (2014) discussed diverse procedures by how 

this network may be affected so that Dystonia manifests as abnormal functioning of a single node 

in the network; a simultaneous dysfunction of more than one node; an abnormal communication 

between the nodes. 
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As for the pathophysiology of Dystonia currently known, three main alterations have been 

described by means of reflex studies, physiophysical paradigms and Transcranial Magnetic 

Stimulation (TMS) (Fasano and Morgante, 2014; Park et al., 2018): loss of inhibition at the cortex, 

brainstem and spinal cord  (Tisch et al., 2006; Quartarone et al., 2008); abnormal somatosensory 

processing and sensorimotor integration with impaired spatial and temporal discrimination 

(Tinazzi et al., 1999; Abbruzzese et al., 2001; Scontrini et al., 2009; Beck et al., 2018);  abnormal 

plasticity of sensorimotor circuits (Molloy et al., 2003; Quartarone et al., 2003; Weise et al., 2006; 

Quartarone et al., 2008).  

Definitively identifying the pathomechanisms of Dystonia is critical for the development of new 

treatment strategies which could more effectively and consistently control or eliminate symptoms 

(Contarino et al., 2016). The development of new pharmacological and non-pharma-based 

interventions also requires accurate identification of the brain region(s) where abnormalities arise.  

The challenges in studying the pathomechanisms of Dystonia are: 

- Its heterogeneous nature: As previously explained, heterogeneity manifests at all levels of 

Dystonia, ranging from its clinical phenomenology through to cause. Research is still far from 

defining a unifying pathophysiological framework for Dystonia and many debate whether it 

should be considered a single disease classification (Albanese, 2017). 

- A lack of biomarkers: Dystonia is considered to be inherited in an autosomal–dominant 

manner with markedly reduced penetrance of 10-12% (Waddy et al., 1991; Stojanović et al., 

1995; Schmidt et al., 2009). Environmental and epigenetic factors are significant determinants of 

disease penetrance and expression (Molloy et al., 2015, 2016). The lack of gene discovery has 

stimulated a search for endophenotypes (Stamelou et al., 2012). Section 1.2.2 Endophenotypes of 

Musician’s Dystonia is addressed to discuss this topic.  

 Current Treatment Approaches of Dystonia 

Due to the lack of the exact mechanisms of most Dystonias, no pathogenesis-targeted therapy 

exists (Thenganatt and Jankovic, 2014). Therefore, the objective of treatments is providing 

symptomatic relief of abnormal movement, posture, associated pain, discomfort and other 

comorbidities (e.g. depression, contractures and orthopaedic complications). Currently, 

botulinum toxin (BoNT) and Deep Brain Stimulation (DBS) are the most efficient, evidence-

based treatments for Dystonia (Balint et al., 2018). Nevertheless, the election of a given therapy 

has to consider patient’s requirements in terms of: age; distribution of disease; underlying 

etiology; goals of treatment; influence of the disorder on quality of life (Jankovic, 2013). For 
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instance, BoNT is the most common initial treatment for patients with isolated focal or segmented 

Dystonia (Richardson et al., 2017), while generalized Dystonia is commonly treated 

pharmacologically with levodopa, anticholinergics or oral baclofen. As for those medication-

refractory Dystonias greatly affecting patients’ quality of life, surgical approaches may be chosen 

(Jinnah, 2015). In Table 1.1, a summary is presented performed by Erbguth (2018) of the different 

approaches for Dystonia treatment.  

Table 1.1 Dystonia treatments. Adapted from (Erbguth, 2018). 

Peripheral mechanical 

measures 

- Corrections of Dystonic muscular overactivity and 

subsequent abnormal movements and postures by orthotic 

devices (e.g. ribbons, casts, splints) 

- Peripheral muscle and nerve surgery, electrotherapy 

- Physiotherapy and chemodenervation with BoNT. 

Psychological treatments and 

systemic relaxation therapies 

Therapies focusing on the supposed psychological background of 

Dystonia: 

- Non-specific psychotherapy 

- Psychoanalysis 

- Hypnosis 

- Relaxation therapy 

- Psychological counselling 

- Support groups 

Pharmacological treatments 

Medications focusing on either the peripheral (nerve, muscle) or 

central nervous overexcitation and neurotransmitter disturbances: 

- Narcotics 

- Tranquilisers 

- Anticholinergics 

- Dopaminergics 

- Dopamine receptor antagonists 

- GABA-receptor antagonists 

Treatments using ‘sensory trick 

circuits’ 

- Feedback-training 

- Sensory stimulation therapies 

(Stereotactic) brain surgery 

- Thalamotomy 

- Pallidotomy 

- DBS 
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 Current Methodologies for Dystonia Diagnosis 

Despite advancement in genetics, less than 30% of patients with Dystonia are diagnosed with an 

etiological basis (Balint et al., 2018). While being one of the greatest challenges in clinical 

practice and research of Dystonia, biomarkers’ discovery would provide unequivocal diagnosis 

and identification of homogeneous patient cohorts for studies.  

Current Dystonia diagnosis is subject to the examining clinician’s experience and ability to 

differentiate the symptoms of Dystonia from other movement disorders (Lalli and Albanese, 

2010). Firstly, a syndromic diagnosis is performed based on Axis I of Dystonias classification 

(see section 1.1.2 Classification of the Dystonias). Then, following Axis II, the etiology of the 

disorder is described. The majority of patients undergo an imaging study (which commonly starts 

with brain Magnetic Resonance Imaging (MRI)), usually complemented by an Electromyography 

(EMG) analysis which may allow recognising neurophysiological phenomenology. As for the 

latter technique, a recent publication was the first study attempting to develop an objective, 

quantitative tool for the diagnosis of Dystonia based on the spectral (frequency domain) analysis 

of lower extremity EMG signals (Go et al., 2014). Another study aiming to quantify Dystonia 

impairment is Kandaswamy et al. (2018), in which the authors were the first reporting precision 

grip task parameters and derived optimal quantitative cutoff values to aid in early diagnosis of 

Focal Hand Dystonia.  

Metabolic and blood testing may be also complementary to reach diagnostic confirmation.  

Additionally, those patients with a suspected genetic cause may undergo gene testing (Albanese 

et al., 2019). Two very recent studies reported that target Gene Panel Analysis (GPA), a next-

generation sequencing technique, facilitates molecular diagnosis in complex cases of Dystonia, 

offering quicker diagnostic workup and lower costs than the current testing approach (Egmond et 

al., 2017; Ma et al., 2018).  

Many rating scales have been developed for facilitating Dystonia diagnosis, most of which have 

virtually been assessed for their clinimetric properties relative to motor abnormalities (Comella 

and Stebbins, 2018). The Movement Disorder Society conducted a systematic literature review to 

identify those scales either validated or used in Dystonia (Albanese et al., 2013), empathising 

future research should focus on refining existing rating scales to include both specific motor and 

non-motor features of Dystonia, and fuller clinimetric assessment for limb and task-specific 

Dystonias (Musician’s Dystonia, Writer’s Cramp) is required.   
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 Musician’s Dystonia 

Musician’s Dystonia (MD) is a specific phenotype of adult-onset focal isolated Dystonia. Also 

referred as Musician’s Cramp and focal Dystonia in musicians, it is a focal, task-specific, painless 

disorder of motor control during extensively trained movements while a musician is playing the 

instrument (Altenmüller et al., 2012). MD generally arises after at least ten years of intensive 

playing, with a mean age of onset ranging from 28 to 44 years (Jabusch et al., 2005; Rozanski et 

al., 2015; Sussman, 2015; Frucht, 2018).  

The Dystonia Foundation estimates that 1-2% of all professional musicians are known to be 

affected, predominantly men (M:F = 4:1), with almost all of them classically trained. A recent 

prevalence study, involving an intensive search of orchestras and music schools in Brazil (2,232 

participants), found 49 MD subjects (prevalence 2.2%), affecting 5.2% professional musicians 

and 1.4% of students/semi-professionals (p < 0.01). The years dedicated to music differed 

significantly between the two groups (Moura et al., 2017).  

Being the most common movement disorder affecting musicians (Jankovic and Ashoori, 2008), 

its expression has a devastating effect on a professional musician's career and quality of life 

(Altenmüller et al., 2015; Lee et al., 2015), with up to 62% of affected patients unable to continue 

their performance careers (S. U. Schuele and Lederman, 2004). MD has been reported in almost 

every instrument (keyboard, strings, woodwind, brass and drums) and its documentation in many 

body regions (arm, hand, lower cranial structures, cervical muscles, breathing muscles, vocal 

cords, leg) suggests that can affect any part of the body (Frucht, 2018). Nevertheless, the main 

phenotypes associated with MD are Hand Musician’s Dystonia (HD) and Embouchure Dystonia 

(ED) (Altenmüller et al., 2012). 

With regards to HD, the distribution of the hand manifesting MD correlates with the technical 

demands required to play each instrument. The right hand is commonly involved among guitarists 

and pianists. Musical performance is more demanding for the right hand than for the left hand of 

piano players, since the right hand has to play the inner harmonies while performing the melodic 

line with the third, fourth and fifth fingers. The left hand is the hand commonly manifesting the 

Dystonic symptoms in violinists, whose performance requires sub-millimetre precision. Both 

hands are equally involved among woodwind players, which may result from the equal 

distribution of hand involvement. One exception of woodwind players are flautists, who 

preferentially involve the left hand. The left hand is responsible for supporting the weight of the 

instrument while depressing the keys (Conti et al., 2008; Frucht, 2018).  
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Most of patients suffering from Hand Musician’s Dystonia have reported involvement of 

individual fingers. The fourth and fifth fingers are much more commonly involved than the first 

three. When more than one finger is involved, most finger patterns involve adjacent fingers (Conti 

et al., 2008). Nevertheless, the thumb and index fingers are commonly affected in plectrum 

players, while the middle finger is involved in woodwind players (Frucht, 2018). Conti et al. 

(2008) suggest that, as a consequence of the mechanical demands of pressing a key, covering an 

open hole or stopping a string, abnormal flexion of fingers predominates over their extension.  

As for the current understanding of the phenomenology of Embouchure Dystonia, a description 

is provided below in Section 1.3 Embouchure Dystonia.  

A systematic review published by Rozanski et al. (2015) revealed the distribution of Musician’s 

Dystonia across instruments in 1144 processional musicians (see Figure 1.1). A total of 327 

subjects were keyboard instrumentalists, presenting Dystonic symptoms in the right hand (78%), 

left hand (15%), both hands (6%) and torticollis (1%). Dystonia in musicians playing plucked 

string instruments (n = 245) was manifested in the right hand (78%), left hand (19%) and both 

hands (3%). 155 musicians playing string instruments presented HD in left hand (68%), right 

hand (30%), both hands (1%), torticollis (1%). Embouchure Dystonia was manifested exclusively 

in woodwind (n = 199, 26%) and brass (n=181, 96%) instrumentalists. Percussion players 

revealed Dystonic symptoms in left hand (41%), right hand (49%), both hands (2%) and feet 

(8%).  

 

Figure 1.1. Distribution of Musician’s Dystonia by instrument group in 1144 

musicians. Adapted from (Rozanski et al., 2015). 

Histogram bars are coloured according to the body area manifesting MD 

symptomatology.    
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 Etiology of Musician’s Dystonia 

While the etiology of Musician’s Dystonia is not completely understood, it is probably 

multifactorial. A heuristic model of the manifestation of MD has been proposed based on 

neurophysiological, genetic and epidemiologic findings (see Figure 1.2). Such model, deeply 

discussed in Jabusch and Altenmüller (2006), Altenmüller and Jabusch (2010), Altenmüller et al., 

(2012), describes the possible coaction between predisposition and intrinsic and extrinsic 

triggering factors: 

- Predisposition factors: a genetic predisposition (the endophenotype) is assumed, 

characterised by a deficit in inhibitory mechanisms in sensory-motor networks on several 

levels of the central nervous system. This phenomenon is translated into temporal and 

spatial overshoot in motor activation, leading to less-focused movement patterns and to 

degradation of sensory discrimination (see section 1.1.4 Pathomechanisms of Dystonia). 

Moreover, male gender and a positive family history are identified as predisposing 

factors. 

- Extrinsic factors: prolonged practice, requirements of the musical instrument are spatial 

and temporal sensorimotor constraints as well as musical and social constraints typical of 

the performance situation in classical music.  

- Intrinsic factors: physical disorders resulting in local pain and/or intensified 

somatosensory input (trauma, nerve entrapment, overuse injury) as well as psychological 

conditions such as perfectionism and anxiety, which were found to be related to 

Musician’s Dystonia. Additionally, intracortical disinhibition in Musician’s Dystonia 

might be an acquired, practice-induced phenomenon.  
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Figure 1.2. Heuristic model of triggering factors contributing to the manifestation 

of Musician’s Dystonia.  

Adapted from (E Altenmüller and Jabusch, 2010).Original source from (Jabusch and 

Altenmüller, 2006)). 

Later in 2014, Frucht presented a new model describing the phenomenology, physiology and 

treatment of focal task-specific Dystonia in a single scheme (Frucht, 2014). As can be observed 

in Figure 1.3, the network stability (y-axis) is represented as a function of time (x-axis), being 

located higher the less stable networks and lower the more stable ones. The stability of the 

baseline endophenotype network depends on several factors: age; training; gender; peripheral 

biomechanics; Family History (FH); susceptibility to plasticity (surround inhibition). Such 

network may become less stable for subjects presenting FH of Dystonia, male gender and late age 

of onset of training. The unstable stage, if followed by an environmental trigger or trauma, may 

overtake the activation energy barriers (represented by the blue peaks on Figure 1.3). Then, after 

descending (orange line) it may lead to a meta-stable state of a Dystonic prodrome. Due to a lack 

of stability, this state usually degenerates (red line) to a Dystonic network. Along such process, 

different treatments may be implemented aiming to return the network stability to a stable and 

non-dystonic state (blue arrows).  
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Figure 1.3. Working model of focal task-specific dystonia. Adapted from (Frucht, 

2014). 

 Endophenotypes of Musician’s Dystonia 

Currently, adequate endophenotypes to allow effective stratification of Dystonia or Dystonia 

phenotypes are lacking. An endophenotype is a subclinical marker of gene expression that may 

elucidate the disease genetic basis and pathomechanisms (which are not obvious from the 

phenotype) of poorly penetrant disorders (Gottesman and Gould, 2003; Kendler and Neale, 2010). 

Due to this, many putative endophenotypes have been proposed in Stamelou et al. (2012). In such 

study, the authors reviewed several specific experimental methods that allow detecting existing 

abnormalities involving sensory input and its integration with motor actions. None of these tests 

fulfils stringent criteria for a perfect endophenotype as they are abnormal only in a subset of 

patients and there are floor effects with sensory studies in the normal population due to age. 

Nonetheless, Temporal Discrimination Threshold (TDT) test should be highlighted, as it appears 

to be the most promising endophenotype, since it is supported by a bilateral putaminal 

enlargement shown by voxel-based morphometry in patients and unaffected first-degree relatives. 

For further details regarding the role of abnormal TDT in understanding the pathogenesis of adult-

onset focal Dystonia, see a recent review (Conte et al., 2017). Moreover, a very recent study 

reported 45% patients with MD had higher TDTs relative to healthy control musicians (Killian et 

al., 2017). The same research group is currently testing multimodal (visual and tactile) TDT in a 

larger population of both musicians with and without MD. 
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 Treatment of Musician’s Dystonia 

Botulinum Toxin (BoNT) is the symptomatic-therapy first option for Musician’s Dystonia 

(Jabusch et al., 2005). BoNT is injected directly into the muscle involved in the Dystonic 

contraction or movement (usually with electromyography or ultrasound guidance), providing 

clinical benefits within a few days that usually persist for 3-4 months. BoNT’s most common 

adverse effects are transient and associated with focal muscle weakness (Jankovic, 2017). 

Secondary treatments are oral medications (e.g. anticholinergics, benzodiazepines and muscle 

relaxants) (Jabusch et al., 2005). Additionally, several rehabilitation therapies have been 

designed: constraint-induced training; immobilization; learning-based sensorimotor training; 

retraining at the instrument (E Altenmüller and Jabusch, 2010). Nevertheless, none of these 

methods is as effective, well tolerated or long-lasting as BoNT (S. Schuele and Lederman, 2004; 

Dressler et al., 2018). 

 Embouchure Dystonia 

Being the second most common phenotype of Musician’s Dystonia, Embouchure Dystonia is a 

focal task-specific Dystonia. A summary of phenomenology and natural history of ED was 

provided via a series of clinical observations of patients with ED: initially this was a series of 26 

patients (Frucht et al., 2001), that was extended to 89 patients (Frucht, 2009), and later widened 

to 109 ED subjects. This study represents the largest series reported to date (Termsarasab and 

Frucht, 2015). As typical in MD, results show that ED usually presents as a painless deterioration 

in playing, progressing over months to years, and usually ends professional performance. ED may 

stem from a central disorder of cortical and subcortical sensorimotor networks that control the 

muscles involved in the disorder. Specifically, ED affects the muscles of the lower face (12 

perioral muscles), tongue, jaw, and pharynx, which are used to control the flow of air into the 

mouthpiece of brass (e.g. trumpet, French horn, trombone, tube) or woodwind (e.g. piccolo, flute, 

oboe, clarinet, saxophone, bassoon) instruments. According to the typology of the embouchure 

of each instrument, four categories can be described, each presenting distinct technical 

requirements (Frucht et al., 2001; Frucht, 2009; Termsarasab and Frucht, 2015):  

- Brass: the tension of player’s lips is responsible for modulating both the airflow (by 

adjusting the mouth aperture) and the pitch and tone quality (by vibrating in a very precise 

manner) of their sound.   

- Single-reed (clarinet, saxophone): the main controller of sound production is the lower 

jaw, by holding the reed of the instrument against the upper teeth.  



14 

 

- Double-reed (oboe, bassoon): the control of vibration is by exerting pressure with upper 

and lower teeth. 

- Flute and piccolo: sound is created with a fixed opening while stabilising the instrument 

with the lower jaw and lip.  

ED can be decomposed in different sub-phenotypes. Therefore, patients suffering from ED can 

be also categorised by their predominant physical attribute or phenotype (Frucht, 2009):  

- Tremor: patients show a rapid, 8Hz tremor of the upper and lower lips that is typically 

register-specific and noticeable with sustained legato notes. 

- Lip-pulling: one lip (usually the upper) moves aberrantly to one side, interfering with the 

flow of air. 

- Lip-lock: lips seal shut, obstructing the airflow. 

- Jaw: less common than the previous ones. Involuntary movements of the jaw are present, 

such as closure, tremor and anterior displacement. 

- Tongue: also less common, with involuntary movements of the tongue.  

- Task-specific Meige: exceptionally rare, similar in appearance to Meige (Jahngir and 

Patel, 2019) with the exception of being task-specific triggered. 

No 1:1 link between instrument and predominant ED phenotype has been reported. Nevertheless, 

some patterns and tendencies suggest a relationship among phenotype and instrument’s technical 

demands. For instance, tremor and lip-pulling are much more common in higher-register brass 

instruments, while lip-lock is exclusively observed in low-register brass players (Frucht, 2018). 

Practically 50% of patients with jaw or tongue ED experience spread of Dystonia to other oral 

tasks such as speaking or eating, and these Dystonic features may persist even if they discontinue 

playing. Due to this, patients presenting such phenotypes are advised to minimise or stop their 

playing in order to reduce the risk of spread (Frucht, 2009).  

A recent study published in 2016, Frucht (2016), discussed the rich phenomenology of ED and 

proposed an algorithm to facilitate its diagnosis. Video clips of ED subjects (extracted from the 

clinical series previously mentioned (Termsarasab and Frucht, 2015)) were evaluated, revealing 

that in many patients with ED, task-specificity is further refined to different aspects of playing:  

- Register: Dystonia occurs in only one pitch range on the instrument 

- Technique: Dystonia is triggered selectively by playing sustained notes or by separated 

notes. 

- Speed: specific tempos can trigger Dystonia. 

- Instrument: Dystonia appears when playing one instrument but not by playing others.  



15 

 

 LITERATURE REVIEW 

 Aim and Search Strategy  

The aim of this literature review is performing a description of the existing methods for evaluating 

Musician’s Dystonia, paying special attention to those studies involving Embouchure Dystonia. 

For this purpose, a systematic search was conducted in September 2018, and updated in June 

2019, using four main academic databases: Web of Science, Scopus, PubMed and ScienceDirect. 

Databases’ advanced searcher tools were used for identifying which studies contained in their 

title and/or abstract and/or keywords the following combination of terms: (((musician's dystonia) 

OR (embouchure dystonia)) AND (quantitative OR qualitative OR scale OR detection OR 

measure)). Resulting studies were confined to publications written in English and Spanish 

languages, and no publication date or publication status restrictions were applied. The subsequent 

both inclusion and exclusion criteria were applied to the obtained studies pursuing the aim of this 

literature review: 

 Inclusion criteria:  

o Studies involving MD cohort in which MD severity/status was measured for 

characterisation or comparison (to a control group) purposes. 

 Exclusion criteria:  

o Keywords search terms non-appearing in title/abstract/keywords (criterion 

applied with the database research tools). 

o Disability or quality-of-life measures. 

o Anxiety questionnaires. 

o Review/overviews/editorials with no experimental component. 

Moreover, apart from those studies resulting from the databases searches, references and citations 

of relevant studies were manually screened for the potentiality of identifying more publications 

meeting the inclusion criteria.  

A summary of the performed search strategy is shown in Figure 2.1.  
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 Results  

 Overview 

As described in Figure 2.1, a different number of publications were obtained from searching each 

database. Matching with the colour of the database, the number of results obtained has been 

detailed in Figure 2.1 for each combination of key terms used in the search. As can be noticed, 

Web of Science was the database containing more studies involving MD or ED (215), while 

PubMed was the database generating least results (75). Such number of articles was dramatically 

reduced when “MD or ED” search included the terms “quantitative” or “qualitative” or “scale” 

or “detection” or “measure”. Then, by including these terms and removing duplicates, a total of 

66 articles was obtained. Finally, the exclusion and inclusion criteria detailed in the Section 2.1 

Aim and Search Strategy was applied by screening the citation list, leading to a total of 36 

publications resulting from the search strategy.  

The 36 articles obtained from the conducted systematic search are summarised in the Section 10.1 

Appendix A: Literature Review Summary Table, and were reviewed by analysing in each one of 

them the following aspects:  

 Study aims 

 Cohorts under study 

 Method, protocol and measure used for MD evaluation 

 Objective/subjective and quantitative/qualitative classification of the method for MD 

evaluation 

 Results/main findings 

 Conclusions  
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Figure 2.1. Diagram of the search strategy performed for the literature review.  

A combination of keywords was searched in Web of Science (green), Scopus (orange), 

PubMed (blue) and ScienceDirect (yellow) databases, followed by the removal of 

duplicates and the application of exclusion and exclusion criteria for identifying the 

studies of interest. The colours of the different databases match with the number of 

articles resulting from the searches per each combination of terms.  

A total of 30 different approaches for studying MD were identified from this literature review. 

From those 30 evaluation methods, the following can be grouped into the same category, 

corresponding to scales or measures for functional motor assessment of Dystonia (including MD, 

Focal Hand Dystonia, and generalised Dystonia): Musical Instrument Digital Interface (MIDI)-

based scales; kinematic analyses (combined or not with electromyography); Electromyogram 

(EMG) recording; quantification of acoustic signals; real-time Magnetic Resonance Imaging (rt-

MRI); Frequency of Abnormal Movement (FAM) scale; Metronome Speed Score; video-rating 

scales; visual clinician-examination; Tubiana's Musician's Dystonia scale (TMDS) also known as 

Tubiana’s and Chamagne’s Scale (TCS); Burke-Fahn-Marsden (BFM) scale; Visual Analog 

Scales (VAS); questionnaires; Dystonia Evaluation Scale (DES), patient self-reported perceived 

motor abilities; Focal Hand Task-Specific Dystonia (FHTSD) scale; Arm Dystonia Disability 

Scale (ADDS); Clinical Global Impression (CGI) scale.  
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Most of the above mentioned methods were employed as tools for behavioural assessment of the 

disorder in those publications examining the pathophysiology behind MD or investigating the 

performance of new possible treatments or interventions for MD. As for the methods utilised to 

study MD pathophysiology and novel treatments’ efficacy, several different approaches were 

reported: Transcranial Magnetic Stimulation (TMS); repetitive-TMS (r-TMS); Magnetic 

Resonance Imaging (MRI), structural MRI and functional MRI (fMRI), including both resting-

state fMRI (rs-fMRI) and task-based-fMRI; somatosensory function tests; temporal 

discrimination testing, EMG and Encephalogram (EEG) recordings; biomechanical assessments; 

Magnetoencephalography (MEG) tests; tactile stimuli testing.  

 Classification of Musician’s Dystonia Evaluation Methods and Distribution 

Across Studies 

Each one of the different methodologies utilised in the reviewed studies were classified as 

objective or subjective, following a specific criterion: an approach was considered subjective only 

if human judgement was responsible for the assessment, otherwise it was categorised as objective. 

Additionally, for the case of subjective assessments, studies were sub-classified according to 

which person analysed the Dystonia: a researcher of the study, an experienced clinician, the 

patient under study. Such classification is detailed in Table 10.1 (from the Section 10.1 Appendix 

A: Literature Review Summary Table), and in a pie chart in Figure 2.2.A. As shown in the 

diagram (Figure 2.2.A), 46% of the 30 methods for MD evaluation resulting from the review were 

objective, while 27% and 17% of the approaches were patient- and clinician-rated, respectively. 

Moreover, 10% of the methods could be classified as clinician-, patient- or researcher-rated 

depending on the article. Furthermore, in the histogram shown in Figure 2.2.B, all the MD 

assessment methods have been coloured according to their objective/subjective classification, 

following the same legend described for the pie chart. 

Additionally, methods were also categorised as quantitative and qualitative. The criterion for this 

classification was defining a method as quantitative if the resulting measure was a numeric value. 

According to this principle, only patient self-reports of perceived motor abilities and visual 

clinician-examinations were excluded from the quantitative category. Nevertheless, it is important 

to remark that, most of the reported MD scales that were classified as quantitative are Likert-type 

scales for severity. That is, despite being quantitative (since their outcome is a numeric score), 

they can be also understood as qualitative ratings in the sense that they assign a numerical value 

to descriptive qualities of subjects. 
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The distribution of the methodologies employed across the reviewed publications can be 

visualised in the histogram of Figure 2.2.B. As can be noticed, the most implemented methods 

were MIDI-based analyses, with a total of 9 studies incorporating this approach as a tool for 

analysing MD subjects. With regards to the subjective methodologies, the most utilised was the 

TCS scale (in five studies), followed by ADDS and VAS scales, which were present in a total of 

four and three studies, respectively.   

 

Figure 2.2. Summary of MD evaluation methods found in the literature review. 

A: Pie chart depicting the proportion of objective and subjective (patient-,clinician-

,researcher-rated) methods. B: Histogram describing the number of studies employing 

each method.  

 Dystonia Phenotypes Reported in Study Cohorts 

As previously mentioned, an applied inclusion criterion in the search strategy of the literature 

review was that studies involved a MD cohort. Due to this, all the selected articles included in the 
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review contain a cohort suffering from MD. Nevertheless, some of the resulting studies are not 

specifically focused on studying MD in isolation but on a broader classification of Dystonia, Focal 

Task-Specific Dystonia (FTSD). For that purpose, such publications, Byl et al. (2003), Bradnam 

et al. (2015), Betti et al. (2018), Butler et al. (2018) and Horisawa et al. (2019), recruited MD 

subjects along with subjects with other FTSD phenotypes, such as Writer’s Cramp, sporadic 

Writer’s Cramp and other occupational task-related Dystonias.  

Focusing on the different phenotypes of MD reported in the 36 studies, the most investigated 

phenotype was Hand Musician’s Dystonia, while only eight publications evaluated ED groups. 

Such lack of research solely investigating ED becomes even more apparent when analysing the 

methodologies for its evaluation. This topic will be further discussed in the next section. 

 Discussion 

 Current Musician’s Dystonia Evaluation Methods 

Several methods have been implemented for studying the pathophysiology of Musician’s 

Dystonia, as well as for testing the effect of new treatments for the disorder that are in an 

experimental stage. Examples of the basis of those methods are TMS, rTMS, MRI (structural, 

task-based- and resting-state functional), EEG, EMG, MEG tests and sensory tests. Moreover, 

certain studies complemented their pathophysiological evaluations with subjective and/or 

objective MD behavioural experiments, for a better understanding of the former findings. The 

purpose of the behavioural measures (i.e. motor function assessments) was to compute features 

and biomarkers that reflected characteristic Dystonic symptoms of the disorder. Some of these 

methods are subjective rating scales (e.g. ADDS, TCS), with MIDI-, kinematics- and acoustic-

based analyses, among others.  

The reviewed both pathophysiological and motor function measures for MD evaluation are 

discussed in this Section (2.3.1 Current Musician’s Dystonia Evaluation Methods). Please, note 

that the purpose of this Section is not explaining in great detail the current findings of MD 

pathophysiology or treatment studies (summarised in Table 10.1, from the Appendix Section 10.1 

Appendix A: Literature Review Summary Table) but focusing on and discussing the 

methodologies implemented for achieving such results.  
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 Methods for Studying Musician’s Dystonia Pathophysiology and Current 

Experimental Treatments 

Objective Methods 

Transcranial Magnetic Stimulation (TMS) and Electromyography (EMG) Recording  

TMS was the most employed methodology for MD pathophysiology evaluation. As it can be 

observed in Table 10.1 (from the Section 10.1 Appendix A: Literature Review Summary Table), 

five studies applied TMS: Rosenkranz et al. (2010); Bradnam et al. (2015); Bäumer et al. (2016); 

Betti et al. (2018); Furuya et al. (2018). All focused on the study of Focal Hand Dystonia, included 

cohorts suffering from MD and Writer’s Cramp Dystonia. In these studies, TMS was performed 

by applying single- or double-pulse conditions, with different inter-stimulus intervals (ISIs), to 

specific muscles in the hand of subjects. These included the flexor digitorum superficialis (FDS), 

responsible for finger flexion. Concretely, the FDS was examined in Furuya et al. (2018), while 

the abductor pollicis brevis (APB) in Rosenkranz et al. (2010), the first dorsal interosseus (FDI) 

in Bradnam et al. (2015) and Bäumer et al.(2016), and second dorsal interosseous (SDI) in Betti 

et al. (2018). The procedure for capturing such muscular stimulations was by surface-EMG 

recording of the target muscles. Subsequently, motor evoked potentials (MEPs) were extracted 

from the EMG recorded signals to quantify pathophysiological mechanisms in Focal Hand 

Dystonia patients, such as abnormal motor cortex functionality or aberrant interhemispheric 

inhibition. In the case of Betti et al. (2018), MEPs assessment provided a measure of the 

neuroplasticity effect induced by repetitive TMS (rTMS) applied to the SDI of the hand from a 

MD guitarist. Another application of TMS was that of Bradnam et al. (2015), in which the authors 

applied the method in the FDI to evaluate the effect of transcranial Direct Current Stimulation 

(tDCS) in Focal Hand Dystonia.  

An advantage of the utilisation of TMS at rest compared to task-performing neuroimaging studies 

is the fact that the former approach allows studying MD independently from the realisation of the 

task. There is a great difficulty for determining whether the findings of aberrant neuronal activity 

obtained from task-related analysis truly reflect malfunctioning or abnormal communication 

between brain regions or are mere consequences of the symptoms generated by the disorder. 

Therefore, TMS at rest allows MD observation independently from task performance. 

Nevertheless, while the aforementioned studies revealed MD pathophysiology aspects through 

such TMS methods, TMS findings did not reflect the level of expertise or the current playing 

skills of subjects under study obtained from behavioural assessments. Furuya et al. (2018) suggest 
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that future research should further study the relationship between behavioural and 

neurophysiological abnormalities on MD patients.  

Magnetic Resonance Imaging (MRI) 

The number of published studies reporting on neuroimaging examinations of MD based on MRI 

methods totaled six: two studies employed task-based-fMRI, two used structural MRI and another 

resting-state-MRI. 

 Task-based-fMRI: Task-based fMRI analysis were reported in Uehara et al. (2019). The 

MD cohort under study was composed entirely of ED musicians, who were asked to 

perform three tasks whilst in the MRI scanner. First a localiser task was performed for 

somatotopy assessment. Secondly, an embouchure task (buzzing a mouthpiece) and 

thirdly, a control task (blowing through a straw) were completed while being scanned. 

These task-based-fMRIs allowed extraction of quantitative measures of both brain 

activity and somatotopic representations of motor-related brain areas. An advantage of 

studying somatotopy in ED musicians over HD patients is the fact that the distance 

between the mouth and the hand is relatively large compared to measures confined only 

within a hand. Moreover, the representations of fingers are topographically close or 

overlapping. Kadota et al. (2010) also used task-based-fMRI for studying motor-related 

brain activity. In this case, the MD phenotype was solely HD. Subjects used no 

instruments but had to tap their four fingers with their thumb in a sequential order.  

 Structural MRI: Two studies applied structural neuroimaging for evaluating MD subjects, 

Horisawa et al. (2018) and Granert et al. (2011). While Horisawa et al. (2018) performed 

a T2-weighted structural MRI scan for evaluating an MRI-guided focused ultrasound 

ventro-oral thalamotomy in a HD guitarist, Granert et al. (2011) studied Focal Hand 

Dystonia in subjects by means of T1-weighted MRI scans. The latter study analysed the 

imaging data with voxel-based morphometry (VBM) for assessing volumetric differences 

in putaminal grey-matter regions between pianists with and without HD.  

 rs-MRI: Kita et al. (2018) utilised rs-MRI to study differences in resting-state functional 

connectivity in the brain between hand MD and healthy musicians. From the imaging 

data, the authors assessed resting-state networks (RSNs), a quantitative measure that 

demonstrated increased functional connectivity in the putamen of MD musicians. 

Moreover, RSNs findings suggested that increased resting-state functional connectivity 

may be related to musical skill as assessed in this study via MIDI-based analysis.  
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An advantage of rs-fMRI analyses versus task-based-fMRI studies is that rs-fMRI allows 

computation of RSNs, a parameter of functional connectivity that provides information about 

brain networks. Additionally, while both the quality and the quantity of movement that subjects 

perform during task-based-fMRI scans (including Dystonic symptoms) can greatly affect the 

results and data interpretation, rs-fMRI analyses are les corrupted by any motor activity at the 

time of scanning. Nevertheless, task-based-fMRI neural activity information reflects the activity 

being performed, while rs-fMRI does not clearly reveal which of the captured brain activity 

reflects the Dystonic symptoms or the underlying mechanisms of Dystonia (always present in 

patients).  

Nevertheless, MD is a focal task-specific disorder that emerges during musical performance. 

Hence, when attempting to evaluate MD disorder’s symptoms, task-fMRI studies present a clear 

advantage over rs-MRI analyses. Owing to the development of non-ferromagnetic instruments, 

task-fMRI studies allow scanning while subjects play their Dystonia-triggering instrument. 

Dystonic symptoms manifested during performance are, thus, captured in the neuroimaging data. 

Ultimately, when it comes to functional MRI studies of MD, task-based-fMRI and rs-fMRI should 

be understood as methodologies that complement to each other. While task-based-fMRI allows 

assessing brain activity related to dystonic symptoms, rs-fMRI measures an underlying state of 

MD that is always present in subjects, even in the absence of symptoms. Due to this, determining 

whether an abnormal basal ganglia connectivity causes Dystonia (primary) or, on the contrary, it 

is a compensatory mechanism that follows the primary pathophysiology responsible for the 

disorder, becomes a very difficult process. For this reason, it is necessary that further studies 

combine both task-based- and rs-fMRI methodologies (Kita et al., 2018).  

Magnetoencephalography (MEG) 

Hirata et al. (2004) and Byl et al. (2003) employed MEG assessment to measure Somatosensory 

Evoked Potentials (SEPs), a quantitative parameter of the somatosensory cortex. Byl et al. (2003) 

implemented MEG to evaluate the effect of hand training (based on principles of neuroplasticity) 

in three HD subjects. The authors obtained SEPs elicited by 250 air puffs delivered to each finger 

of subjects both pre and post training. This test allowed measuring the somatotopic representation 

of the digits of the hand. Hirata et al. (2004) examined somatosensory responses of brass 

musicians suffering from ED. These authors assessed SEPs by applying tactile stimuli in patients’ 

fingers and lips. This study focused on Embouchure Dystonia and found an abnormal 

somatosensory reorganisation in ED musicians compared to healthy controls, suggesting that such 

a phenomenon may contribute to ED. 
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Electroencephalography (EEG) 

Two studies in the literature acquired Electroencephalography (EEG) recordings from healthy 

and HD pianists while performing on a MIDI-piano. Cheng et al. (2015) aimed to investigate 

whether MD pianists presented an impaired cortical sensorimotor network. EEG signals were 

obtained from subjects while playing and receiving altered auditory and tactile feedback. Ruiz et 

al. (2011) implemented this method to analysed whether EEG oscillatory patterns and phase 

synchronisation correlated to error detection and control during piano performances.  

Subjective Methods 

Tactile Discrimination  

Apart from MEG assessments on their subjects, sensory tests were also performed on participants 

by Byl et al. (2003) and Hirata et al. (2004). In Hirata et al. (2004) gap detection sensitivities 

were analysed from fingers and lips, allowing the assessment of a sensory threshold in those areas. 

As for Byl et al. (2003), the authors performed the following sensory discrimination tasks: 

localisation, 2-point discrimination, graphesthesia and stereognosis.  

Tactile Stimuli Perceived Intensity   

Lee et al. (2013) in order to determine if a forward internal model deficit played a role in Focal 

Task-Specific Dystonia (FTSD), applied 16 tactile stimuli to the anterior surface of the fingers of 

subjects under study. Moreover, all subjects also performed the same procedure on themselves. 

This task was evaluated utilising a Visual Analog Scale (VAS) to assess the difference between 

the perceived externally-applied and self-applied tactile sensations. Results showed no 

discrimination between patients and healthy subjects in the absolute value of the perceived 

stimulus intensity. Nevertheless, a correct classification rate of the affected finger ranged from 

78.9 to 94.7%.    

Visual-Temporal Discrimination  

Killian et al. (2017) assessed Temporal Discrimination Threshold (TDT) measures from MD 

musicians, healthy musicians and non-musicians. Two flashing Light-Emitting Diodes (LED) 

were located 7º to the left and right of participants in their peripheral vision. Participants had to 

report when perceived the LED illuminating asynchronously in repeated trials. Results revealed 

that 45% of MD and 22% of non-musician participants had abnormal TDT scores compared to 

those of healthy musicians, suggesting that musical training can affect efficiency of temporal 
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discrimination. Therefore, when assessing temporal discrimination, the correct control group 

must be selected to correctly identify abnormal temporal discrimination. Moreover, as previously 

mentioned in the Introductory Section 1.2.2 Endophenotypes of Musician’s Dystonia, temporal 

discrimination studies in Dystonia denote TDT as a potential mediational endophenotype of the 

disorder.   

 Methods for Motor Function Assessment 

Objective Methods for Motor Function Assessment 

The current literature review grouped objective methods into two categories according to the 

Musician’s Dystonia phenotype that the method was designed for, either Hand Musician’s 

Dystonia (HD) or Embouchure Dystonia (ED).    

 Hand Musician’s Dystonia (HD) 

Musical Instrument Digital Interface (MIDI)-based analysis 

The most applied objective procedure for MD motor function assessment in the reviewed 

publications is MIDI-based analysis, reported in nine different studies. This methodology was 

first employed to evaluate MD pianists in 2004, by Jabusch et al. (2004). The authors 

implemented a MIDI-based scale analysis to capture irregularities in loudness and different timing 

parameters of subjects during musical performance.  

Subjects studied in Jabusch et al. (2004) played on a digital piano with MIDI sensors connected 

to a computer. Musicians were asked to play sequences of 10 to 15 C-major scales over 2 octaves, 

in inward and outward directions, with each hand separately. Scales were played at mezzoforte 

volume (i.e. medium loudness), in legato-style (i.e. notes were played smoothly and connected) 

and at a metronome-paced tempo of 120 beats per minute (bpm).  

From the acquired MIDI-data, authors assessed: key velocities as an indicator of loudness; note 

durations; Inter-Onset Intervals (IOIs); tone overlaps. The Standard Deviation (SD) of IOIs 

allowed excellent distinction of MD musicians from control pianists. Due to this, this measure 

became a primary outcome parameter in subsequent research implementing MIDI-based 

approaches. Out of the nine articles performing MIDI-based assessments identified in the current 

review, participants of four studies were asked to perform exactly the same piano test as the 

described above: Granert et al. (2011), Ruiz et al. (2011), Paulig et al. (2014), van Vugt et al. 

(2014). The remaining studies, Rosenkranz et al. (2010), Cheng et al. (2013), Cheng et al. (2015), 
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Kita et al. (2018) and Furuya et al. (2018), despite presenting some differences in their protocol 

of musical tasks (e.g. in tempos, sequences of notes, test repetitions), extracted similar features to 

those aforementioned from the MIDI-data. 

Before the appearance of this objective and quantitative method, HD in pianists has only been 

measured by applying subjective scales and visual clinician-examination. Subjective scales 

reduce the large spectrum of MD motor impairment to 4 or 6 qualitative levels (depending on the 

scale).  On the contrary, temporary unevenness of IOIs extracted from MIDI-data has been proven 

to be a precise indicator of the skill level of healthy pianists and a measure of motor control 

dysfunction present in MD pianists. Moreover, MIDI-based analysis successfully allowed 

objectively quantifying the change in impairment of MD pianists under treatment, as shown by 

Rosenkranz et al. (2010). Thus, MIDI-based analysis has become a great alternative to the 

subjective comparison of video-graphic documentation in follow-up examinations of subjects 

undergoing MD treatments. 

Biomechanical and Kinematic Analyses 

Other quantitative and objective methods reported in the literature for motor function evaluation 

are based on biomechanical and kinematic analyses. None of the studies form the performed 

literature review specifically applied these approaches to ED cohorts. Furthermore, kinematics 

approaches have only been designed for Focal Hand Dystonia inspection.  

 Biomechanical Assessments 

Wilson et al. (1993) performed quantitative biomechanical evaluations of upper extremity joints 

in MD musicians. Extracted measures were hand size, hand shape, active range of motion and 

passive flexibility. Marked limitation in MD subjects (reflected by the assessed parameters) 

provided insight into influential factors in MD development. Nevertheless, newer technological 

advances have led to the development of more precise and reliable methodologies for studying 

the disorder. Byl et al. (2003) also assessed musculoskeletal performance (by means of postures, 

flexibility and strength measures) to quantify the effect of sensory discrimination training.   

 Kinematics  

Bradnam et al. (2015) studied the effect of transcranial Direct Current Stimulation (tDCS) in 

subjects with Focal Hand Dystonia, presenting as either Writer’s Dystonia or Musician’s 

Dystonia. Subjects were asked to perform two tasks before and after the tDCS intervention: 

handwriting and drawing circles with a digitising pen on a board. Average Pen Pressure (APP) 
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and Mean Stroke Frequency (MSF) were the features extracted from the gathered data, both 

features being sensitive to the changes produced by the tDCS interventions. MD subjects 

presented inter-subject variation when performing cyclic-drawing, which complicated intergroup 

comparison between Dystonia subjects and healthy controls.    

In Candia et al. (2002) a kinematics-based test to evaluate the effects of sensory motor retuning 

was used. The authors implemented a dexterity displacement instrument to measure velocity 

profiles of digit displacements while performing metronome paced movements of two fingers. 

The spectral power was extracted from such profiles and movement smoothness was quantified 

as the ratio of subjects’ movement frequency versus the metronome frequency. Validity and 

responsiveness of the dexterity and displacement device was assessed and validated by correlation 

with the Dystonia Evaluation Scale (DES) (Spector and Brandfonbrener, 2007).  

Betti et al. (2018) rated repetitive Transcranial Magnetic Stimulation (rTMS)-induced 

neuroplasticity outcomes by testing a pianist suffering from MD (before and after intervention) 

during finger flexions and reach-to-grasp movements with a 3D optoelectronic system. 

Parameters employed to quantify the treatment effect were movement time, maximum grip 

aperture and time of maximum wrist deceleration, among others. Results revealed a statistically 

significant improvement in motor coordination. 

 Kinematics with Electromyographic Recordings 

Some studies have complemented their kinematics analysis with surface EMG recordings. Lee et 

al. (2015) analysed Dystonic tremor of affected and adjacent fingers in MD musicians while 

finger flexion-extension slow-metronome-paced movements were performed. A 3D 

accelerometer was placed on fingernails and surface EMG recordings were acquired from finger 

flexors and forearm extensors. Tremor observed in the data from this study was unspecific and 

was considered related to the performed task rather than to Dystonia. Hence, the authors 

concluded that affected or adjacent fingers in MD musicians may reveal a tremor during slow 

flexion-extension movements.  

With respect to Ferrarin et al. (2009), authors implemented a 3D optoelectronic system along with 

surface EMG recordings to identify Dystonia-triggering muscles in trunk, upper limbs, hands and 

fingers. Subjective clinical analysis was also performed, which was confirmed in more than 25% 

of the cases by the described movement analysis. The authors suggest that the implemented 

analysis is a potential useful tool for complementing clinical examination.  
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 Embouchure Dystonia (ED) 

Electromyography (EMG) 

Iltis and Givens (2005) is the only study from the reviewed publications that implemented EMG 

recordings in ED. A single French hornist suffering from ED was examined along with four 

healthy controls. Surface EMG signals were collected from levator labbi and depressor anguli 

oris muscles while musicians played iterations of 2 notes (one of them intented to generate tremor 

in the ED subject). Tremor present in these signals was assessed and characterised with the 

following measures: amplitude; mean and median frequency; zero crossings; power. Findings 

revealed a high reliability of tremor measures suggesting EMG characterisation of embouchure 

muscles activity might be useful for studying ED.  

Acoustic Signals Quantification 

Further characterisation of ED during musical performance has also been provided by studies 

examining acoustic characteristics. Lee et al. (2014) was the first reported study attempting to 

develop a quantitative and objective acoustic-based method for ED. The authors investigated 

whether the fluctuation of the time-varying Fundamental Frequency (F0) signal of a note can 

provide an objective and reliable measure of ED. 7 ED patients and 10 healthy controls, all brass 

professional musicians, were asked to play 6 sustained notes for 5 seconds, in medium loudness 

and at low, middle and high pitch registers. A comparison between the two groups showed a 

significantly higher variability of F0 for ED patients (mean F0 was 2.53 times higher than 

controls). Additionally, a linear increase in the mean F0-variability was reported in ED patients 

between the low and high pitch registers. A higher motor output is necessary for playing higher 

pitches, thus, the authors hypothesise overactivation leads to more severe symptoms (reflected 

with an increase of F0-variablity). Patients were successfully differentiated from controls along 

the different pitch registers according to F0 fluctuation thresholds: 0.4 Hz for the low and medium 

pitches; 0.7 Hz for the high register. F0-variability provided a quantitative and reliable measure 

for instability or loss of fine motor control in ED. Nevertheless, ED symptoms are the result of 

different individual characteristics of subjects, such as: severity; affected muscles; playing 

strategy, and compensatory actions. Therefore, the findings provided by the proposed analysis are 

restricted to Dystonic symptoms reflected by F0-variability.  

In 2016, Lee et al. (2016) quantified and described task-specific embouchure tremor, a given 

expression of essential tremor. Authors assessed the fluctuation of the time-varying F0 signals 

extracted from five sustained notes played by two groups of brass professional musicians: 9 
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patients with task-specific embouchure tremor; 9 healthy instrument-matched controls. Notes 

were played at medium-low volume, in three resisters. A comparison study between both groups 

showed that, as in the previous study by Lee et al. (2014), the high-pitch register was the most 

impaired in patients, showing a significantly higher fluctuation of F0 (p < 0.05).The same 

tendency was observed in the low (p < 0.1) and middle (p < 0.1) pitch registers. This suggested a 

possible relation between task-specific embouchure tremor and Dystonic tremor in ED. As for the 

frequency range of the embouchure tremor, it was reported to be between 3 and 8 Hz, which 

agrees with the range determined by previous studies quantifying task-specific tremor on 

musicians’ extremities (Lee et al., 2013, 2014).  

Morris et al. (2018) assessed ED severity across multiple domains of symptomatic impairment 

(pitch inaccuracy, sound instability and tremor, sound breaks, and timing variability) and 

developed a metric (Composite Brass Acoustic Severity Score, COBRAS) to evaluate ED across 

such domains. The authors recruited 9 brass musicians with and 6 without ED. The musicians 

performed sustained and sequenced notes at different volumes (soft, medium and loud) and 

registers (low, middle and high). Acoustic variables were quantified within each domain, and the 

composite brass acoustic severity score was validated against clinical global impression (CGI) of 

severity. Results showed ED musicians performed worse than healthy controls in the following 

domains: pitch inaccuracy (median: ED = 100%, control = 62%); acoustic instability (shimmer 

median: ED = 3%, control = 2%; jitter median: ED = 0.6%, control = 0.4%) and sound breaks 

(median: ED = 0.34%, control = 0.05%). Tremor in the ED subjects was calculated at 5-8 Hz, 

showing commonalities with Dystonic tremor and task-specific embouchure tremor, which 

suggests again shared mechanisms. Timing variability did not differ between groups. ED patients 

had different patterns of impairment across audio-based features. Moreover, while individuals 

with severe ED revealed impairments in musical performance across all acoustic domains, 

dysfunction was limited to a subset of domains in mild participants. COBRAS demonstrated high 

interrater reliability (interclass correlation r = 0.75, p <0.0001) and strongly predicted CGI of 

severity (p<0.0001, R2 = 0.95).  

While Lee et al. (2014) and Lee et al. (2016) measured a single aspect of impairment (tremor) by 

means of sound instability, Morris et al. (2018) attempted to overcome this limitation by 

characterising and measuring ED severity across multiple physical phenotypes. In the same way, 

the influence of loudness on the precision of tone production was not investigated in the former 

studies, nor were the metrics compared to clinical and subjective experience.  

Very recently, Uehara et al. (2019) quantified acoustic signals generated by ED musicians in 

addition to the assessment of neural activity and somatotopic representations of motor-related 
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brain areas (employing fMRI) in ED. 14 ED and 14 healthy musicians played 8-second sustained 

tones without vibrato at low, middle and high pitch registers. A total of 10 trials per register were 

performed. Following Lee et al. (2014)’s acoustic processing methodology, findings revealed a 

significantly greater F0 variability in ED than in healthy subjects (p = 0.01). Moreover, the authors 

found a correlation between such acoustic feature and ED subjects’ neural activity. This suggested 

that F0-variability might be a solid behavioural parameter for measuring individual differences in 

ED severity.  

 Acoustic Signals Quantification of Hyperkinetic Dysarthria and Dystonia Vocal Tremors 

 Although not focused on Musician’s Dystonia, the following studies were included in the current 

literature review because acoustic analysis was implemented to characterise specific aspects of 

Dystonia. Cuartero et al. (2018) studied speech impairment in hyperkinetic dysarthria, which is 

frequently presented in Dystonia. Patients suffering from such speech disorder show deterioration 

of articulation and intelligibility, a hoarse and strained voice, with excessive variations of intensity 

(Darley et al., 1969). In Cuartero et al. (2018) the authors recorded speech-tasks audios of 

Dystonia patients. Speech dysfunctions were subsequently quantified in the following acoustic 

domains by the extraction of objective measures: aero-phonatory control (maximal phonation 

time, jitter, shimmer, loudness, fundamental frequency, harmonic-to-noise ratio); articulatory 

control (articulatory rate); speech temporal organisation (speech rate, speech time, number of 

pauses, syllables durations). Also in 2018, Guglielmino et al. (2018) performed an acoustic voice 

evaluation to compare the effects of BoNT injections and the oral administration of propranolol 

in the treatment of essential and Dystonia vocal tremors. Acoustic features (jitter, shimmer, and 

variability of the fundamental frequency) were extracted from vocal tasks audio recordings 

revealing that, while no statistically difference is present after the use of oral propranolol, 

Dystonic tremor responds significantly to the injection of BoNT.  

Quantification of audio signals may, therefore, be a useful tool when attempting to perform motor 

function assessments of Dystonia phenotypes whose symptoms manifest during acoustic related 

tasks. Moreover, different acoustic features can be extracted depending on which aspects of such 

symptomatology is being detected (e.g. loudness or pitch instability, timing inaccuracy, tone 

breaks).  

Real Time – Magnetic Resonance Imaging (rt-MRI) 

Three recent publications, Iltis et al. (2015), (2016), (2019), have employed rt-MRI to compare 

oral cavity motor strategies of ED hornists to those of healthy elite horn players. The authors of 
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the three studies asked subjects to play a non-ferromagnetic horn while in the MRI scanner. The 

music tasks that subjects played in these studies included: 11-note ascending sequences (Iltis et 

al., 2015); harmonic ascending and descending sequences and sustained notes at different pitches 

and volumes (Iltis et al., 2016); sustained notes at different dynamic levels (Iltis et al., 2019). Iltis 

et al. (2015) findings revealed that ED subjects display smaller oral cavities for low-pitch notes, 

and less cavity reduction than health hornists for high-pitch notes. Also, the sound produced by 

ED subjects was thinner and less steady. Such results support what Lee et al. (2014) and Iltis and 

Givens (2005) revealed in their respective publications: notes played by ED subjects present a 

higher time-variability of the fundamental frequency than those played by healthy wind 

instrumentalists (Lee  et al., 2014); surface EMG and audio signals of a Dystonic horn player 

demonstrate stochastic patterns illustrating a marked instability compared to a healthy horn player 

(Iltis and Givens, 2005). As for Iltis et al. (2016) different strategies for jaw and tongue motor 

control were obtained for ED musicians when compared to healthy hornists. Ultimately, rt-MRI 

sequences acquired by Iltis et al. (2019) were interpreted through the assessment of Tongue 

Position Variability (TPV). A lower value of TPV in ED players suggest that greater tongue 

tension may be exerted while playing. 

Subjective Methods for Motor Function Assessment 

Tubiana-Chamange Scale (TCS) 

The Tubiana-Chamagne Scale (TCS) was the most implemented subjective rating-scale reported 

in the reviewed publications (Berque et al., 2010; Horisawa et al., 2013, 2016, 2018; Butler et al., 

2018). TCS is an ordinal scale specifically designed for evaluating musicians, describing the 

impact of Dystonia on their ability to play from “inability to perform” to “back to performance” 

(Table 2.1). Ratings were assessed by a researcher on the study, clinicians or patients depending 

on the publication. Despite not being a validated scale, TCS is frequently chosen as a measuring 

tool due to the fact that it has a greater range of values (0 to 5) compared to the other scales 

(Berque et al., 2010). 
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Table 2.1. Tubiana-Chamagne Scale (TCS) 

Score Quality: Impact of Dystonia in musical performance 

0 Unable to play 

1 Plays several notes but stops because of blockage or lack of facility 

2 Plays short sequences without rapidity and with unsteady fingering 

3 Plays easy pieces but unable to perform more technically challenging pieces 

4 
Plays almost normally but difficult passages are avoided because of fear or motor 

problems 

5 Returns to concert performances 

Focal Hand Task-Specific Dystonia (FHTSD) Scale 

The authors from Horisawa et al. (2019) employed the Focal Hand Task-Specific Dystonia 

(FHTSD) scale as their purpose was not specifically a study of MD but Focal Hand Dystonia 

(including Writer’s Cramp and other occupational task-related Dystonias). The FHTSD scale, 

based on the TCS scale, allows evaluation of a patient’s neurological condition before and after a 

ventro-oral thalamotomy. For this purpose, the scale does not describe the impact of Dystonia in 

musical performance but on hand-tasks affected by the presence of the disorder (Table 2.2).  

Table 2.2. Focal Hand task-specific Dystonia (FHTSD) scale 

Score Quality: Impact of Dystonia on affected tasks 

1 Inability to perform affected tasks 

2 Perform only easy affected tasks 

3 Perform affected tasks with marked difficulty 

4 Nearly normal function 

5 Normal functioning 

Burke-Fahn-Marsden (BFM) Scale  

The Burke-Fahn-Marsden (BFM) scale was employed by Rosenkranz et al. (2010). This scale 

was designed for use with generalised Dystonia. As shown in Table 2.3, the rating covers seven 

body regions. For each body region, a score is obtained by multiplying two factors (frequency 

and severity). The obtained values are subsequently weighted according to the body area and, 

finally, the summation of the results is computed. The maximum value that can be obtained is 

120, corresponding to the worst Dystonic symptomatology. Severity ratings range from 0 

(absence of Dystonia) to 4 (severe Dystonia). Frequency factors describe the situation at which 

the Dystonia is manifested, ranging from 0 (absence of Dystonia) to 4 (Dystonia at rest). See 

Albanese et al. (2013) for a detailed description of the provoking and the severity factors 

according to each body area. The BFM scale is considered valid, showing good intra-rater and 
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inter-rater reliability. Nevertheless, the BFM scale presents several limitations when rating 

generalised Dystonia: the weighting factor halves the contribution of the disorder in eyes, mouth 

and neck to the total score;  the lack of assessment of individual body areas, such as proximal and 

distal limbs; speech and swallowing are subject patient-rated (Albanese et al., 2013).  

Table 2.3. Burke-Fahn-Marsden (BFM) scale 

Region Frequency factor Severity factor Weight Product 

Eyes 0-4 X0-4 0.5 0-8 

Mouth 0-4 X0-4 0.5 0-8 

Speech and swallow 0-4 X0-4 1.0 0-16 

Neck 0-4 X0-4 0.5 0-8 

Arm (R) 0-4 X0-4 1.0 0-16 

Arm (L) 0-4 X0-4 1.0 0-16 

Trunk 0-4 X0-4 1.0 0-16 

Leg (R) 0-4 X0-4 1.0 0-16 

Leg (L) 0-4 X0-4 1.0 0-16 

Sum    Max 120 

Arm Dystonia Disability Scale (ADDS) 

The authors of the BFM scale subsequently developed the Arm Dystonia Disability Scale (ADDS) 

to provide a more specific and sensitive assessment of Focal Hand Dystonia. Considering the 

reviewed studies here, the ADDS was employed in Berque et al. (2010), Buttkus et al. (2010), 

Bradnam et al. (2015) and Butler et al. (2018). Based on the BFM scale, the ADDS scale describes 

impairment in hand function across seven daily tasks in Dystonia patients: writing, playing a 

musical instrument, buttoning, handling utensils and feeding, hygiene (e.g. shaving, brushing 

teeth), grasping objects, housework or outside job. The scoring of each task performance 

(described in Table 2.4) ranges from 0 (no difficulty) to 3 (marked difficulty) (Peterson et al., 

2013). The ADDS scale was evaluated for validity and responsiveness, being correlated with 

MIDI-based analyses (Spector and Brandfonbrener, 2007). Moreover, this scale is the most 

widely used tool for MD and was tested by several independent sources that proved its reliability. 

While the ADDS was originally designed as a patient-rated scale, some publications report a 

clinician-rated usage (as observed in the case of the TCS), leading to no clear definition for its 

implementation (Peterson et al., 2013).  
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Table 2.4. Arm Dystonia Disability Scale (ADDS) task scoring 

Score Quality: Difficulty of performing each task 

0 None (or not applicable, i.e. patient does not perform activity) 

1 Mild 

2 Moderate 

3 Marked 

Visual Analog Scale (VAS) 

Different versions of subjective patient-rated Visual Analog Scale (VAS) were reported in the 

current literature review. In Uehara et al. (2019) patients rated their perceived impairment during 

musical performance with a 0 for “no symptom” and 1 for “worst symptom”. In Rosenkranz et 

al. (2010) subjects employed two VAS scales for the following purposes: impairment assessment 

before and after intervention to restoring sensorimotor organisation (where 0 referred to “no 

impairment” and 6 to “absolute impairment”); evaluation of the change after the intervention, 

using the following criteria: 0-No change, 1-Slightly better/worse, 2-Moderately better/worse, 3-

Strongly better/worse. Subjects in Lee et al. (2013) rated their perceived sensation in a tactile 

stimuli test associating a 0 with “no sensation” and a 1 with “extremely intense sensation”. 

Dystonia Evaluation Scale (DES) 

The Dystonia Evaluation Scale (DES) is a subjective patient-rated ordinal scale that allows self-

evaluating performance during movement exercises and Dystonia-triggering tasks. This tool 

(detailed in Table 2.5) was utilised by Candia et al. (2002), who proved its validity and 

responsiveness by correlating with a dexterity and displacement instrument (Spector and 

Brandfonbrener, 2007; Peterson et al., 2013). 

Table 2.5. Dystonia Evaluation Scale (DES) used in (Candia et al., 2002) 

Score Quality: Performance during movement exercises 

0 As bad as at its worst 

1 Slightly improved 

2 Moderately improved 

3 Almost normal 

4 Normal 

Clinical Global Impression (CGI) 

Two different Clinical Global Impression (CGI) scales were found in the performed review. The 

CGI scale used in Morris et al. (2018) evaluated Dystonia severity with the following criteria: 0-
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None, 1-Mild, 2-Moderate, 3-Severe. Three experts independently assessed a subject and, then, 

the mean of those three values was defined as the subject’s score. Butler et al. (2018) utilised a 

7-score CGI scale for rating the change of Dystonia impairment after a sensory-motor 

rehabilitation therapy, where 1 was equivalent to “very much improved” and 7 to “very much 

worse”.  

Frequency of Abnormal Movements (FAM) 

The Frequency of Abnormal Movements (FAM) scale is based on the analysis of video-recordings 

of subjects during instrument performance. Although considered an objective measure in some 

studies (Berque et al., 2010; van Vugt et al., 2014), this scale has been considered here as 

subjective as based on human judgement. Concretely, an observer detects (by visualising the 

video-recordings) individual digits exhibiting abnormal flexion, extension, or adduction and, 

subsequently, a score is obtained by quantifying the frequency of such abnormal movements. The 

FAM scale was employed in Buttkus et al. (2010) and Berque et al. (2010). The latter study 

revealed significant reductions of the FAM scores (in HD musicians) after a combination of 

constraint-induced therapy and motor control retraining. Nevertheless, the combined intervention 

had to be undertaken for a minimum of eight months before the FAM assessment showed a 

significant decrease.  

Video-Rating Scales 

Two studies assessed video-scores for evaluating the effect of treatments in subjects suffering 

from Focal Hand Dystonia. In Butler et al. (2018) the authors recorded HD subjects during piano 

performance at baseline and at 6 months into intervention. Clinicians evaluated HD in patients by 

scoring according to the impairment as follows: 1-No impairment, 2-Mild, 3-Moderate, 4-Severe. 

Buttkus et al. (2010) studied the effect of cathodal transcranial Direct Current Stimulation 

(ctDCS) in 10 MD guitarist by video-rating different aspects of performance: temporal evenness, 

loudness constancy, sound quality, abnormal gross movements and overall impression. Video-

score scales were also based on Likert scales, where 0, 1, 2, and 3 corresponded to “no”, “mild”, 

“moderate” and “marked” difficulty, respectively. This study complemented the video-rating 

score with ADDS and FAM scales and with patients’ self-reported perceived motor abilities. 

None of the assessed measures revealed a tendency towards improvement of Dystonic symptoms.  
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Rating-Questionnaires 

van Vugt et al. (2014) collected a series of questionnaires from 54 HD pianists at baseline and 

after 3 months of retraining therapies. Subjects were asked to self-report their perceived severity 

of Dystonia symptoms using a categorical rating: no more impairment, considerable 

improvement, moderate improvement, minimal improvement, no change, deterioration. 

Furthermore, patients rated their current playing capacity as a percentage of the capacity they had 

before experiencing Dystonia. Patients also rated their motor deficits in other tasks with an ordinal 

scale, in which 1 referred to “no impairment” and 6 to “strong impairment”. Received therapies 

and dosage, and effectiveness of therapies was also assessed from patients in a 1 to 6 range scale 

(rating from very good to bad effectivity).  

Visual Clinician-examination 

Frucht (2016) published a compilation of video-recordings acquired from ED patients, showing 

practical guides for its evaluation, and unique phenomenological features of this phenotype of 

MD. Moreover, Frucht presented an algorithm for evaluating and facilitating diagnosis of ED: 

once the diagnosis of ED is suspected, the first priority is to determine the primary phenotype. 

Next, range and technique specificity should be assessed, along with the presence of coincident 

Writer’s Cramp and sensory tricks. Finally, if Dystonia has spread to speech or eating, or if the 

jaw or tongue ED phenotypes are present, patients should be counselled to stop playing. 

Metronome Speed Score 

Berque et al. (2010) studied the effect of a combined behavioural therapy intervention in MD 

subjects during a 12-month period by means of the Metronome Speed Score (i.e. maximum tempo 

at which musicians can perform without manifestation of Dystonic movements). The score 

significantly increased throughout the intervention, which was also compared to the Frequency 

of Abnormal Movements (FAM) scale scores also assessed in the study. All the FAM ratings 

converged towards 0, while no finite endpoint was stablished by metronome speed score. The 

resulting metronome speed scores suggested that such parameter may prove a sensitive tool for 

assessing improvement in HD subjects. Nevertheless, the authors warned that, since no intra- nor 

inter-rater reliability tests were performed for the score, findings should be interpreted cautiously.   

 Previous Reviews of Musician’s Dystonia Measurement Tools 

In 2013, Peterson et al. (2013) performed a comprehensive review of the existing rating scales 

for MD. Out of 135 studies found in the literature, 46% (62) considered qualitative measures of 
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motor function. The remaining 54% (74) included quantitative subjective scales involving either 

patient or clinician ratings, and only 13% (18) used quantitative objective scales. Most of the 

discussed scales were based on clinical observation, without describing task-specific motor 

dysfunctions but global impressions. Peterson et al. (2013) reviewed additional scales to measure 

Dystonia than the scales discussed in the literature review performed here (e.g. the Global 

Dystonia Rating Scale and the Unified Dystonia Rating Scale). These scales were not reported in 

our systematic review as a result of both inclusion and exclusion criteria restrictions.  

Another review that also focused on methods for MD evaluation was that performed by Spector 

and Brandfonbrener (2007). The authors reviewed the methods employed in 7 publications. Such 

methods (discussed in the current literature review) were examined for reliability, validity and 

responsiveness to treatment and practicality. Spector and Brandfonbrener (2007) concluded that 

most of the tools have not been properly evaluated leading to a difficult interpretation of those 

treatment trials that employed them.  

Research performed after the aforementioned reviews allowed the development and 

implementation of new tools for studying Embouchure Dystonia. While no methodologies for ED 

evaluation were found in Peterson et al. (2013) nor in Spector and Brandfonbrener (2007), the 

literature review performed here identified quantification methods specifically designed for ED 

analysis. These methods are: acoustic and EMG signals quantification, and oral cavity motor 

strategies assessment through rt-MRI. 

 Comparison of Current Methods for Motor Assessment and Clinical Utility 

Discussion 

 Musician’s Dystonia (Hand Musician’s Dystonia) 

According to the Dystonia Study Group (Group DS, 2004), the following characteristics should 

describe a MD rating scale for ensuring its clinical utility: reliable and valid; sensitive to change; 

specifically designed to measure MD; practical in clinical setting (Peterson et al., 2013). None of 

the methodologies reviewed here for MD motor functional assessment completely meets with all 

the aforementioned requirements. 

All the current scales for MD were categorised as subjective since their rating purely relies on 

human-judgement. Additionally, they were not always assessed by a neurologist’s expert opinion 

but by patient self-reports and researcher’s opinion. Furthermore, most of the scales lack digit-

level specificity. This leads to: a lack of sensitivity, which is required for comparison of treatments 
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of similar efficacy; interrater variability; absence of categories for rating specific symptoms found 

in MD, resulting in global impressions rather than task-specific motor impairments evaluations 

(Peterson et al., 2013).  

When comparing current scales for MD evaluation, the TCS (designed specifically for rating the 

impact of Dystonia in musical performance) seemed more sensitive to change than the ADDS 

reported in Berque et al. (2010). Berque et al. (2010) suggested that this could be due to the fact 

that TCS’ range (0 – 5) is larger than that of ADDS’ (0 – 3). Nevertheless, the authors warned 

that those findings should be interpreted cautiously since, while the ADDS has been validated, 

the validity of the TCS has not been assessed yet. Similarly, the reliability of the DES and the 

validity and reliability of the Metronome Speed Score have not been tested (Enke and Poskey, 

2018). 

Berque et al. (2010) demonstrated that the FAM scale is a better tool than the BFM and the ADDS 

when referring to inter-rater correlation, concordance and internal consistency performance. 

Moreover, the FAM scale allows MD severity measurement through quantification of abnormal 

movements during music performance, thus being more specific than the global clinician 

impression provided by ordinal scales such as the ADDS and the TCS. Nonetheless, limitations 

of the FAM scale are that it is observer-dependant, not automated, and it quantifies the frequency 

of the anomalous movements but not their severity.  

Taking into account objective MD assessments, MIDI-based analysis is the tool that has proven 

to have greatest utility compared to subjective rating scales and kinematics measures. It was the 

only method evaluated by Spector and Brandfonbrener (2007) to be reliable, valid and responsive. 

A major advantage of this method is the fact that it allows for the evaluation of patients while 

playing the piano. As MD is a task-specific disorder, methodologies implemented away from the 

Dystonia-triggering instrument are likely to not provide the desired information (Jabusch et al., 

2004). Nevertheless, MIDI-based analysis presents relevant limitations: it requires specialised 

keyboard and/or computer software; contrary to the FAM scale, it cannot assess improper 

fingering technique in patients that may have developed compensatory strategies that are not 

apparent in key sequence, force and timing parameters; it is only available for pianists (Spector 

and Brandfonbrener, 2007; Peterson et al., 2013). With regards to the latter limitation, Jankovic 

and Ashoori (2008) suggested that the application of MIDI-base analysis could be extended to 

other instruments by accomodating it to instrument-specific characteristics.  
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As for the kinematics approaches, while they may provide greater sensitivity in their assessments, 

they require specific staff expertise and also specific technology which limits the ease of their 

utility in a clinical setting (Peterson et al., 2013).   

The authors from Peterson et al. (2013) recommend use of the ADDS scale since it the most 

implemented tool for Musician’s Dystonia and has been reported reliable by multiple sources. 

Nevertheless, this scale evaluates Focal Hand Dystonia impact in many different daily tasks (e.g. 

writing, housework). Due to the high task-specificity that characterises MD, patients may not 

present symptoms in the rest of the assessed tasks. Although one of the examined aspects is music 

performance, the playing impairment score of those patients will be greatly diluted in the overall 

score. However, Peterson et al. (2013) suggest that those clinics with the required expertise and 

equipment should employ the FAM scale and in conjunction with MIDI-based analysis.   

 Embouchure Dystonia  

As can be noticed by analysing the findings of the literature review performed here, most of the 

research of MD has focused on Hand Musician’s Dystonia. Consequently, no specific scales for 

ED examination have yet been reported. As previously discussed, the ADDS, MIDI-based 

analysis and the FAM scale, the most recommended methods for MD evaluation by Peterson et 

al. (2013), are currently restricted to HD. Furthermore, from all the scales described in the 

Literature Review Section Subjective Methods for Motor Function Assessment, only the CGI 

scale was implemented in one of the studies involving ED cohorts (Morris et al., 2018).  

The diagnosis of ED remains challenging even for experienced neurologists (Frucht, 2016). The 

complex nature of ED (due to the great number of muscles that involves) makes visual inspection 

very difficult. Due to this, the diagnosis and assessment of severity often relies on subjective 

rating of the sound quality produced by musicians (Altenmüller, 2011). Nevertheless, such 

evaluation has low reliability not only between subjects but also within a single individual, 

making a long-term study difficult (Lee et al., 2014).  

While current detection of Embouchure Dystonia purely relies on an expert’s opinion, recent 

studies have attempted to characterise ED during performance and proposed different approaches 

for objectively quantifying this MD phenotype and provide a deeper insight regarding the 

disorder. A clear benefit of such methods (based on EMG recordings, rt-MRI and quantification 

of acoustic signals) is the fact that they can be applied in addition to the less reliable subjective 

ratings. Furthermore, as in MIDI-based analysis, their assessment occurs at the instrument, an 

important prerequisite in a task specific disorder, since it is where the Dystonia is triggered.  
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EMG recordings acquired from facial muscles of an ED musician and reported by Iltis and Givens 

(2005) suggested that EMG characterisation of such muscles’ activity may be useful for studying 

ED. Nevertheless, it is important to highlight the small sample size of the study (1 ED and 4 

healthy French horn players). Further testing should be performed in larger populations prior to 

making a final conclusion. Moreover, if considering surface EMG’s utility for clinical assessment, 

the following major limitations arise: both staff expertise and equipment are required for its 

implementation; the fact that several muscles are involved in the embouchure complicates the 

identification of those muscles which are specifically triggered by the Dystonic symptoms. 

Research implementing recently developed rt-MRI for ED evaluation provided the first 

quantitative proof that movement strategies of horn players are less efficient that those performed 

by healthy elite performers (Iltis et al., 2015, 2016, 2019). Nevertheless, a small sample size was 

considered in the studies. To confirm such findings, further research is required. For this purpose, 

additional research groups should incorporate MRI compatible instruments and rt-MRI 

experimentation in their studies.  

The main advantage of rt-MRI with respect to conventional radiological imaging method (e.g. 

computerised tomography) is that, while the latter one can provide static position images with 

great resolution, rt-MRI allow the assessment of movements within the oral cavity during musical 

performance (Iltis et al., 2015, 2016). A limitation of this methodology is the fact that rt-MRI is 

often not available in smaller clinical practices. rt-MRI studies require staff expertise, expensive 

equipment and a complex infrastructure. Furthermore, rt-MRI is not compatible with 

simultaneous high-density EMG recording which complicates interpretation of findings.  

As for the discussed methods involving quantification of acoustic signals produced by ED 

musicians while playing, extracted features have provided reliable measures for assessment of 

fine motor control in ED (Lee et al., 2014; Morris et al., 2018). Several advantages are offered 

by this methodology over EMG and rt-MRI approaches: non-expensive equipment requirements 

(audio-recorder and computer software); straightforward audio-recordings collection; fast 

implementation of analysis software. Moreover, acoustic-analysis assessments allow capturing of 

the involved intraoral and deep muscles which cannot be assessed with standard kinematic tools. 

Furthermore, this tool may be complemented by simultaneously recording surface EMG signals 

from the embouchure of ED patients during performance.  

Therefore, when considering the Dystonia Study Group requirements for determining a MD scale 

as clinically useful (Group DS, 2004), quantification of acoustic signals produced during 
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performance appears as the most convenient and promising tool to be implemented in a clinical 

environment for ED evaluation. 

Nevertheless, several gaps regarding acoustic analysis for ED assessment were identified in the 

literature. Common limitations in the described studies attempting to acoustically quantify ED 

were found: no specific protocol followed to record music from instrumentalists was defined; a 

limited number of acoustic features was extracted from the acoustic signals; the heterogeneous 

nature of the instruments used by the studied musicians; small sample sizes. Other confounds, 

such as age and years of musical practice could not be related to performance on any of the 

measured acoustic domains. In the same way, these studies did not find a 1-to-1 correspondence 

between each acoustic measure and the ED phenotypes defined in the literature. Additionally, 

only one of the described publications considered woodwind instrumentalists in their study (two 

saxophonists and one flautist) (Uehara et al., 2019), being also a group of musicians affected by 

Embouchure Dystonia.   

Therefore, a more in-depth study of the acoustic aspects and in a more defined cohort may allow 

the assessment of those potential relationships and a marked improvement in objective analysis. 

 Absence of Standards for Musician’s Dystonia Assessment 

By visualising the distribution of the different methodologies for MD assessment across the 

reviewed studies (Figure 2.2.B), the findings of  Peterson et al. (2013) are supported: despite the 

fact that there are some scales that are more commonly employed (e.g. the ADDS and the TCS) 

and although there is a tendency for studies of the same research group to apply the same tools, 

no guidelines or standards are stablished concerning MD evaluation. Most of the reviewed studies 

used more than one scale (even four different scales have been reported in a same publication). 

This confirms that, presently, MD severity cannot be assessed by uniquely utilising one of the 

current approaches.  

Considering both the absence of standards and the fact that the currently most implemented and 

recommended tool for MD detection is a subjective scale (ADDS), it is very likely that MD 

evaluation may lead to different outcomes depending on the criteria of the clinician. Moreover, 

the inaccuracy and poor resolution of the implemented subjective scales result in global 

impression assessments rather than specific detections. This may lead to MD overdiagnosis. For 

instance, symptomatology present in patients as a consequence of musical over-training may be 

wrongly associated to Dystonic symptoms. Furthermore, when focusing on MD pathophysiology 

assays or studies attempting to develop novel therapies for the disorder, the diversity (or lack) of 

functional motor assessments greatly restricts the understanding and interpretation of the findings. 
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This phenomenon, consequently, obstructs progress in MD research (Peterson et al., 2013). 

Developing objective standards for measuring this specific task-specific disorder would allow the 

evaluation of the efficacy of neurorehabilitation approaches while helping to understand the 

pathomechanisms behind MD. Therefore, there exists an evident need for a new rating scale that 

is specific for MD, reliable, valid, sensitive, and which provides clinical utility. 

The development of MIDI-based analysis for hand MD appears as a feasible alternative to the 

discussed subjective tools since, from its first implementation in 2004 (Jabusch et al., 2004), 

several researchers have maintained its usage due to its proven reliability, validity and 

responsiveness. Consequently, Peterson et al. (2013) suggest that a new rating scale unifying 

benefits from previous tools (such as those offered by MIDI-based analysis) should be developed. 

Nevertheless, it is important to highlight a major limitation of MIDI-based analysis. While HD 

may be present in keyboard, plucked string, string, wind and percussion players, MIDI-based 

analysis are currently only available to evaluate the disorder manifested in keyboard instruments, 

played by only a 35% of the HD musicians (Rozanski et al., 2015). Therefore, there is a clinical 

need for a detection tool that covers the entire spectrum of Hand Musician’s Dystonia 

manifestations.  

With regards to ED, findings obtained by quantification of acoustic analysis constitute this 

approach as a potential and promising tool for ED detection and severity assessment. Hence, a 

validated objective assessment tool to measure ED (specific features and overall severity) by 

acoustic signals analysis would be critical for studying the etiology, diagnosis and treatment of 

this MD phenotype.   

 Conclusions 

The main conclusions extracted from the performed literature review are as follows: 

 None of the reviewed methodologies for MD motor functional assessment meets with all 

the Dystonia Study Group requirements for the ensuring clinical utility (reliability and 

validity, sensitivity to change, specifically design for MD, practicality in clinical setting). 

 All the current rating scales for MD are subjective and lack digit-level specificity.  

 The ADDS is the most implemented tool for MD assessment and recommended for use 

by Peterson et al. (2013). If clinics have the technical expertise and equipment, the 

authors also recommend the FAM scale and MIDI-based analysis application.  

 Most of the research regarding MD has focused on Hand Musician’s Dystonia. 

 No specific scales for ED examination have been developed and reported. 
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 The diagnosis of ED remains challenging even for experienced neurologists, and the 

current detection relies on expert opinion. 

 From the current methods attempting to objectively quantify ED during musical 

performance, quantification of acoustic signals appears to be the most convenient and 

promising tool to be further implemented in a clinical environment.  

 Several gaps were identified in the literature regarding acoustic analysis for ED 

assessments. 

 No guidelines nor standards are established concerning MD evaluation. 

 There exists an evident need of a new rating scale that is specific for MD, reliable, valid, 

sensitive, and provides clinical utility.  

 There is a clinical need for a detection tool that covers the entire spectrum of instrument 

typologies where Hand Musician’s Dystonia is manifested. 

 A validated objective assessment tool to measure ED by acoustic signals analysis would 

be critical for studying the etiology, diagnosis and treatment of this MD phenotype.   
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 RESEARCH QUESTIONS AND HYPOTHESES 

Following the review of the literature, unanswered questions relating to the quantification of 

Musician’s Dystonia were identified. Specific research questions (Q) and their corresponding 

hypothesis (H) were:  

Research Questions Related to Embouchure Dystonia 

Q1. ED is a task-specific form of Focal Dystonia which in many patients is further focused on 

specific domains (technique, register, speed, instrument) (Frucht, 2016). Can a protocol of 

musical exercises be designed to evaluate ED refined aspects? 

 H1. ED subjects can be evaluated in each specific domain by performing musical 

exercises that include different playing techniques and cover full playing (i.e. pitch), 

dynamic (i.e. volume) and speed (i.e. tempo) ranges. 

Q2. Can the acoustic data be recorded from subjects during musical performance to allow 

subsequent automated acoustic analysis?    

 H2. An experimental set-up and protocol for audio-recording musicians can be designed 

in synchronisation with the software platform to allow an automated processing.   

Q3. A limited number of acoustic features have been reported in the literature studies for the 

purpose of acoustic quantification of ED audio-signals (Lee et al., 2014; Morris et al., 2018; 

Uehara et al., 2019). Can additional audio-based features provide a more comprehensive 

characterisation of Embouchure Dystonia severity? 

 H3. A larger set of acoustic features can be extracted across different domains of ED 

symptomatology to allow detailed characterisation of the disorder.  

Q4. A single study performing quantification of audio signals collected from woodwind 

instrumentalists was reported in the literature (Uehara et al., 2019). Can the acoustic data 

generated by woodwind instrumentalists be analysed following the same approach as brass 

instrumentalists? 

 H4. Woodwind instrumentalists have a different mechanism of sound production 

compared to that of brass musicians. Nevertheless, the sound quality still depends on the 

embouchure positioning. It is hypothesised that MD is reflected in the acoustic signals 

generated by ED woodwind musicians.  
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Q5. Are differences in embouchure dysfunction reflected by acoustic features between ED 

woodwind and brass instrumentalists?  

 H5. Since there are four types of embouchures (brass, single-reed, double-reed and flute-

piccolo) different acoustic features can characterise the different types of ED. 

Q6. When comparing audio data recorded from large cohorts of ED and non-ED professional 

musicians, what are the differences in the acoustic features extracted from the two groups? 

 H6. Based on the results of previous studies (Lee et al., 2014; Morris et al., 2018; Uehara 

et al., 2019), audio-based features will reveal higher acoustic abnormalities in ED 

musicians, reflecting greater impairments during musical performance. 

Q7. Can a pattern classifier be developed to differentiate ED/non-ED in woodwind and brass 

musicians by means of processing acoustic features? 

 H7. Given that previous studies have reported significant differences between ED/non-

ED acoustic features, a pattern a classifier can be developed to differentiate between these 

two groups.   

Q8. Is it possible to find a correspondence between the extracted acoustic features and the 

different phenotypes of Embouchure Dystonia (tremor, lip pulling, lip lock, jaw, tongue, Meige 

Syndrome)? 

 H8. Having a correspondence between patterns of impairment in more than one acoustic 

feature and a given phenotype would improve ED classification.   

Research Questions Related to Hand Musician’s Dystonia 

Q9. To our knowledge, no studies in the literature have performed an acoustic quantification of 

Hand Musician’s Dystonia. Can audio-analysis of recordings collected from HD patients during 

musical performance provide a tool for characterisation of this disorder? 

 H9. Audio-based features can objectively evaluate HD symptomatology by capturing and 

quantifying acoustic abnormalities present in subjects during musical performance.  
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Q10. Can an acoustic-analysis software platform be employed to evaluate audio-recordings from 

both ED and HD subjects, who additionally play different musical instrument typologies? 

 H10. A software platform can be tailored to both MD phenotypes and instrument 

typologies by extracting audio-based features that capture musical impairments in their 

respective acoustic domains of symptomatology.   

Research Questions Related to Musician’s Dystonia 

Q11. Can acoustic processing quantify the evolution of Musician’s Dystonia in patients under 

treatment? 

 H11.  MD improvement/worsening in patients can be objectively quantified by assessing 

changes across acoustic features extracted over the curse of the treatment.  

Q12. Previous studies (Frucht, 2014; Moura et al., 2017), have suggested (1) sex, (2) age of 

starting to play the instrument and (3) years of study are risk factors for developing Musician’s 

Dystonia. Is there any relationship between these factors and the extracted acoustic features from 

MD subjects? 

 H12 (1). Being male represents a risk factor of developing Musician’s Dystonia, leading 

to a higher impairment in the acoustic features extracted compared to that of females. 

 H12 (2). The earlier the practice, the greater the risk. MD musicians who start playing at 

an early age present higher impairments in musical performance.  

 H12 (3). More years of musical practice may be a significant risk factor for developing 

MD. Acoustic abnormalities are increased in musical performance of MD musicians 

playing their Dystonia-triggering instrument for larger periods.  

Q13. Is there a relationship between the Temporal Discrimination Threshold (TDT), an 

endophenotype of Musician’s Dystonia, and acoustic features? 

 H13. Musicians classified with Musician’s Dystonia by means of acoustic analysis will 

have an abnormal TDT score.  
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Based on the former research questions and hypotheses the following studies were performed: 

STUDY 1 – Analysis of Audio Recordings Collected from Healthy Wind Instrumentalists 

(Chapter 5) 

STUDY 2 –Acoustic Analysis of Video-Recordings Collected from Embouchure Dystonia 

Subjects, and Comparison to Healthy Wind Instrumentalists. (Chapter 6). 

STUDY 3 –Analysis of Audio Recordings Collected from Hand Dystonia Musicians Before and 

After a Sensory-Motor Rehabilitation Therapy (Chapter 7). 

Due to the proximity to the Royal Irish Academy of Music and the low prevalence of Musician’s 

Dystonia in Dublin, the research questions solved in this thesis were: Q1 – Q4  (answered in Study 

1, Chapter 5); Q6, Q7 (discussed in Study 2, Chapter 6); Q9 – Q11 (answered in Study 3, Chapter 

7).   
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 MATERIALS AND METHODS 

In this Chapter a description of sound perception in humans is provided in Section 4.1. Section 

4.2 describes musical concepts of relevance for this thesis. Finally, Section 4.3 details the 

development of the software platform presented in this thesis for acoustic signal quantification of 

Musician’s Dystonia.  

 What Is Sound and How Do Humans Perceive It? 

Sound is a mechanical wave that can propagate through air, allowing the transmission of music. 

Sound waves travel through the air at a speed of 340 meters per second. When reaching the human 

ear, these waves are decoded by the basilar membrane in the cochlea and perceived as sound. 

Sound waves are longitudinal waves (i.e. they travel along the direction of the disturbance 

generating them) and can be physically described by four features (Benson, 2009):  

- Amplitude: perceived as loudness of the sound, it refers to the magnitude at which the 

wave vibrates.  

- Frequency: describes the number of cycles per unit of time, and it is perceived as the 

pitch of the sound. 

- Spectrum: perceptually understood as the timbre (tone quality, or tone colour), is a display 

of all the frequencies present in a sound.  

- Duration: defined as the time for which a given note sounds. 

The organ responsible for sound perception in humans is the ear, which can be divided in three 

parts (see Figure 4.1): the outer ear, the middle ear (or tympanum) and the inner ear (or labyrinth). 

Sound waves produced outside the ear travel through the outer ear, reaching the tympanic 

membrane or eardrum (that divides the external ear from the middle ear) which consequently 

vibrates. Such vibrations are transmitted to the ossicular chain, located in the middle ear and 

composed of three very small bones: malleus, incus, stapes. The ossicular chain amplifies the 

vibrations and transfers the sound waves to the inner ear, which is filled with various fluids and 

can be divided in the vestibule, the semi-circular canals and the cochlea. This latter part is 

responsible for decomposing the sound into various frequency components. Inside the cochlea 

there is the basilar membrane containing small hair cells connected with nerve endings to the 

auditory nerves. When a given sound is transmitted by the ear drum to the ossicular chain and 

then to the cochlea, the fluid inside flows back and forth, making the basilar membrane move up 

and down. The membrane presents a thinner region, whose vibration can be induced by high 

frequency waves, and thicker part which responds oscillating for low frequency sounds. 
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Therefore, basilar membrane vibrations are characteristic of the frequencies composing the sound, 

which lead to the activation of certain hair cells, and finally to sound perception in the brain. The 

frequencies that the human ear can detect range approximately from 20 Hz to 20,000 Hz. While 

the basilar membrane has no resonance for frequencies outside such range, sounds with 

frequencies lower than 20 Hz might be “felt” rather than heard. EEG recordings acquired from 

people while being exposed to such low-pitched sounds revealed brain stimulation (Benson, 

2009).  

 

Figure 4.1 Human ear anatomy. Adapted from (Davidson (Hearind Aid Centres), 

2019). 

Sound perception in humans can be approximately modelled by means of a differential equation 

defining the movement of any point on the basilar membrane or on any other part along the chain 

of transmission (from the outer ear to the cochlea). The definition and resolution of such equation 

is below explained (Benson, 2009).    

Consider a given point of the basilar membrane as a vibrating particle of mass 𝑚, subject to an 

external force 𝐹 towards equilibrium, and placed at position 𝑦 = 0 . When 𝐹 is directly 

proportional (with a constant 𝑘) to the distance 𝑦 from the equilibrium position, it can be 

expressed as: 

 

𝐹 =  −𝑘𝑦 (4.1)    

Any particular point in the basilar membrane can be also understood as an ideal spring, where 𝑘 

is the spring constant determining the resonant frequency of oscillation, being higher at thicker 

points of the membrane and lower at thinner points (Faun, 2010).  

With respect to Newton’s second law of motion, it can be expressed as Equation (4.2),  
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𝐹 =  𝑚
𝑑2𝑦

𝑑𝑡2
 

(4.2)    

where 𝑚 is the mass of the object under study (i.e. basilar membrane’s particular point) and 𝑡 

refers to time.   

Combining Equation (4.1) and Equation (4.2) the differential equation governing the human 

perception of sound is obtained as follows: 

 

𝑑2𝑦(𝑡)

𝑑𝑡2
+

𝑘𝑦(𝑡)

𝑚
= 0 (4.3)    

Thus, solving Equation (4.3) the expression below is assessed: 

 

𝑦(𝑡) = 𝐴 · 𝑐𝑜𝑠 (√
𝑘

𝑚
𝑡) + 𝐵 · 𝑠𝑖𝑛 (√

𝑘

𝑚
𝑡)  (4.4)    

where A and B are constants that can be defined as a function of the constants c and 𝛳 as 𝐴 = 𝑐 ·

𝑠𝑖𝑛(𝛳) and 𝐵 = 𝑐 · 𝑠𝑖𝑛(𝛳), respectively.  

Subsequently, applying the trigonometric identity shown in Equation (4.5), Equation (4.4) 

becomes a sinusoidal wave (Equation (4.6)). 

 

sin(𝐴 + 𝐵) = 𝑠𝑖𝑛𝐴 · 𝑐𝑜𝑠𝐵 + 𝑐𝑜𝑠𝐴 · 𝑠𝑖𝑛𝐵 (4.5)    

Equation (4.6) approximates the motion of any given point in the basilar membrane when sound 

waves reach the inner ear and it is, therefore, the function governing sound perception by the 

human ear (Benson, 2009).  

 

𝑦(𝑡) = 𝑐 · 𝑠𝑖𝑛 (√
𝑘

𝑚
𝑡 + 𝛳) (4.6)    

Comparing Equation (4.6) with the general function of a sinusoidal wave (Equation (4.7)), the 

following equivalences are straightforward obtained: 𝑐 is the peak-to-peak amplitude A0, 𝛳 is the 

phase and √
𝑘

𝑚
 is 2𝜋 times the fundamental frequency F0 of the signal.  
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𝑦(𝑡) = 𝐴0 · 𝑠𝑖𝑛 (2𝜋F0𝑡 + ) (4.7)     

Sinusoidal waves are the basis of sound. Most musical notes generated when playing an 

instrument are composed of the summation of sine waves (known as overtones) oscillating at 

integer multiples of the fundamental frequency and presenting different phase and amplitude. 

Thus, the decomposition of such musical sounds can be performed by means of Fourier series, 

representing each Fourier function one tone that humans can perceive. The fundamental 

frequency of the series (the lowest frequency, if present) is perceived as the pitch of the sound by 

the ear, defining whether a sound is heard as high or low (Weiss, 2016).  

Overtones are responsible for timbre of sounds, thus allowing the human ear to distinguish, for 

instance, the sound produced with a piano from the sound produced with a flute (even if both 

present same pitch and loudness). This phenomenon can be visualised by observing the sound 

waves produced by three instruments when playing the same note. Figure 4.2 shows the wave 

corresponding to a middle C (262 Hz) played by a flute, a piano and a trumpet, respectively. As 

can be noticed, while the sound wave of the flute nearly follows a pure tone, the other two waves 

present a more complex shape (resulting from the presence of harmonics). The frequency 

spectrum of each signal has been depicted in Figure 7. This phenomenon therefore leads to the 

perception of a different timbre according to each instrument (Davis, 2006).  

 

Figure 4.2. Sound wave of a Middle C (262 Hz) played by a flute, a piano and a 

trumpet. Adapted from (Davis, 2006). 

 The sound wave of the flute nearly follows a pure tone, while the other two waves present 

a more complex shape (resulting from the presence of harmonics), leading to the 

perception of a different timbre according to each instrument  
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Figure 4.3. Frequency spectrum of sound waves generated when playing a Middle C 

(262 Hz) on a flute (top-left), a piano (top-right) and a trumpet (bottom). Adapted from 

(Davis, 2006).  

 Musical Concepts 

 Notes and Scales 

In music notation, a note refers to the pitch and duration of a sound. Following the modern 

notation, a note can be represented on a staff as in Figure 4.4 (Wright, 2009).  

 

Figure 4.4. Note (middle C) representation in a staff, on a treble (left) and a bass (right) 

clefs, according to modern music notation. Adapted from (Wright, 2009). 

A note corresponds to the building block for composing music, and it is also the term employed 

to represent a pitch class. An octave is the interval between two notes that follow the fundamental 

frequency ratio 2:1. Those notes whose fundamental frequencies are an integer number of octaves 

apart can be grouped in the same pitch class. In the English naming convention, notes and pitch 
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classes are commonly represented by the first seven letters of the Latin alphabet, i.e. A, B, C, D, 

E, F, G (ordered from the lowest to the highest pitch). These letters label the notes on the lines 

and spaces of clefs as shown in Figure 4.5, and are distributed along the natural keys (i.e. white 

keys) of a keyboard instrument as seen in Figure 4.6. 

 

Figure 4.5. Notes labeled by the seven letters of the English music convention. Adapted 

from (Wright, 2009). 

 

Figure 4.6. Arrangement of the seven letters of the Enligh music convention in a 

keyboard instrument. Adapted from (Wright, 2009).  

In scientific pitch notation, such note letters are combined with a number, so that the octave at 

which they belong to can be identified (Figure 4.7). For instance, the note middle C (i.e. C4) is 

located in the 4th octave of an 88-key piano (starting from the left), and C3 and C5 are located in 

the 3rd and 5th octave, respectively. Regarding the frequency tuning associated to the notes, in this 

thesis the most common tuning standard for musical pitch (published by the International 

Organisation for Standardisation as an ISO16 in 1975) was considered (Standard musical pitch, 

ISO 16:1975’, 1975).  

 

Figure 4.7. Staff representation of Cs along ten octaves. Adapted from (Wikipedia: 

The Free Encyclopedia, 2006) 
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Adjacent keys found on a keyboard (considering both white and black) are tuned in equal 

temperament. That is, the interval (i.e. the frequency ratio or pitch distance) between adjacent 

notes is the same along all the notes on a piano. This interval is known as a semitone or a half-

step. Piano notes showing no labels in Figure 4.6 (i.e. black keys) can be identified using the 

aforementioned letters combined with accidentals: sharps (#) and flats (b). A sharp raises the pitch 

of a note a semitone, while a flat reduces it by the same interval. For instance, G# and Ab and 

refer to the same note (Wright, 2009).  

A discrete set of tones is defined as a scale. The standard scale is the diatonic scale, which contains 

five whole steps (i.e. the double of a semitone) and two half steps. The two semitones in this scale 

are separated from each other by two or three whole steps. Examples of diatonic scales are any 

sequence of seven successive natural notes (e.g. the scale based on C, shown in Figure 4.8) and 

any transposition of those sequences. Transposition refers to the operation of increasing or 

decreasing the pitch of a set of notes by the same frequency interval (Wright, 2009).   

 

Figure 4.8. Example of a diatonic scale (based on C), showing semitone intervals 

between adjacent notes. Adapted from (Wright, 2009). 

The seven notes composing the diatonic scale are contained in the chromatic scale, displayed in 

Figure 4.9 in a circular shape. The chromatic scale is a set of twelve notes covering all the 

available pitches in conventional Western music. This scale divides an octave in twelve pitches 

following equal temperament, describing a tuning system known as 12-equal temperament. Since 

adjacent octaves follow a frequency ratio of 2:1, the frequency interval between adjacent notes in 

the chromatic scale has a ratio of a 12th root of 2 (i.e. 2
1

12  ≈ 1.059), equivalent to a semitone.  

 

Figure 4.9. Chromatic scale drawn as a circle. Adapted from (Wikipedia: The Free 

Encyclopedia, 2008) 
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 Multiplicative and Additive Measures of Pitch Difference Between Notes. 

The term “interval” was aforementioned employed to describe pitch distance between notes. The 

difference between two frequencies 𝑓1 and 𝑓2 can be measured as a ratio interval 𝑟1: 1, where  

𝑟1 =
𝑓2

𝑓1
 . Intervals are characterised by the multiplicativity property so that, if 𝑟2 represents the 

ratio between 𝑓2 and a third frequency 𝑓3 (i.e. 𝑟2 =  
𝑓3

𝑓1
), 𝑟1 · 𝑟2 refers to the interval 

𝑓3

𝑓1
 (since 𝑟1 ·

𝑟2 =  
𝑓2

𝑓1
·

𝑓3

𝑓2
=

𝑓3

𝑓1
). While ratio intervals measures are multiplicative, octaves and other common 

measures of intervals such as semitones and whole steps are additive. For instance, the ratio 

interval of an octave corresponds to 2:1, and the ratios of to two and three octaves are 4:1 and 8:1, 

respectively. Musical intervals additions are thus equivalent to multiplying frequency ratios. 

Given that logarithms convert multiplications into additions, human perception of musical 

distance between two notes can be defined as logarithmic in frequency (Benson, 2009; Wright, 

2009). 

Converting pitch separation between notes from frequency ratio intervals to additive 

measurements is useful when it comes to measuring pitch differences. This conversion may also 

be helpful for understanding that two pairs of notes separated by the same ratio interval are at the 

same pitch distance. As can be observed in Figure 4.10, while a representation of the frequency 

of four successive notes from the same pitch class does not reflect the same pitch distance, the 

vertical distance between the same four notes represented on a staff does show equal separation 

(see Figure 4.11) (Wright, 2009).  

 

Figure 4.10. Four successive notes of the same pitch class representated vs their 

frequency. Adapted from (Wright, 2009). 

 

Figure 4.11. Four successive notes of the same pitch class (A2, A3, A4, A5) 

representated on a staff (in a treble clef). Adapted from (Wright, 2009). 
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As aforementioned, the frequency ratio of an octave is 2:1. Therefore, measuring the frequency 

ratio of two notes (with frequencies 𝑓1and 𝑓2) is equivalent to raising 2 to a power of the octaves 

(∆𝑜) between such notes (Equation (4.8)). The mathematical expression that allows converting 

pitch distance from frequency ratio intervals to octaves (Equation (4.9)) can be obtained by 

isolating ∆𝑜 from Equation (4.8). 

 

𝑓2

𝑓1
= 2∆𝑜 

(4.8)     

The mathematical expression that allows converting pitch distance from frequency ratio intervals 

to octaves can be straightforward obtained by isolating ∆𝑜 from Equation (4.8): 

 

𝛥𝑜 = log2 (
𝑓2

𝑓1
) 

(4.9)     

The frequency ratio interval of two notes can be also expressed as an interval of semitones (∆𝑠) 

(Equation (4.10)). In this case, given that the frequency ratio of a semitone is 2
1

12, the equivalence 

is defined as below: 

 

𝑓2

𝑓1
= (2

1
12

 )
∆𝑠

=  2
∆𝑠
12 

(4.10)     

In order to assess the interval of semitones between notes from their frequency ratio, ∆𝑠 can be 

isolated from Equation (4.10), which leads to Equation (4.11).  

 

𝛥𝑠 = 12 · log2 (
𝑓2

𝑓1
) 

(4.11)     

In electronic music it is very common to convert frequency ratios of equal tempered semitones 

into integer numbers, known as MIDI numbers. MIDI numbers range from 0 to 127, where 0 

corresponds to the note C-1 and 127 to G9. The correspondence between keys in a 88-note 

standard piano keyboard and MIDI numbers and note names (in scientific pitch notation) can be 

observed in Figure 4.12 (Wolfe, 2019c).  
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 Figure 4.12. Name and MIDI number of notes contained in a 88-Note standard piano 

keyboard. Adapted from (Wolfe, 2019c). 

A note name written in scientific pitch notation (e.g. A4) can be converted into its MIDI number 

𝑀 by counting the semitones differing from the note C-1 (whose MIDI number is 0). First, the 

letter of the pitch class (e.g. “A”) is assigned to a number 𝑠, which refers to the semitones of the 

note within the octave at which it belongs to (see Table 4.1). Subsequently, 𝑠 is added to all the 

semitones contained within the octave 𝑜 of the note (e.g. “4”) and the octave “-1”, as described 

by Equation (4.12).   

 

𝑀 = 𝑠 + 12 · (𝑜 + 1) (4.12)     
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Table 4.1. Semitone distances for all pitch classes contained within in an octave, taking as a reference 

the note C.  

Pitch class C C#/Db D Eb/D# E F F#/Gb G Ab/G# A Bb/A# B 

Semitones within 

the octave (𝐬)  
0 1 2 3 4 5 6 7 8 9 10 11 

Taking as a reference a note, for instance, A4 (whose frequency and MIDI number are 440 Hz 

and 69, respectively), the frequency 𝑓 and the MIDI number 𝑀 of a given note can be assessed 

with the following equivalent equations: 

 

𝑓 = 2(𝑀−69)/12 · 440 𝐻𝑧 (4.13)     

 

𝑀 = 12 · log2 (
𝑓

440 𝐻𝑧
) + 69 

(4.14) 

Finally, frequencies (expressed in Hz) and MIDI numbers of notes contained within C-1 and B8 

are shown in Table 4.2.  

Table 4.2. Frequency (in Hz) and MIDI number (detailed below) of notes specified in scientific pitch 

notation (note/octave).  

Octave/ 

Note 
−1 0 1 2 3 4 5 6 7 8 

C 
8.1758 

(0) 

16.352 

(12) 

32.703 

(24) 

65.406 

(36) 

130.81 

(48) 

261.63 

(60) 

523.25 

(72) 

1046.5 

(84) 

2093.0 

(96) 

4186.0 

(108) 

C♯/D♭ 
8.6620 

(1) 

17.324 

(13) 

34.648 

(25) 

69.296 

(37) 

138.59 

(49) 

277.18 

(61) 

554.37 

(73) 

1108.7 

(85) 

2217.5 

(97) 

4434.9 

(109) 

D 
9.1770 

(2) 

18.354 

(14) 

36.708 

(26) 

73.416 

(38) 

146.83 

(50) 

293.66 

(62) 

587.33 

(74) 

1174.7 

(86) 

2349.3 

(98) 

4698.6 

(110) 

D♯/ E♭ 
9.7227 

(3) 

19.445 

(15) 

38.891 

(27) 

77.782 

(39) 

155.56 

(51) 

311.13 

(63) 

622.25 

(75) 

1244.5 

(87) 

2489.0 

(99) 

4978.0 

(111) 

E 
10.301 

(4) 

20.602 

(16) 

41.203 

(28) 

82.407 

(40) 

164.81 

(52) 

329.63 

(64) 

659.26 

(76) 

1318.5 

(88) 

2637.0 

(100) 

5274.0 

(112) 

F 
10.914 

(5) 

21.827 

(17) 

43.654 

(29) 

87.307 

(41) 

174.61 

(53) 

349.23 

(65) 

698.46 

(77) 

1396.9 

(89) 

2793.8 

(101) 

5587.7 

(113) 

F♯/G♭ 
11.563 

(6) 

23.125 

(18) 

46.249 

(30) 

92.499 

(42) 

185.00 

(54) 

369.99 

(66) 

739.99 

(78) 

1480.0 

(90) 

2960.0 

(102) 

5919.9 

(114) 

G 
12.250 

(7) 

24.500 

(19) 

48.999 

(31) 

97.999 

(43) 

196.00 

(55) 

392.00 

(67) 

783.99 

(79) 

1568.0 

(91) 

3136.0 

(103) 

6271.9 

(115) 

G♯/A♭ 
12.979 

(8) 

25.957 

(20) 

51.913 

(32) 

103.83 

(44) 

207.65 

(56) 

415.30 

(68) 

830.61 

(80) 

1661.2 

(92) 

3322.4 

(104) 

6644.9 

(116) 

A 
13.750 

(9) 

27.500 

(21) 

55.000 

(33) 

110.00 

(45) 

220.00 

(57) 

440.00 

(69) 

880.00 

(81) 

1760.0 

(93) 

3520.0 

(105) 

7040.0 

(117) 

A♯/B♭ 
14.568 

(10) 

29.135 

(22) 

58.270 

(34) 

116.54 

(46) 

233.08 

(58) 

466.16 

(70) 

932.33 

(82) 

1864.7 

(94) 

3729.3 

(106) 

7458.6 

(118) 

B 
15.434 

(11) 

30.868 

(23) 

61.735 

(35) 

123.47 

(47) 

246.94 

(59) 

493.88 

(71) 

987.77 

(83) 

1975.5 

(95) 

3951.1 

(107) 

7902.1 

(119) 
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 Wind Instruments 

ED can be manifested in musicians playing wind instruments, also known as aerophones. When 

playing aerophones, musicians blow a stream of air into the instrument to initially create a sound 

wave within it. Such stream is subsequently interrupted by the reed vibrations, which divide the 

air flow into airbursts at a frequency that humans can perceive. According to the kind of reed used 

for generating the sound, wind instruments can be classified in brass or woodwind instruments 

(Lapp, 2002).  

An instrument does not belong to the brass family for being made from that material. As a matter 

of fact, the criteria for classifying a brass instrument in that category is the methodology employed 

by musicians for sound generation. Sound is generated by means of the vibration of musicians’ 

lips when playing, which direct a train of pulses of air by periodically opening and closing. Due 

to this phenomenon, brass instruments are said to be lip-reed instruments (see Figure 4.13.E and 

Figure 4.13.F for two examples of mouthpieces). Thus, contrary to a common misbelief, the 

saxophone, an instrument made entirely of brass, is not a brass but a wind instrument. In fact, 

many different materials have been used for making this kind of instruments, such as wood, shell, 

animal horn, ceramics, tree bark, metals, plastic and human bones. Apart from all the different 

materials that can be used for creating brass instruments, there also exists a large variety of shapes 

resulting from different combinations of valves, slides and holes (which allow playing many 

different pitches) (Moore, 2016).   

While in brass musicians the lips are the ones generating the sound, it is the mouthpiece that acts 

as the sound source in woodwinds. The latter category can be divided in three different groups 

according to the source: air-jet (e.g. flute, Figure 4.13.D); single-reed (e.g. clarinet, saxophone, 

Figure 4.13.A); double reed (e.g. oboe, bassoon, Figure 4.13.B and Figure 4.13.C) (Wolfe, 2018).  
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Figure 4.13. Mouthpieces of wind instruments showing all reed typologies. Adapted 

from (Wolfe et al., 2015). 

A. single-reed (clarinet); B&C. double-reed (oboe, bassoon); D. air-jet (flute); E&F. lip-

reed (trombone, trumpet).  

Musical wind instruments can be understood as systems composed of two interacting blocks: the 

resonator, a column of air contained in a rigid shape presenting one or more holes, keys or a slide; 

the generator, which is the stream of air directed by the musician and responsible for exciting the 

resonator. Taking into account the previously mentioned types of reeds, two different approaches 

for exciting the resonator can be considered (Fletcher, 1979; Wolfe et al., 2015):  

- The stream of air blown at air-jet instruments, which deviates based on the velocity of the 

acoustic flow out of the pipe mouth (as in Figure 4.14). This type of generators, also 

known as velocity-controlled generators, transfer maximum power to the pipe resonator 

when the acoustic flow at the mouth is maximal.  

- The reed or lip-reed (or pressure-controlled) generator, whose aperture depends on the 

acoustic pressure found inside the mouthpiece of the instrument (Figure 4.15). These 

generators transfer maximum power when the acoustic pressure is maximal. 
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Figure 4.14. Section of a typical air-jet instrument with its main features. Adapted 

from (Fletcher, 1979). 

 

 

Figure 4.15. Section of the mouthpiece configuration of (a) single-reed, (b) double-

reed and (c) lip-reed instruments. Adapted from (Fletcher, 1979). 

The generator creates a sound wave inside the tube that travels down until it reflects at one end, 

goes back to the other end and starts over again. The longer the instrument bore is, the longer it 

takes for the sound wave to repeat each cycle and, therefore, the lower the frequency of the sound. 

In this way, the lowest note of a wind instrument is played when all the holes or keyholes (if 

present) are covered. Musicians control the resonator by utilising their hands or fingers: trombone 

players can move a slide with the right hand for modifying the length of the bore; trumpetists, 

hornists and other brass players can add lengths in discrete steps by using valves; woodwind 

players can close or open up to a few dozen holes in the side of the pipe. When covering all the 

holes of the tube and then successively opening them one by one (from the bottom to the top) the 

pitch of the sound wave increases giving a chromatic scale. Additionally, it is not always required 

to modify the effective length of the bore of an instrument for playing different pitches, but more 

than one note can be usually played with the same fingering by changing the acoustic pressure or 

velocity applied by the generator (Wolfe, 2019a, 2019b).  

Please, note the above explanation of sound generation in wind instruments is a very simplified 

and brief version. A further description is beyond the scope of this study. See Nederveen and 
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Kosten (1998), Wolfe (2018) and Moore (2016), Wolfe (2019a) for a detailed mathematical 

explication of sound generation in woodwind and brass instruments, respectively.  

In Table 4.3 a selection of some of the most commonly played wind instruments is displayed. As 

can be noticed, instruments present a large variety of different shapes and valves, slides and holes 

configurations. According to their geometry and vibratory length, each instrument has a 

theoretical pitch register and playing range. Nevertheless, it is important to take into account the 

role of musicians in such range since, depending on their playing abilities, different high and low 

pitch extremes will be reached (Sherrill, 2017).   

Pictures of examples of different aerophones are shown in Table 4.3 along with their written 

playing range represented both in a stave and in scientific pitch notation (in standard tuning). 

Moreover, the sounding range has been also specified for transposing instruments, whose pitch is 

notated transpositionally with respect to C4. The clarinet in Bb is an example of a transposing 

instrument. When playing a written C, the clarinet generates a Bb (i.e. a note sounding a whole 

step lower than C). Similarly, a written C sounds seven semitones lower (equivalent to an F) when 

playing a Horn tuned in F. Some instruments transpose 12 semitones, such as the piccolo, meaning 

the sounding pitch C is maintained, but played an octave higher or lower.  
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Table 4.3. Pictures of wind instruments along with written and sounding playing ranges. Pictures adapted from (YamahaCoorporation, 2006; Sherrill, 2017) 

Instrument name Picture 
Written playing range in 

stave 

Written playing range 

in scientific pitch 

notation 

Sounding range for transposing 

instruments 

WOODWIND INSTRUMENTS 

Piccolo  

 

D4-C7 
C: 12 s ↑ 

Db: 14 s ↑ 

Flute  

 

C4-D7  

Oboe 

 

 

Bb3-A6  
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Bassoon 

 

 

Bb1-Eb5  

Clarinet  

 

 

E3-C7 

Bb: 2 s ↓ 

A: 3 s ↓ 

D: 2 s ↑ 

Eb: 3 s ↑ 
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Saxophone 

 

 

Bb3-G6 

Bb soprano: 2 s ↓ 

Eb alto: 9 s ↓ 

Bb tenor: 14 s ↓ 

Eb baritone: 21 s ↓ 

Bb bass: 26 s ↓ 

BRASS INSTRUMENTS 

Horn 

 

 

F#2-C6 F: 7 s ↓ 

Trumpet 

  

F#3-D6 

Bb: 2 s ↓ 

A: 3 s ↓ 

G: 7 s ↑ 

F: 5 s ↑ 

E: 4 s ↑ 

Eb: 3 s ↑ 

D: 2 s ↑ 
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Bass trombone 

 
 

Bb1-Bb4  

Tuba 

 

 

D1-F4  

Abbreviations: ↓ - lower; ↑ - higher; s - semitone 



67 

 

Written playing ranges of wind instruments shown in Table 4.3 were converted into sounding 

ranges according to instruments’ pitch transpositions (when applicable), by raising or lowering 

the convenient semitones. Moreover, the mid-range pitch was assessed for each case by 

calculating the note in between both extremes. The frequency of all notes was also obtained by, 

firstly, assessing the MIDI number (using Equation (4.12)) and, secondly, applying Equation 

(4.13). Both note names and frequencies are detailed in Table 4.4. Note again that shown notes 

are approximations and strongly depend on both the instrument manufacturing and musician’s 

skills for performance. As can be noticed, while the highest extreme of the tuba is around 350 Hz, 

the piccolo (with half the size of a standard flute) plays the highest notes of all the wind 

instruments (OregonSymphony, 2019), allowing the generation of sounds of more than 4500 Hz. 

Instruments such as the trumpet show very different extreme notes depending on the pitch at 

which they are tuned. 

Table 4.4. Sounding playing ranges of wind instruments from Table 4.3, specifying both extremes and 

mid pitches in scientific pitch notation (above) and frequency in Hz (below).  

INSTRUMENTS 
Pitch of transposing 

instruments 
Extreme Low Middle Extreme High 

WOODWIND INSTRUMENTS 

Piccolo 

 

C 
D5 

587.33 

G6 

1568.0 

C8 

4186.0 

Db 
E5 

659.26 

A6 

1760.0 

D8 

4698.6 

Flute 

 
- 

C4 

261.63 

G5 

783.99 

D7 

2349.3 

Oboe 

 
- 

Bb3 

233.1 

D#5 

622.3 

A6 

1760.0 

Bassoon - 
Bb1 

58.3 

F#3 

185.0 

Eb5 

622.3 

Clarinet 

Bb 
D3 

146.8 

C5 

523.3 

A#6 

1864.7 

A 
C#3 

138.6 

B4 

493.9 

A6 

1760.0 

D 
F#3 

185.0 

E5 

659.3 

D7 

2349.3 

Eb 
G3 

196.0 

F5 

698.5 

D#7 

2489.0 

Saxophone 

Bb soprano 
G#3 

207.7 

C5 

523.3 

F6 

1396.9 

Eb alto 
C#3 

138.6 

F4 

349.2 

A#5 

932.3 

Bb tenor 
G#2 

103.8 

C4 

261.6 

F5 

698.5 

Eb baritone 
B1 

61.7 

D#3 

155.6 

G#4 

415.3 

Bb bass 
F#1 

46.2 

B2 

123.5 

F4 

349.2 
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BRASS INSTRUMENTS 

Horn (in F) F 
B1 

61.7 

G#3 

207.7 

F5 

698.5 

Trumpet 

Bb 
E3 

164.8 

G#4 

415.3 

C6 

1046.5 

A 
D#3 

155.7 

G4 

392.0 

B5 

987.8 

G 
C#4 

277.2 

F5 

698.5 

A6 

1760.0 

F 
B3 

246.9 

D#5 

622.3 

G6 

1568.0 

E 
A#3 

233.1 

D5 

587.3 

F#6 

1480.0 

Eb 
A3 

220.0 

C#5 

554.4 

F6 

1396.9 

D 
G#3 

207.7 

C5 

523.3 

E6 

1318.5 

Bass trombone - 
A#1 

58.3 

E3 

164.8 

A#4 

466.2 

Tuba - 
D1 

36.70 

A2 

110.0 

F4 

349.2 

 Development and Validation of Software for Acoustic Analysis 

Signal processing was developed to analyse acoustic signals generated by musicians with and 

without Musician’s Dystonia. Furthermore, synthesised data reproducing characteristics of real 

notes played by wind musicians were created to reproduce properties of the features of interest 

while having control over the data. The analysis software was tested with the synthesised data for 

validation assessment prior to its implementation with data acquired from musicians. 

The developed signal processing software represents a framework for specific feature extraction 

and was employed to the different studies described in this thesis. The feature extraction 

framework is illustrated in Figure 4.16. 
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Figure 4.16. Flow diagram representing the stages followed for developing software 

for acoustic signals quantification.  

 Meeting Literature Requirements for Synthesised Data and Analysis 

Software Development 

Current literature findings stablished the requirements for generating the synthesised data and the 

analysis software. The following section describes these requirements.  

 Synthesised Data Requirements 

Signal Typology 

As explained in the previous section, acoustic signals can be characterised by means of sinusoidal 

analysis. However, typical acoustic signals generated by musicians are not fully described by a 

unique pure tone but show oscillations in both peak-to-peak amplitude (A0) and fundamental 

frequency (F0), which reflect the individual personality in musicians when playing their 

instruments. For this reason, synthesised data consisted of pure sinusoids whose A0 and F0 were 

modified aiming to generate amplitude and frequency perturbations.  

Frequency Range 

As previously discussed in the Literature Review Section Acoustic Signals Quantification, Morris 

et al. (2018) quantified acoustic signals produced by brass playing musicians with and without 

ED. The sustained notes that musicians were asked to play consisted of tones encompassing the 

playing range of their instruments. All the musicians in Morris et al. (2018) were brass players. 

Nevertheless, woodwind musicians were as well considered in the studies described in this thesis. 

Therefore, synthesised notes covered the range of frequencies that can be played both with brass 

and woodwind instruments (Table 4.4). Due to this, the F0 of the synthesised data ranged from 

35 to 4700 Hz. 
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Duration 

Sustained notes in Morris et al. (2018) were played for a maximum duration and played at soft, 

moderate and loud volumes. The maximum duration of a sustained note strongly depended on the 

instrument typology. Stauffer (1968) studied the performance of 63 highly experienced 

professional wind players (all male, with mean group age of 26.5 years, ranging from 18 to 55 

years). They measured the longest duration of time that musicians were able to sustain a tone. 

Results for sustaining loud notes at the lowest register (a really demanding exercise) are shown 

in Table 4.5. It can be observed that playing low-pitch brass instruments requires greater breath 

compared to woodwind instruments. Nevertheless, in the latter group, there is also a considerable 

difference in notes’ duration between the reed instruments and the flute (due to its inefficient 

method of generating sound). Therefore, due to an average duration of sustained notes played 

with wind instruments, the duration of the synthesised signals was chosen as 10 seconds.   

Table 4.5. Maximum time that wind musicians could sustain loud notes in the lowest register 

according to instrument typologies. Adapted from (Stauffer, 1968). 

Wind instrument Maximum time musicians could sustain loud tones in lowest register (s) 

Oboe 30 

Clarinet 24 

Flute 12 

Trumpet 8 

Trombone 4 

Tuba (BBb) 3 

Amplitude and Frequency Perturbations 

To synthesise signals that reproduce A0 and F0 perturbations it is necessary to know the deviation 

of the variables (i.e. A0, F0) and the frequency at which such deviations occur along the tones. 

Such parameters are below defined based on the literature.  

Amplitude Perturbations 

For acoustic signal quantification purposes, Morris et al. (2018) assessed F0 and A0 time-varying 

signals (also referred as contours or profiles) of recorded sustained notes using time-domain 

analysis. A peak-picking method by period was employed to estimate the instantaneous period of 

the fundamental frequency (T0) of all cycles contained in the signals. Then, for each estimated 

T0, instantaneous F0 and peak-to-peak amplitude (A0) were calculated. Among different 

extracted features, the authors captured frequency and amplitude perturbations of sustained notes 

by calculating jitter and shimmer measures, respectively. 
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Shimmer refers to A0 fluctuations across a signal’s consecutive periods or epochs. It can be 

assessed as Mean Absolute Shimmer (MAS) which corresponds to the mean of all the extracted 

A0s across the signal (i.e. A0-contour or A0-profile) (Equation (4.15)).  

 

𝑀𝐴𝑆 =  
∑ |𝐴0𝑖 − 𝐴0𝑖+1|𝑛

𝑖

𝑛 − 1
 (4.15)    

where 𝑛 corresponds to the total number of frames considered in the analysis. 

Relative shimmer is obtained by dividing MAS by the mean of all A0s extracted from the signal 

(𝐴0̅̅̅̅ ), as in Equation (4.16),   

 

𝑆ℎ𝑖𝑚𝑚𝑒𝑟 (%) =  
𝑀𝐴𝑆

𝐴0̅̅̅̅
· 100 (4.16)  

where 𝐴0̅̅̅̅  is computed as: 

 

𝐴0̅̅̅̅ =
1

𝑛
∑ 𝐴0𝑖

𝑛

𝑖
 (4.17)  

Morris et al. (2018) revealed the shimmer distribution for the two populations under study as 

displayed in Figure 4.17. With a mean 3.60% (SD = 1.73%) and median of 3.0% for the ED 

population, shimmer was 50% superior compared to the healthy group (mean 1.97% (SD = 

0.59%), median = 2.0%).  

Additionally, as can be noticed in Figure 4.17, relative shimmer approximately ranged from 1 to 

7% for ED and healthy brass musicians.  

 

Figure 4.17. Results of shimmer for both healthy and ED populations. Adapted from 

Morris et al. (2018).  

Relative shimmer was 50% superior for ED musicians (median = 3.0%) compared to 

control group (median = 2.0%), p<0.05. Error bars represent the 95% confidence 

interval.  



72 

 

By normalising signals to their maximum amplitude (i.e. peak 𝐴0̅̅̅̅ = 1) and taking into account 

the literature values of shimmer in brass musicians (i.e. 1-7%), the amplitude deviation in 

amplitude units (i.e. MAS) can be obtained as 0.01-0.07 au. Therefore, such range delineates the 

magnitude of the A0 deviation that should be applied to pure tones in order to synthesise audio 

signals similar to those produced by brass instrumentalists (with and without ED). 

Morris et al. (2018) also analysed whether tremor was present in sustained notes produced by 

both populations. For this purpose, the extracted A0 contour of all sustained notes longer than 6 

seconds was concatenated. Subsequently, spectral analysis in the range of 3 to 20 Hz was 

performed on the resulting concatenation. The Fast Fourier Transform (FFT) obtained from one 

musician control and one ED musician are shown in Figure 4.18. Control subjects showed no 

tremor. On the contrary, results revealed a 5 to 8 Hz dystonic tremor for the case of ED musicians. 

Nevertheless, while only one of the ED participants had regular tremor, the other subjects 

presented it intermittently within and between notes. 

A B 

  

Figure 4.18. FFT of A0 contour of control (A) and ED (B) musicians adapted from 

Morris et al. (2018), showing dominant tremor frequency between 5 and 8 Hz for the 

latter. 

Frequency Perturbations 

Morris et al. (2018) assessed jitter as a measure of acoustic instability of sustained notes. Jitter 

relates to F0 fluctuations across successive periods or frames and, similarly to shimmer, can be 

expressed as Mean Absolute Jitter (MAJ) (Equation (4.18)),  

 

𝑀𝐴𝐽 =  
∑ |𝐹0𝑖 − 𝐹0𝑖+1|𝑛

𝑖

𝑛 − 1
  (4.18)  

and as relative jitter (Equation (4.19)), 
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𝐽𝑖𝑡𝑡𝑒𝑟 (%) =  
𝑀𝐴𝐽

𝐹0̅̅̅̅
· 100  (4.19)  

where 𝐹0̅̅̅̅  is the mean of the F0 contour, defined by Equation (4.20). 

 

𝐹0̅̅̅̅ =
1

𝑛
∑ 𝐴0𝑖

𝑛

𝑖
 (4.20)  

Results from the mentioned study (shown in Figure 4.19) revealed a mean (SD) and median of 

F0 equal to 0.9 (0.6) % and 0.6% for ED musicians, and 0.5 (0.1) % and 0.4% for healthy controls. 

Jitter was different between populations but was not significantly different, contrary to shimmer 

results. Also, as can be noticed in Figure 4.19, relative jitter approximately ranged from 0.2 to 

2.1% among musicians of both groups.  

 

Figure 4.19. Measures of jitter for both healthy and ED populations. Adapted from 

Morrist et al. (2018).  

Relative jitter resulted superior for ED musicians (median = 0.6%) compared to control 

group (median = 0.4%), but no significant difference. Error bars represent the 95% 

confidence interval.  

By applying Equation (4.19), such jitter range (i.e. 0.2 – 2.1%) can be converted into Hz (i.e. 

MAJ) according to the fundamental frequency of the signal under study. Thus, for each 

synthesised note, the MAJ was assessed and employed as the F0 deviation in order to reproduce 

a note played by a wind musician. 

Another study previously assessed the F0 variability in sustained notes played by ED and healthy 

brass musicians (Lee et al., 2014). The F0 profile of the note audio signal was obtained by 

employing Tandem-Straight, a speech analysis tool that estimates F0 by adaptive spectral 

smoothing and cepstral liftering based on the sampling theory (Kawahara and Morise, 2011). The 

standard deviation was then calculated over a sliding window of 60 ms across the F0 contour. A 

greater variability of F0 was revealed for ED musicians compared with healthy controls in all 



74 

 

pitch registers. Furthermore, while frequency spectrum of patients showed peaks between 5 and 

25 Hz, no peaks were present in healthy subjects. Representative F0 signals of sustained notes 

played at the high pitch register are shown in Figure 4.20, both in time and frequency domains. 

 

Figure 4.20. F0 signals of sustained notes played at the high pitch register. Adapted 

from Lee et al. (2014). 

Patients’ (green) and controls’ (blue) representative time- (left) and frequency- (right) 

domain F0 signals. F0 fluctuations were higher in patients, with peak frequencies 

betweeen 5-25 Hz. 

 Software Requirements: A Trade-off Between Time and Frequency Resolutions   

As further explained later in Section 4.3.3.2 Frequency Perturbation Measures the Fourier 

Transform is the basis of the analysis software developed here to assess the F0 contour of musical 

notes. The mathematical implementation divides sustained notes into frames that are individually 

analysed. From each frame, the Power Spectral Density (PSD) is estimated via the Discrete 

Fourier Transform (DFT), so that the distribution of power for each frequency component present 

in the frame is obtained. The fundamental frequency of the frame is then calculated from the PSD 

spectrum via peak-detection. This process is performed for all the frames, leading to the 

assessment of the F0 profile of the whole note. 

As for the frequency resolution ∆𝑓 of the Fourier transform, and hence the PSD spectrum, it can 

be defined as the inverse of the sampling period (Equation (4.21)),   

 

∆𝑓 =
1

𝑇
 (4.21)  

Where 𝑇 is equal to the sampling interval ∆𝑡 multiplied by the total number of sampled points 𝑁 

(𝑇 = 𝑁∆𝑡). Furthermore, 𝑇 can be expressed as a function of 𝑁 and the sampling frequency 𝑓
𝑠
 

as 𝑇 =
𝑁

𝑓𝑠
. Therefore, if substituting the latter relationship in Equation (4.21), ∆𝑓 can be also 

expressed as Equation (4.22). 
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∆𝑓 =
𝑓𝑠

𝑁
 (4.22)  

Nevertheless, while increasing 𝑓𝑠 leads to a higher frequency range of the spectrum, the frequency 

resolution remains as defined per the sampling period 𝑇. Therefore, the longer the frame for 

analysing sustained notes, the lower the temporal and the higher the frequency resolutions of the 

assessed F0 profile.  

On the other hand, when considering the software application requirements (analysing audio 

signals whose F0 may be within 35 – 4700 Hz) a main limitation of the Fourier transform becomes 

apparent: while music is perceived logarithmically (4.2.2 Multiplicative and Additive Measures 

of Pitch Difference Between Notes.), frequency bins of the FFT spectrum are linear. For instance, 

a frequency bin ∆𝑓 = 65.5 Hz may represent an “octave resolution” for the case of frequencies 

contained between C2 and C3. At the same time, such frequency bin solely means a “semitone 

resolution” between the higher-pitch notes C#6 and D6.   

In addition, the same limitation emerges when intending to detect fluctuations of F0 across low-

pitch notes. As previously mentioned, the relative jitter found in notes played by wind musicians 

may vary among 0.2% and 2.1% (considering both ED and healthy subjects’ results). For both 

extremes of the aforementioned range, the corresponding MAJ was calculated for the frequency 

playing spectrum of wind instruments (i.e. 35 – 4700 Hz) by applying Equation (4.19). MAJ 

representations for jitter equal to 0.2% and 2.1% are shown in Figure 4.21.A and Figure 4.21.B, 

respectively. As can be observed, both cases reveal a great difference of MAJ between the lowest 

and the highest pitched notes. For the case of a 0.2% jitter, assessed curves show an average 

frame-to-frame F0 deviation of 0.07 Hz and 9.4 Hz for notes with 𝐹0̅̅ ̅ equal to 35 Hz and 4700 

Hz, respectively. As for notes with a 2.1% jitter, the MAJ is 0.74 Hz and 98.7 Hz for the same 

exemplifying tones, respectively. 

Moreover, the sampling period (𝑇) required for computing the DFT with sufficient resolution to 

detect such F0 deviations was obtained as 1/MAJ, and plotted for each jitter case: 0.2% (Figure 

4.21.C), 2.1% (Figure 4.21.D).  
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Figure 4.21. MAJ of notes (𝑭𝟎̅̅ ̅̅  = 35-4700 Hz), which present a relative jitter of 0.2% 

(A) and 2.1% (B). Sampling period T (1/MAJ) required for detecting F0 fluacutations 

of notes whose relative jitter is 0.2% (C) and 2.1% (D).   

From the 𝑇 curve of Figure 4.21.C, the following can be interpreted: to detect a 0.2% of jitter in 

notes with 𝐹0̅̅̅̅  = 35 Hz, a sampling period of approximately 14 seconds is required. Computing 

the Fourier Transform with a frame of such duration would allow a very precise estimation of the 

F0 for a given window (∆𝑓 = 0.07 Hz). Nevertheless, a 14-second frame is not practical for 

sustained notes played by wind instrument musicians.  
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Figure 4.22. Zoom-in of Figure 4.21.C, showing T for low frequencies. 

Red point highlights the sampling period required for detecting F0 fluctuations in a 35 

Hz tone (i.e. 14 seconds). Note the x axis is showing 25-100 Hz in this plot, while the 

frequency range shown in Figure 4.21 is 35 – 4700 Hz.  

Focusing on higher frequencies in the same curve (Figure 4.21.C), a reduction of 𝑇 can be 

observed. In fact, detecting a 0.2% jitter requires a DFT sampling period of less than 1 second for 

those notes whose 𝐹0̅̅̅̅  is greater than 250 Hz.   

With regard to notes with a jitter equal to 2.1%, as their F0 oscillations are considerably greater 

(Figure 4.21.B), a much shorter frame is required (Figure 4.21.C). Concretely, a 𝑇 of 

approximately 1.4 seconds would provide sufficient DFT resolution for any note with a 

fundamental frequency within the range 35 – 4700 Hz. 

In summary, selecting the length of the DFT-frame for extracting the F0 contour of sustained 

notes is the result of a trade-off between time and frequency resolutions aimed to be detected. The 

greater the accuracy of the F0 profile is in one domain, the lower in the other domain.  

 Synthesised Audio Data 

In order to test and validate the developed software, several audio signals were artificially 

synthesised. In this section, the procedure for synthesising notes is explained, along with a 

description of the generated datasets.   

 Generation of Amplitude and Frequency Perturbations 

Amplitude Modulation 

The implemented method for generating signals with varying peak-to-peak amplitude A0 was 

amplitude modulation (AM). In AM the amplitude of a carrier signal 𝑐(𝑡) is modulated by an 
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information-bearing signal 𝑥(𝑡), referred to as the modulating signal. In this way, an amplitude 

modulated signal 𝑦𝐴𝑀(𝑡) is generated by multiplying the former signals (Equation (4.23)), as 

described in Figure 4.23 (Oppenheim et al., 1983; Smith, 2007). 

 

𝑦𝐴𝑀(𝑡) = 𝑥𝐴𝑀(𝑡) · 𝑐(𝑡) (4.23)  

 

Figure 4.23. Diagram of amplitude modulation. Adapted from Oppenheim et al. 

(1983). 

When it comes to musical notes, pure tones can be understood as those notes that musicians would 

ideally play if assuming a perfect control of volume. Nevertheless, as previously mentioned, the 

amplitude of notes produced by wind instrumentalists tends to fluctuate in real life. In this way, 

pure tones corresponded to the carrier 𝑐(𝑡) in the AM process. And, in order to induce such 

fluctuations in 𝑐(𝑡), a sinusoidal modulating signal 𝑥𝐴𝑀(𝑡) was used, which can be defined by 

Equation (4.24), 

 

𝑥𝐴𝑀(𝑡) = 1 + 𝑚𝐴𝑀 · 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚) (4.24)  

where 𝑓𝑚 is the fundamental frequency, 𝑚 the phase and 𝑚𝐴𝑀 is the modulation index (Smith, 

2007). 𝑚𝐴𝑀 is described by Equation (4.25) as   

 

𝑚𝐴𝑀 =
𝑦𝐴𝑀(𝑡)𝑚𝑎𝑥 − 𝐴0

𝐴0
 (4.25)  

where 𝐴0 and 𝑦(𝑡)𝑚𝑎𝑥 are the peak amplitude of the carrier 𝑐(𝑡) and the maximum peak 

amplitude of 𝑦(𝑡)𝑚𝑎𝑥, respectively.  

Therefore, by means of its period (1/𝑓𝑚) and its modulation index 𝑚𝐴𝑀, 𝑥𝐴𝑀(𝑡) explains both 

how frequently the volume of the note being played oscillates and the duration of such 

oscillations, respectively.   

By substituting Equation (4.7) and Equation (4.24) in Equation (4.23), the final expression for 

assessing 𝑦𝐴𝑀(𝑡) can be rewritten as Equation (4.26):  
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𝑦𝐴𝑀(𝑡) = [1 + 𝑚𝐴𝑀 · 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚)] · 𝐴0 · sin (2𝜋𝐹0𝑡 + ) (4.26)  

As for the representation of 𝑦𝐴𝑀(𝑡) in the frequency domain, an illustration can be observed in 

Figure 4.24. The spectrum contains the sinusoidal component of the unmodulated carrier (i.e. the 

spectrum presents a peak at F0) alongside two side bands at 𝐹0 ±  𝑓𝑚. Both lower and upper 

bands components present equal amplitudes in the spectrum, which are proportional to the carrier 

amplitude as 
𝑚𝐴𝑀

2
𝐴0 .    

 

 

Figure 4.24. Frequency spectrum of 𝒚𝑨𝑴(𝒕) 

As an example, Equation (4.26) was applied for modulating the amplitude of a sinusoid by means 

of another sinusoid. As can be seen in Figure 4.25, the resulting modulated signal oscillates at the 

same frequency as the carrier (100 Hz) and its amplitude profile fluctuates at a lower frequency 

(15 Hz), following the oscillations of the modulating signal. Moreover, in this case, the 

modulation index of 𝑥𝐴𝑀(𝑡) is equal to 0.2, leading the amplitude of the resulting modulated 

signal 𝑦𝐴𝑀(𝑡) to range from 1.2 to -1.2 au. 
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Figure 4.25. Amplitdue modulation representation. 

Amplitude modulated signal (C), resulting from the product of a sinusoid carrier with 

F0 = 100 Hz (A) and a sinusoid modulating signal with fm = 15 Hz, 𝑚𝐴𝑀 = 0.2 (B). 

The representation of 𝑦𝐴𝑀(𝑡) in the frequency domain was obtained by computing the Fast 

Fourier Transform of the signal, as shown in Figure 4.26. A dominant frequency component can 

be observed at 100 Hz, which corresponds to the fundamental frequency of the original 

unmodulated signal (i.e. the carrier). The two side bands resulting from the amplitude modulation 

are found at 100 ± 15 Hz (indicated with red arrows) as a result of the employed 𝑓𝑚 (15 Hz). As 

expected, the amplitude of the side components is considerably lower than that of F0’s, due to the 

reduced modulation index utilised.  
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Figure 4.26. Frequency spectrum of the amplitude modulated signal shown in Figure 

4.25.C.  

A main frequency component appears at 100 Hz, which corresponds to the fundamental 

frequency of the original unmodulated signal (i.e. the carrier). The two side bands 

resulting from the amplitude modulation are found at 100 ± 15 Hz (indicated with red 

arrows) as a result of the employed 𝑓𝑚 (15 Hz).     

Frequency Modulation 

Frequency modulation (FM) was the method utilised for synthesising signals with fluctuating 

frequency. Similar to AM, FM is based on modifying a carrier wave by means of a modulating 

signal, so that the rate at which the former wave changes is the frequency of the latter. 

Nevertheless, in this case, it is not the amplitude of the carrier what is being modulated but the 

fundamental frequency F0. Equation (4.27) describes the expression of a FM modulated signal 

for the case of a sinusoid carrier wave (with peak amplitude 𝐴0, fundamental frequency 𝐹0 and 

phase ) being modified by a modulating signal 𝑥𝐹𝑀(𝑡) (Oppenheim et al., 1983; Smith, 2007).  

 

𝑦𝐹𝑀(𝑡) = 𝐴0 · sin (2𝜋𝐹0𝑡 +  + 𝑥𝐹𝑀(𝑡)) (4.27)  

A sinusoid has been chosen as the modulating signal 𝑥𝐹𝑀(𝑡) (Equation (4.28)) for creating pitch 

fluctuations similar to those produced by wind musicians. Therefore, the period (1/𝑓𝑚) and the 

modulation index 𝑚𝐹𝑀 of the modulating wave define F0’s oscillation rate of the note being 

played and the duration of the oscillations, respectively.     

 

𝑥𝐹𝑀(𝑡) = 𝑚𝐹𝑀 · 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚) (4.28) 

where 𝑚𝐹𝑀 can be defined as: 
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𝑚𝐹𝑀 =
𝐹0𝑚𝑎𝑥 − 𝐹0

𝑓𝑚
=

𝛥𝐹0

𝑓𝑚
 (4.29) 

where 𝐹0𝑚𝑎𝑥 corresponds to the maximum frequency reached by the frequency modulated signal, 

and 𝛥𝐹0 the maximum frequency deviation of 𝑦𝐹𝑀(𝑡) with respect to the carrier’s F0.  

Hence, by substituting Equation (4.28) in Equation (4.27), the formula to frequency modulate a 

sinusoid by another sinusoid can be written as Equation (4.30). 

 

𝑦𝐹𝑀(𝑡) = 𝐴0 · sin (2𝜋𝐹0𝑡 +  + 𝑚𝐹𝑀 · 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚) ) (4.30) 

The frequency bandwidth of 𝑦𝐹𝑀(𝑡) can be described in accordance to Carson’s rule, which states 

that 98% of the power of the signal is contained within 𝐹0 ±  2𝑓𝑚(𝑚𝐹𝑀 + 1). While assessing 

the two sidebands in the frequency spectrum of amplitude modulated signals is straightforward 

(as described in the previous section), such process is more complex for frequency modulated 

signals. In fact, sidebands in FM signals depend on both 𝑚𝐹𝑀 and 𝑓𝑚. The number of sidebands 

present in the spectrum is infinite. Nevertheless, if considering only those sidebands found in 

Carson’s bandwidth, the spectrum is reduced to a few significant bands (Leon W. Couch II, 2013). 

Figure 4.27 shows the effect of increasing 𝑚𝐹𝑀 in a representative 𝑦𝐹𝑀(𝑡) with a given 𝑓𝑚. As 

can be observed, the greater the 𝑚𝐹𝑀, the more expanded the spectrum. As for the location of the 

sidebands, they are separated from the carrier component by integer multiples of 𝑓𝑚 (i.e. 𝐹0 ±

 𝑓𝑚, ± 2𝑓𝑚, ± 3𝑓𝑚, … ).  

 

Figure 4.27. Frequency spectrum of a representative 𝒚𝑭𝑴(𝒕) (with a given 𝒇𝒎) for 

different cases of 𝒎𝑭𝑴 .Adapted from (ElProCus - Electronic Projects for Engineering 

Students, 2019). 
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An example of a sinusoid frequency modulated with another sinusoid is shown in Figure 4.28. In 

this case, a carrier oscillating at 𝐹0 = 50 𝐻𝑧 (Figure 4.28.A) is modulated by 𝑥𝐹𝑀(𝑡) (Figure 

4.28.B), with 𝑓𝑚 = 5 𝐻𝑧 and 𝛥𝐹0 = 25 Hz, which lead to a modulation index equal to 5. 

Therefore, the resulting frequency of 𝑦𝐹𝑀(𝑡) (Figure 4.28.C) oscillates between 25 and 75 Hz, 

with an average frequency 𝐹0̅̅ ̅̅  of 50 Hz.     

 

Figure 4.28. Frequency modulation representation. 

Frequency modulated signal (C), resulting from a sinusoid carrier with F0 = 50 Hz (A) 

and a sinusoid modulating signal with fm = 5 Hz, 𝛥𝐹0 = 25 𝐻𝑧 (B). 

By computing the Fast Fourier Transform of 𝑦𝐹𝑀(𝑡), the magnitude of the frequency-domain 

signal shown in Figure 4.28.C was obtained (Figure 4.29). As expected, the frequency spectrum 

of 𝑦𝐹𝑀(𝑡) is more complex than that of an amplitude modulated signal. Moreover, in accordance 

with Carson’s rule (i.e. 𝐹0 ± 2𝑓𝑚(𝑚𝐹𝑀 + 1)), the significant sidebands of the carrier’s F0 are 

contained within 50 ±  60 𝐻𝑧, and are located apart from F0 at integer multiples of 5 Hz (i.e. 𝑓𝑚).  
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Figure 4.29. Frequency spectrum of the frequency modulated signal shown in Figure 

4.28.C. 

The significant sidebands of the carrier’s F0 are contained within 50 ±  60 𝐻𝑧, and are 

located apart from F0 at integer multiples of 5 Hz (i.e. 𝑓𝑚).  

 Synthesised Datasets 

A database of 5000 tones oscillating at frequencies within 35 – 4700 Hz was generated. The 

generated tones consisted of 10-seconds sinusoids, without overtones but presenting certain A0 

and F0 fluctuations. For simplicity, synthesised notes did not recreate the timbre of instruments. 

Moreover, since different sound intensity levels can be generated depending on the wind 

instrument under analysis, amplitude of all signals was considered as normalised and defined to 

oscillate within [-1,1]. For convenience, the phase of the signals was set to 0 rad and, as for the 

chosen frequency at which signals were sampled (𝑓𝑠), it was 44.1 kHz, a common value in digital 

audio. 

Depending on the amplitude and frequency perturbations that synthesised signals presented, the 

following datasets (further described in the sections below) were generated:  

- Dataset Non-Modulated Signals (NMS): sinusoids with constant amplitude and 

fundamental frequency. 

- Dataset Amplitude Modulated Signals (AMS): sinusoids with fluctuating amplitude and 

constant fundamental frequency. This dataset was divided in two subsets according to the 

parameter varying across signals: 

o Subset AMSa: F0 

o Subset AMSb: 𝑚𝐴𝑀 

- Dataset Frequency Modulated Signals (FMS): sinusoids with constant amplitude and 

fluctuating fundamental frequency. Two subsets were distinguished as a function of the 

variable changing across tones:  
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o Subset FMSa: F0 

o Subset FMSb: 𝛥𝐹0% 

Dataset NMS – Non-Modulated Signals 

The dataset NMS represents sustained notes perfectly stable in both pitch and volume. 

Specifically, 1000 signals with both constant amplitude A0 and fundamental frequency F0 were 

generated by applying Equation (4.7). In order to cover the whole playing spectrum of wind 

instruments shown in Table 4.4, the frequency ranges from 35 to 4700 Hz in evenly spaced 

frequency steps. As previously mentioned, amplitude was considered as normalised, oscillating 

between [-1, 1] amplitude units (au), and each note has a duration of 10 seconds. A summary of 

the parameters composing the dataset NMS is shown in Table 4.6. 

Table 4.6. Summary of the dataset NMS 

Dataset NMS 

Applied equation 𝑦(𝑡) = 𝐴0 · 𝑠𝑖𝑛 (2𝜋𝐹0𝑡 + ) 

Number of generated notes 1000 

Sampling frequency 44.1 kHz 

Duration of note 10 seconds 

A0 1 au 

F0 [35, 4700] Hz 

 0 rad 

Dataset AMS - Amplitude Modulated Signals 

As further described below (see Section 4.3.3 Software for Acoustic Signal Quantification), the 

developed analysis software performs an acoustic quantification of audio signals by feature 

extraction. The purpose of generating the dataset AMS was to assist in the development of the 

software framework, to ensure the amplitude-based features were extracted adequately. After 

defining the deviation of A0 and the rate at which that phenomenon occurred, the dataset AMS 

was generated by amplitude modulating the dataset NMS. In this way, signals from the dataset 

NMS corresponded to the carriers of the modulation process.   

To induce an A0 diverting with a similar magnitude as found in the literature (see previous Section 

Amplitude Perturbations), 𝑚𝐴𝑀 ranged between 0.01 and 0.07. Additionally, in order to simulate 

tremor found in sustained notes played by ED wind musicians (see Section Amplitude 

Perturbations), signals from dataset NMS were amplitude modulated following an 𝑓𝑚 equal to 6.5 

Hz (as an intermediate value between 5 and 8 Hz) .   
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The dataset AMS was divided in two sets: 

- Dataset AMSa: This dataset was generated in order to test whether the developed software 

was able to estimate a given A0 deviation regardless of the fundamental frequency of the 

generated signal. For this purpose, tones of the dataset NMS were modulated employing 

a 𝑚𝐴𝑀 equal to 0.04. Signals composing the dataset AMSa are plotted for a duration of 

1.5 seconds in Figure 4.30. As can be noticed, since all the signals have same 𝑚𝐴𝑀 and 

𝑓𝑚, they all share both deviation and varying rate of A0. 

 

Figure 4.30. Plot of 10 signals composing Dataset AMSa 

AM signals with 𝑚𝐴𝑀 = 0.04, 𝑓𝑚 = 6.5 𝐻𝑧  and contastant 𝐹0 ∈ [35, 4700] 𝐻𝑧.  
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- Dataset AMSb: The purpose of this dataset was to assess whether the customised analysis 

software was sufficient to distinguishing different deviations of A0. Thus, 1000 tones 

oscillating at the same frequency (392.0 Hz, the note in the middle of the range 35 and 

4700 Hz) were synthesised with a 𝑚𝐴𝑀 ranging from 0.01 to 0.07 in equal steps. Plots of 

the signals composing this dataset (zoomed-in at the upper amplitude envelope) can be 

visualised in Figure 4.31. Note that, the greater the modulation index, the greater the 

deviation of the amplitude. 

 

Figure 4.31. Plot of signals composing AMSb dataset 

AM signals with 𝑚𝐴𝑀 ∈ [0.01, 0.25], 𝑓𝑚 = 6.5 𝐻𝑧 and contastant 𝐹0 = 392 𝐻𝑧. 
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Finally, a summary of the dataset AMS is presented in Table 4.7. 

Table 4.7. Summary of the dataset AMS 

Dataset AMS 

Applied equation 𝑦𝐴𝑀 = [1 + 𝑚𝐴𝑀 · 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚)] · 𝐴0 · sin (2𝜋𝐹0𝑡 + ) 

Number of generated notes 1000 

Sampling frequency 44.1 kHz 

Duration of note 10 seconds 

Peak A0 1 au 

 0 rad 

𝑓𝑚 6.5 Hz 

𝑚 0 rad 

Subset AMSa 

F0 [35, 4700] Hz 

𝑚𝐴𝑀 0.04 

Subset AMSb 

F0 392.0 Hz 

𝑚𝐴𝑀 [0.01, 0.07] 

Dataset FMS - Frequency Modulated Signals 

The dataset FMS was generated in order to test whether the developed analysis software was able 

to detect F0 fluctuations present in sustained notes played by wind musicians (both with and 

without ED). As mentioned, the methodology implemented for synthesising signals with this 

property was frequency modulation. Concretely, the dataset FMS was generated by applying FM 

to signals of the dataset NMS (i.e. the carriers of the modulation). 

As previously discussed in the previous Section Frequency Perturbations, the typical F0 profile 

of sustained notes produced by wind musicians presented a relative jitter in the range 0.2 – 2.1%. 

In order to generate signals with such deviations, 𝛥𝐹0 was defined to range from 0.002·F0 Hz to 

0.021·F0 Hz, according to the carrier’s fundamental frequency F0. Thus, the maximum deviation 

percentage 𝛥𝐹0% (i.e. 100𝑥𝛥𝐹0/𝐹0) ranged between 0.2% and 2.1%.  

To generate the tremor that may be present in notes played by ED musicians (see Section 

Frequency Perturbations), the 𝑓𝑚 value should fall within 5 – 25 Hz. The drawback associated to 

the Fourier Transform explained previously (which is the basis of the developed software for 

extracting the F0 profile) emerges in this case. For a tremor generated with the lowest frequency 

of the range (i.e. 5 Hz), a sampling frequency greater than 10 Hz would be required to detect it, 

in accordance with the Nyquist-Shannon sampling theorem. Therefore, the DFT window must be 
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shorter than 100 ms, leading to a frequency bin resolution of 10 Hz, which would not allow an 

accurate assessment of F0 deviations in low pitch notes. For this reason, 𝑓𝑚 was set to 2 Hz, thus 

allowing a larger DFT window. The F0 profile assessed therefore has a more accurate resolution. 

The 𝑓𝑚 parameter was not defined for reproducing tremor that may be found in notes played by 

ED musicians. In this case, the aim was to generate audio notes with a given tremor (2 Hz) to test 

that they were successfully detected by the customised analysis software.  

As in the set of the AM synthesised signals, the dataset FMS was divided into two sub-sets: 

- Dataset FMSa: To test if F0 fluctuations were detected by the software regardless the F0 

of the signal. FM signals were generated by modulating the dataset NMS with a relative 

maximum frequency deviation 𝛥𝐹0% equal to 1 %.   

- Dataset FMSb: To test if the software distinguished between different F0 deviations in a 

signal with a given F0. Thus, 1000 tones oscillating at the same frequency (392.0 Hz) 

were synthesised with a 𝛥𝐹0% ranging from 0.2 − 2.1%.  

A summary table of the dataset FMS is shown in Table 4.8. For this case, no plots of the generated 

signals are shown, since it is not possible to visualise any change in the fundamental frequency 

across time. This is due to the fact that the frequency of the signals is much superior than the one 

at which the F0 is fluctuating (i.e. 2 Hz).  

Table 4.8. Summary of the dataset FMS 

Dataset FMS 

Applied equation 𝑦𝐹𝑀(𝑡) = 𝐴0 · sin (2𝜋𝐹0𝑡 +  +
𝛥𝐹0

𝑓𝑚

· 𝑠𝑖𝑛(2𝜋𝑓𝑚𝑡 + 𝑚) ) 

Number of generated notes 1000 

Sampling frequency 44.1 kHz 

Duration of note 10 seconds 

Peak A0 1 au 

 0 rad 

𝑓𝑚 2 Hz 

𝑚 0 rad 

Subset FMSa 

F0 [35, 4700] Hz 

𝛥𝐹0% 0.1% 

Subset FMSb 

F0 392.0 Hz 

𝛥𝐹0% [0.2, 2.1] % 
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 Software for Acoustic Signal Quantification 

This section discusses the analysis software developed for quantifying audio signals produced by 

musicians with and without Musician’s Dystonia.  

The developed program consists of a custom MATLAB code [MATLAB R2019a; MathWorks®]. 

The basis of the software remains, firstly, the assessment of time-varying profiles of the 

fundamental frequency and the amplitude of the audio signal. Secondly, a feature extraction 

process is performed for acoustic quantification. 

See Figure 4.32 for visualising the processes performed by the software framework in the whole 

procedure of Musician’s Dystonia quantification.  

 

Figure 4.32. Diagram of the methodology employed for Musician’s Dystonia 

quantification in the different studies of the thesis.  

Boxes highlited in yellow represent the processess performed by the framework software.  

In accordance to the typology of the variable desired to be calculated (A0 or F0), the software 

extracts the following measures.  

 Amplitude Perturbation Measures 

The first process performed is the extraction of the time-varying A0 signal. As described in the 

diagram of Figure 4.33, the A0 profile is obtained via a frame-by-frame analysis. First, the 

acoustic sample is divided into frames of 𝑓𝑟𝑎𝑚𝑒𝐴0 duration (defined below). For each one of the 

𝑖 frames, the peak-to-peak amplitude 𝐴0𝑖 is computed as the absolute difference between the 

maximum and the minimum value contained within the segment.  
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Figure 4.33. Diagram describing the procedure employed for assessing the A0 profile 

of a sustained note.  

Where frame i = 1 corresponds to the first frame contained in the input audio signal and 

frame i = n refers to the last frame. 

The frame size is defined by the algorithm as 1.5 times the maximum fundamental period T0 

expected to be found in audio signals produced by wind instrumentalists.   

 

𝑓𝑟𝑎𝑚𝑒𝐴0 = 1.5 · (
1

𝐹0𝑚𝑖𝑛
)  𝑠𝑒𝑐𝑜𝑛𝑑𝑠 (4.31) 

In this way, since the lowest F0 found in the playing range of wind instruments corresponds to 35 

Hz (see Section 4.2.3 Wind Instruments), the frame duration was 43 ms (as defined by Equation 

(4.31)).  

Once the A0 contour of the signal is assessed, the next step is feature extraction. The chosen 

features include measures of acoustic instability, commonly employed in the evaluation of voice 

pathologies (Moran et al., 2006; Brockmann et al., 2011). All the amplitude perturbation 

measures are computed from the time-varying A0 signal (i.e. 𝐴0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒) as detailed in the 

summary Table 4.9.  
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Table 4.9. Amplitude perturbation features 

Feature Symbol Calculation method 

Mean amplitude 𝐴0̅̅̅̅  
1

𝑁
∑ 𝐴0𝑖

𝑁

𝑖
 

Maximum amplitude 𝐴0𝑚𝑎𝑥 max (𝐴0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒) 

Minimum amplitude 𝐴0𝑚𝑖𝑛 min (𝐴0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒) 

Amplitude standard deviation 𝑆𝐷𝐴0 √
∑ (𝐴0𝑖 − 𝐴0̅̅̅̅ )2𝑁

𝑖

𝑁 − 1
 

Mean absolute shimmer MAS 
∑ |𝐴0𝑖 − 𝐴0𝑖+1|𝑁

𝑖

𝑁 − 1
 

Relative shimmer Shimmer % 
𝑀𝐴𝑆

𝐴0̅̅̅̅
· 100% 

 Frequency Perturbation Measures 

The first process to assess pitch perturbation measures is calculating the F0 contour.  

First, an estimate of the value of F0 across the audio samples is obtained. For this purpose, the 

Power Spectral Density (PSD) of the sample is estimated via the Discrete Fourier Transform 

(DFT) (Oppenheim et al., 1983).  

A peak-detection algorithm is utilised to extract the fundamental frequency from the PSD, as 

follows: 

1. Filtering: Frequencies of the PSD located outside the playing range of wind instruments 

(i.e. 35 – 4700 Hz) are removed from the spectrum. 

2. Thresholding: Local maxima of the PSD are detected under two criteria: a minimum peak 

height (i.e. amplitude) threshold, and a minimum inter-peak distance (i.e. frequency) 

threshold.  

a. The amplitude threshold was determined from empirical analysis of actual audio 

files recorded from musicians. Such threshold was defined as the sum of the PSD 

mean (𝑃𝑆𝐷̅̅ ̅̅ ̅̅ ) and standard deviation (𝑆𝐷𝑃𝑆𝐷), i.e. 𝑃𝑆𝐷̅̅ ̅̅ ̅̅ + 𝑆𝐷𝑃𝑆𝐷.  

b. A minimum inter-peak distance was established so that harmonics present in the 

note (i.e. fundamental frequency and successive harmonic partials) were able to 

be detected. The frequency threshold, in this preliminary assessment of the F0, is 

set to 35 Hz, since that is the minimum distance between harmonics for the note 

of lowest-pitch.  
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3. Sorting: Peaks detected by means of thresholding are sorted in ascending order as a 

function of their corresponding frequency. The peak whose frequency is the lowest is set 

as the average fundamental frequency for note 𝐹0𝑛𝑜𝑡𝑒.  

A flow diagram of the process involved in the assessment of 𝐹0𝑛𝑜𝑡𝑒 is shown in Figure 4.34. 

 

Figure 4.34. Flow chart portraying the steps involved in the assessment of 𝑭𝟎𝒏𝒐𝒕𝒆.  

Once 𝐹0𝑛𝑜𝑡𝑒 is obtained, the F0 contour of the note is extracted on a frame-by-frame basis, again, 

via frequency spectrum analysis. Defining a frame size is the result of finding a balance between 

frequency and time resolutions (see Section 4.3.1.2 Software Requirements: A Trade-off Between 

Time and Frequency Resolutions). Taking into account the average length of sustained notes (i.e. 

around 10 seconds), a sampling period of 300 ms provides sufficient duration to assess fluctuation 

across notes. The frequency resolution corresponding to a frame of 300 ms is equal to 3.33 Hz. 
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Zero padding is applied to each frame to reduce ∆𝑓 from 3.33 Hz to 1 Hz, leading to a more 

accurate detection of F0. A frequency resolution of 1 Hz and a frame duration of 300 ms were 

considered appropriate for the acoustic analysis.  

Audio samples of sustained notes are, thus, divided into epochs of 300 ms in duration, with 50% 

overlap between frames to increase temporal resolution. The procedure to extract the fundamental 

frequency 𝐹0𝑖 from each frame 𝑖 is as follows:  

1. Windowing: A Hamming window is applied to the frame to reduce spectral leakage or 

distortion caused from the abrupt discontinuities at the edges of the frames. As a 

consequence, the resulting frame decreases to zero amplitude at the boundaries, implying 

information loss in those regions. Nevertheless, by means of the aforementioned frame-

overlapping, this phenomenon is compensated and data loss in windowed frames is 

retrieved from adjacent epochs.     

2. Zero-padding: The windowed frame (containing 𝑁 sampled points) is zero padded until 

reaching the amount of sampled points 𝑁′ that provides a frequency spectrum resolution 

∆𝑓 of 1 Hz. 𝑁′ is defined as 𝑍𝑝𝑎𝑑 · 𝑁, that is, 𝑁 ·(1- 𝑍𝑝𝑎𝑑) is the number of zeros added at 

the end of the frame. By applying Equation (4.22), the zero-padding factor (𝑍𝑝𝑎𝑑) is 

assessed as:   

- 𝑇 = 300 𝑚𝑠 

- ∆𝑓 = 1 𝐻𝑧 

- 𝑁 = 𝑇 · 𝑓𝑠 

∆𝑓 =
𝑓𝑠

𝑁′
=

𝑓𝑠

𝑍𝑝𝑎𝑑 · 𝑁
→  𝑍𝑝𝑎𝑑 =

𝑓𝑠

∆𝑓 · 𝑁
=

𝑓𝑠

∆𝑓 · 𝑇 · 𝑓𝑠
=

1

∆𝑓 · 𝑇
 ≃ 3.33 

As can be noted, the number of points employed for assessing the DFT (𝑁′) corresponds to 

the value of the sampling frequency:  𝑁′ =  𝑍𝑝𝑎𝑑 · 𝑁 =  
𝑓𝑠

∆𝑓·𝑁
· 𝑁 = 𝑓𝑠. 

3. 𝑃𝑆𝐷𝑖: The frequency spectrum of the frame is assessed computing the PSD via the DFT. 

4. 𝐹0𝑖 detection from 𝑃𝑆𝐷𝑖: A peak-detection algorithm is applied to assess the fundamental 

frequency of the frame. For this purpose, the following procedure is performed:   

4.1. Filtering: Frequency components located outside the range 𝐹0𝑛𝑜𝑡𝑒 ±
1

2
 𝐹0𝑛𝑜𝑡𝑒 are 

removed. In this way, spectrum peaks corresponding to harmonic partials greater than 

the fundamental frequency (located at integer multiples of the F0) are neglected. 

Moreover, a margin of half of an octave is left for 𝐹0𝑖 to deviate with respect to 𝐹0𝑛𝑜𝑡𝑒. 

Empirical analysis of actual audio files recorded from musicians suffering from 



95 

 

Musician’s Dystonia suggested that such deviation is highly unlikely to occur in a 

sustained note.  

4.2. Absolute maxima detection: The fundamental frequency of the frame 𝐹0𝑖  is determined 

by the frequency corresponding to the absolute maxima of the filtered 𝑃𝑆𝐷𝑖.  

A flow diagram of the steps involved in the assessment of the fundamental frequency of each 

analysed frame is shown in Figure 4.35.  

 

Figure 4.35. Diagram describing the steps involved in the assessment of the 

fundamental frequency 𝑭𝟎𝒊 of the frame i.  

After calculating 𝐹0𝑖 for all the frames and assessing the F0 contour (i.e. 𝐹0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒), feature 

extraction is performed. As in the assessment of amplitude perturbations, the chosen parameters 
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are measures that reflect acoustic instability (Moran et al., 2006; Brockmann et al., 2011). A 

description of the extracted pitch perturbation measures is shown in Table 4.10.    

Table 4.10. Fundamental frequency perturbation features 

Feature Symbol Calculation method 

Mean frequency F0̅̅ ̅ 
1

𝑁
∑ 𝐹0𝑖

𝑁

𝑖
 

Maximum frequency 𝐹0𝑚𝑎𝑥  max (F0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒) 

Minimum frequency 𝐹0𝑚𝑖𝑛  min (F0 𝑝𝑟𝑜𝑓𝑖𝑙𝑒) 

Frequency standard deviation 𝑆𝐷𝐹0 √
∑ (𝐹0𝑖 − 𝐹0̅̅̅̅ )2𝑁

𝑖

𝑁 − 1
 

Mean absolute jitter MAJ 
∑ |𝐹0𝑖 − F0𝑖+1|𝑁

𝑖

𝑁 − 1
 

Relative jitter Jitter % 
𝑀𝐴𝐽

F0̅̅ ̅
· 100% 

It is important to be aware of the following when extracting frequency perturbation measures 

from the F0 profile of musical notes: due to the defined PSD frequency resolution (i.e. 1 Hz), the 

minimum MAJ that can be assessed is 1 Hz. Thus, in accordance to Equation (4.19), given a note 

with a mean F0 profile 𝐹0̅̅̅̅ , the minimum relative jitter that the software can detect is  1/𝐹0̅̅̅̅  %. In 

this way, the developed analysis software can resolve a jitter of 2.86% for a note with  𝐹0̅̅̅̅ =

35 𝐻𝑧, whereas a jitter of 0.021% can be assessed if 𝐹0̅̅̅̅ = 4700 𝐻𝑧. If desired, the software can 

be readjusted to detect minor F0 fluctuations. 

 Software Validation with Synthesised Data 

Once the analysis software for acoustic quantification of Musician’s Dystonia was developed, it 

was validated by employing the synthesised acoustic signals.  

 Analysis of Dataset Non-modulated Signals 

Dataset NMS: Amplitude Perturbations Analysis 

As explained in the Section 4.3.3.1 Amplitude Perturbation Measures, the first step for extracting 

features that capture acoustic instability in sustained notes is the assessment of the peak-to-peak 

A0 contour. A representative example of the extracted A0 profiles from the dataset NMS is shown 

in Figure 4.36.A. As can be noted, the contour presents fluctuations across time, which is due to 

both the sampling frequency employed for synthesizing signals and the performed frame-by-

frame analysis. Nevertheless, the order of magnitude of such A0 deviations is lower than -6 au. 
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Then, taking into account the present context (i.e. assessment of volume instability of notes that 

may present 1-7% shimmer, see Section Amplitude Perturbations), such fluctuations can be 

neglected. Hence, the extracted peak-to-peak A0 contour can be considered constant along the 

sustained note, which reflects the nature of the analysed signals: non-amplitude modulated tones. 

 

 

Figure 4.36. A0-profile (B) extracted from a 35 Hz non-modulated signal (A), 

representative of the contours obtained from dataset NMS. 

Subsequently, the amplitude perturbation measures described in Table 4.9 were extracted from 

each computed A0 profile. Results obtained from all the signals are shown in Figure 4.37. Again, 

if neglecting the low-order of magnitude deviations present in the curves, results are as expected: 

𝐴0̅̅̅̅  (Figure 4.37.A), 𝐴0𝑚𝑖𝑛 (Figure 4.37.C) and 𝐴0𝑚𝑎𝑥 (Figure 4.37.D) are equal to 2; there is 

absence of 𝑆𝐷𝐴0 (Figure 4.37.B), relative shimmer (Figure 4.37.E) and mean absolute shimmer 

(Figure 4.37.F). 
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A B 

  

C D 

  

E F 

  

Figure 4.37. Amplitude perturbation measures extracted from the synthesised dataset 

NMS: 

Mean amplitude (A); amplitude standard deviation (B); minimum amplitdue (C); 

maximum amplitude (D); relative shimmer (E); mean absolute shimmer (F). 
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Dataset NMS: Frequency Perturbations Analysis 

The first step of the analysis consisted of assessing the F0 profile of signals following the 

methodology described in Section 4.3.3.2 Frequency Perturbation Measures. Two illustrative 

examples of the contours obtained from the dataset NMS are shown in Figure 4.38. Contrary to 

the A0 profiles, since the resolution for detecting the fundamental frequency of frames is 

stablished as 1 Hz, no low-order of magnitude deviations of F0 were found across time.  

A 

 

B 

 

Figure 4.38. Representative F0-profiles extracted from dataset NMS: F0 = 40 Hz (A), 

F0 = 4695 Hz (B). 

As for the frequency perturbation measures extracted from the F0 profiles, they were computed 

as detailed in Table 4.9. Features extracted from all signals are shown in Figure 4.39. As was to 

be expected from the analysis of signals without frequency modulation, extracted 𝐹0̅̅̅̅  (Figure 

4.39.A), 𝐹0𝑚𝑖𝑛 (Figure 4.39.C) and 𝐹0𝑚𝑎𝑥 (Figure 4.39.D) are exactly equal to the frequency 

employed for synthesising the pure tone signals. Moreover, the absence of F0 fluctuations is 

properly captured by the nil 𝑆𝐷𝐹0 (Figure 4.39.B), relative shimmer (Figure 4.39.E) and MAJ 

(Figure 4.39.F).  
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E F 

  

Figure 4.39. F0 perturbation measures extracted from the synthesised dataset NMS: 

mean F0 (A); F0 standard deviation (B); minimum F0 (C); maximum F0 (D); relative 

jitter (E); mean absolute jitter (F). 
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 Analysis of Dataset Amplitude Modulated Signals 

Amplitude perturbation measures were assessed from the AM synthesised signals. The results 

obtained from each of the two generated subsets (AMSa and AMSb) are below discussed.  

Subset AMSa: Amplitude Perturbations Analysis 

Signals from the dataset AMSa were generated by employing carriers whose F0 was within 35 – 

4700 Hz. Such carriers were all modulated with the same amplitude modulation index (0.04) and 

modulating frequency (6.5 Hz). Due to this, it would be expected to obtain equal amplitude 

perturbations for all notes in the set (independently of the F0 of the signal).  

Prior to feature extraction, A0 profiles of the dataset AMSa were calculated. A representative 

example of such profiles is shown in Figure 4.41, which reveals peak-to-peak amplitude 

fluctuations present in an AM signal generated, in this case, with a 1000 Hz carrier.  

 

Figure 4.40. A0-profile (of signal with F0 = 1000 Hz) representative of contours 

extracted from the dataset AMSa (F0 = 1000 Hz, 𝒎𝑨𝑴 = 𝟎. 𝟎𝟒, 𝒇𝒎 = 𝟔. 𝟓 𝑯𝒛). 

After assessing the A0-profiles, a feature extraction was performed and the amplitude 

perturbation measures that were computed are shown below in Figure 4.41. 
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Figure 4.41. Amplitude perturbation measures extracted from the synthesised dataset 

AMSa: mean amplitude (A); amplitude standard deviation (B); minimum amplitdue 

(C); maximum amplitude (D); relative shimmer (E); mean absolute shimmer (F). 
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As can be observed from Figure 4.41, all the extracted features describe an asymptotic curve. That 

is, while there exists a clear tendency towards reaching a constant value, a vertical asymptote 

appears for the lower frequencies. This phenomenon may be due to the frame size defined for 

extracting the A0 profile (i.e. 43 ms). A longer frame duration would allow the capture of more 

periods of the AM signals. However, choosing a longer frame duration would not capture the A0 

fluctuations in AM signals, defined to occur every 154 ms (i.e. 𝑓𝑚= 6.5 Hz).  

Hence, when analysis signals with low fundamental frequency (e.g. 35 Hz), it is important to take 

into account the presence of an error tolerance in the extracted amplitude perturbation measures.  

For instance, if considering the relative shimmer results (Figure 4.41.E), the maximum absolute 

error is approximately 0.35% (i.e. 3% - 2.65%).   

In addition to the mentioned asymptotic shape, it can be noted how extracted curves also show a 

dispersion that is enlarged as the frequency increases. A likely explanation of this phenomenon is 

due to the synthesised signals under analysis rather than the analysis software: as previously 

described in the generation of the AM signals (see Section Amplitude Modulation for further 

details), employed carriers are sinusoids oscillating at a given F0, generated with a sampling 

frequency 𝑓𝑠 (44.1 kHz). When 𝑓𝑠 is far from an integer multiple of the F0 of the signal, periodic 

oscillations in the generated carrier are fully described by the samples. Consequently, the 

amplitude envelope of the carrier is constant. But when 𝑓𝑠 is nearly an integer multiple of F0, an 

aliasing effect occurs in the generation of the carriers and subtle oscillations appear in the 

amplitude envelope of signals.   

In order to illustrate this phenomenon, a carrier is displayed in Figure 4.42.A, which simply 

consists of a sinusoid whose F0 equals 4410.48 Hz. Then, amplitude oscillations present in the 

carrier leads to interference when synthesising the AM signal, and non-uniform variations appear 

in the amplitude profile of the latter, as can be noted from Figure 4.42.B. As a result, such 

additional perturbations are also captured in the assessed A0 contour and, subsequently, reflected 

in the extracted features.   
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A 

 

B 

 

Figure 4.42. A: 4410.48 Hz sinusoid carrier, with amplitude envelope oscillations 

resulting from fs. B: AM signal generated employing the carrier shown in A. Note that 

oscillations present in the carrier are reflected as interferences in the AM amplitude 

profile.   

Therefore, this suggests that the dispersion obtained in the extracted amplitude perturbation 

features (see Figure 4.41) is a reflection of the nature of the synthesised signals rather than the 

analysis performed by the analysis software. In this way, this issue can be neglected when 

employing the developed software for processing audio-recorded data.   

Subset AMSb: Amplitude Perturbations Analysis 

Signals from the dataset AMSb were all synthesised utilising the same carrier (whose F0 was 392 

Hz) and modulating frequency (6.5 Hz). In this case, the changing variable across notes was the 

amplitude modulation index 𝑚𝐴𝑀, ranging from 0.01 to 0.07. Therefore, it is expected that A0 

profiles of signals generated with low 𝑚𝐴𝑀 present smaller amplitude deviations than those 

extracted from signals with greater value for  𝑚𝐴𝑀. Consequently, the greater the 𝑚𝐴𝑀, the greater 

the amplitude perturbation measures.   

A0 profiles from dataset AMSb were extracted and, as predicted, higher fluctuations were 

observed in those obtained from signals with superior modulation indexes. As can be observed in 

Figure 4.43, while the extracted contour from the AM signal generated with 𝑚𝐴𝑀 = 0.01 
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oscillates within 1.98 – 2.02 au (Figure 4.43.A), the profile corresponding to 𝑚𝐴𝑀 = 0.07 was 

observed between 1.88 – 2.14 au (Figure 4.43.B).     

A 

 

B 

 

Figure 4.43. A0-profiles extracted from AM signals (of dataset AMSb) generated with 

𝒎𝑨𝑴 equal to 0.01 (A) and 0.07 (B).    

Following this step, a feature extraction process was performed, and the amplitude perturbation 

measures displayed in Figure 4.44 were obtained. Note all the measures but the minimum 

amplitude (Figure 4.44.C) increase along with the amplitude modulation index. This is as 

expected as, the greater the A0 fluctuations, the lower the minimum amplitude. Therefore, results 

confirm that calculated features successfully capture and quantify the presence of volume 

fluctuations in acoustic signals representing musical notes. 
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Figure 4.44. Amplitude perturbation measures extracted from synthesised dataset 

AMSb: mean amplitude (A); amplitude standard deviation (B); minimum amplitdue 

(C); maximum amplitude (D); relative shimmer (E); mean absolute shimmer (F). 
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 Analysis of Dataset Frequency Modulated Signals 

The performance of the analysis software to detect and quantify frequency perturbations in 

acoustic signals was validated by processing the dataset FMS. The analysis conducted on FMSa 

and FMSb subsets is below detailed. 

Subset FMSa: Frequency Perturbations Analysis 

Signals from subset FMSa were synthesised with sinusoidal carriers whose F0 was within the 

frequency range 35 – 4700 Hz. All the carriers were modulated with the same frequency 

modulation index, defined by a maximum frequency deviation 𝛥𝐹0 = 0.01 𝐹0 Hz and a 

modulating frequency 𝑓𝑚 = 2 𝐻𝑧.  

In order to capture frequency perturbations present in signals, the first performed step was to 

calculate their respective F0 profiles. An illustrative example of the obtained F0 contours is 

displayed in Figure 4.45, corresponding to an FM signal generated with a 4700 Hz carrier. The 

fundamental frequency of the signal was calculated to oscillate within 4700 ±  47 𝐻𝑧, i.e. F0 

± 0.1𝐹0 𝐻𝑧. 

 

Figure 4.45. F0-contour extracted from a FM signal generated with 4700 Hz carrier. 

Illustrative example of dataset FMSa F0-profiles.    

Subsequently, a feature extraction process on the F0-profiles was performed and results displayed 

in Figure 4.46 were obtained for each measure.   

It can be observed (Figure 4.46.A) that the extracted mean F0 of FM signals matches with the F0 

implemented for their synthesis. Both the standard deviation (Figure 4.46.B) and the MAJ (Figure 

4.46.E) of the F0 profiles are directly proportional to the F0 of the employed carriers. Moreover, 

such proportionality also appears in the spectral distance between maximum and minimum F0 

curves (Figure 4.46.B). 
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Examining the lower frequencies, the aforementioned proportionality is not entirely met 

(specially for MAJ and 𝑆𝐷𝐹0), and a slight curve can be noted. This phenomenon is due to a lack 

of frequency resolution for detecting low frequency F0 fluctuations in the lowest pitch register 

(previously discussed in Sections 4.3.1.2 Software Requirements: A Trade-off Between Time and 

Frequency Resolutions, 4.3.3.2 Frequency Perturbation Measures). Consequently, when 

computing the relative jitter, such inaccuracies present in the MAJ become more apparent and 

lead to the curve shown in Figure 4.46.D. Therefore, it is important to take into account the 

presence of an error tolerance when extracting frequency perturbation measures. In this case, the 

absolute error associated with relative jitter can be approximated as ± 0.4 % for the lowest 

pitched signals.   
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Figure 4.46. F0 perturbation measures extracted from synthesised dataset FMSa: 

mean F0 (A); F0 standard deviation (B); minimum and maximum F0 (C); relative 

jitter (D); mean absolute jitter (E). 
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Subset FMSb: Frequency Perturbations Analysis 

The subset FMSb was generated by modulating carriers of equal fundamental frequency (392 

Hz), utilising the same modulating frequency (2 Hz). The parameter varying across signals was, 

in this case, the maximum frequency deviation in the FM signal with respect to the F0 of the 

carrier (i.e. 𝛥𝐹0). Concretely, the maximum deviation percentage 𝛥𝐹0% was fixed to range from 

0.2% to 2.1 %.  

In order to quantify frequency perturbations typically found in musical signals, the developed 

analysis software calculated the F0 profiles. Figure 4.47 displays the F0 contours assessed from 

the acoustic signals generated with the smallest (Figure 4.47.A) and greatest (Figure 4.47.B)  

𝛥𝐹0%. An evident difference can be noted in the F0 deviation among both profiles. The greater 

the 𝛥𝐹0%, the greater the F0 deviation revealed in the F0 profiles.  

A 

 

B 

 

Figure 4.47. F0-profiles extracted from FM signals (of dataset FMSb) generated with 

𝜟𝑭𝟎% equal to 0.2 (A) and 2.1 (B).    

The frequency perturbation features extracted from the dataset FMSb are shown in Figure 4.48. 

The computed mean F0 is identical for all the signals (Figure 4.48). The calculated measures 

capture frequency perturbations by revealing higher 𝑆𝐷𝐹0, 𝐹0𝑚𝑎𝑥, MAJ and relative jitter (and 
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lower 𝐹0𝑚𝑖𝑛) as 𝛥𝐹0% increases across signals. Due to the frequency resolution of the software 

for extracting the F0 contour (1 Hz), minimum and maximum F0 curves are presented in 1 Hz 

steps. It should be noted that, as a consequence of the computational method for obtaining 𝑆𝐷𝐹0, 

MAJ and relative jitter (detailed in Table 4.10), resulting curves display shorter quantization steps.  
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Figure 4.48. F0 perturbation measures extracted from synthesised dataset FMSb: 

mean F0 (A); F0 standard deviation (B); minimum F0 (C); maximum F0 (D); relative 

jitter (E); mean absolute jitter (F). 
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 Discussion 

In this Section (4.3 Development and Validation of Software for Acoustic Analysis) a customised 

analysis software platform for objective and quantitative audio-analysis of Musician’s Dystonia 

(MD) was developed and validated.  

Firstly, synthesised acoustic signals for the analysis software validation were generated. Audio 

samples were synthesised reproducing acoustic characteristics present in the sound generated by 

healthy and Embouchure Dystonia (ED) musicians. Such acoustic characteristics were established 

by current literature findings, and can be summarised as follows:  

- Signal typology: sinusoidal. 

- Frequency range: 35 – 4700 Hz.  

- Duration: 10 seconds. 

- Amplitude perturbations: relative shimmer ranging from 1 to 7 %, and tremor in the 

range of 3 to 20 Hz.  

- Frequency perturbations: relative jitter ranging from 0.2 to 2.1%, and tremor 

between 5 and 25 Hz.  

Five datasets of 1000 synthesised audios signals each were generated reproducing different 

aspects of the aforementioned acoustic characteristics. A dataset was created without amplitude 

and pitch perturbations (Dataset NMS), two datasets presented amplitude perturbations (Subsets 

AMSa and AMSb), and two datasets contained pitch perturbations (Subsets FMSa and FMSb). 

Literature findings were also considered in the development of the analysis software to ensure it 

enabled extraction of relevant acoustic features. Audio samples are analysed by the software on 

a frame-by-frame basis. Peak-to-peak amplitude (A0) and fundamental frequency (F0) time-

varying signals are extracted via Time Domain and Power Spectral Density (PSD) analyses. A 

frame duration of 43 ms is employed to extract the A0 contour, which was defined based on the 

lowest F0 played by wind instruments (i.e. 35 Hz). A trade-off between time and frequency 

resolutions was performed to define the frame duration to extract the F0 profile. The temporal 

and frequency resolutions were set to 300 ms and 1 Hz, respectively. Furthermore, frames were 

analysed with a 50% overlap to increase the temporal resolution. After the extraction of the A0 

and F0 contours, the analysis software extracts a series of frequency and amplitude perturbation 

measures to quantify pitch and loudness acoustic instability in audio samples, respectively.   

The analysis software for acoustic quantification of MD was subsequently validated by employing 

each synthesised dataset of acoustic signals. The analysis of the dataset NMS revealed no 
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frequency perturbations and the detection of a very low-order of magnitude amplitude 

perturbations. Given the present context, such perturbations were neglected. Therefore, the 

analysis software demonstrated to not falsely detect acoustic perturbations in the audio samples.  

The dataset AMSa, including signals with equal amplitude modulation and different F0, was 

subsequently analysed. The amplitude perturbation measures extracted across signals revealed a 

tendency towards reaching the same value of perturbation. Nevertheless, there was a lack of 

frequency resolution to detect amplitude perturbations present in those signals with the lowest F0. 

The maximum absolute error for the case of the relative shimmer was equal to 0.35%.  

The dataset AMSb consists of signals with the same fundamental frequency and changing 

amplitude modulation. The amplitude perturbation measures reflected a proportionality between 

the amplitude modulation and the amplitude instability. The greater the modulation in the 

synthesised audio signal, the greater the detected acoustic instability. Thus, the analysis software 

successfully demonstrated the ability to quantify the presence of volume fluctuation in signals 

representing musical notes.   

The dataset FMSa is composed of signals presenting the same frequency modulation and varying 

fundamental frequency. While a direct proportionality between the F0 of synthesised notes and 

the absolute deviation of F0 was revealed by most of the perturbation measures, a slight non-

linearity was noted in the lowest frequencies of the Mean Absolute Jitter. This phenomenon 

became more apparent in the relative jitter, which presented a maximum absolute error around 

0.4%.  

The dataset FMSb includes audio signals that present different frequency modulation and equal 

fundamental frequency. Frequency perturbation measures reflected increased pitch instability for 

those signals generated with higher frequency modulation. The analysis software successfully 

demonstrated its ability to quantify the frequency perturbation in audio signals reproducing 

musical notes.   

Regarding the tolerance errors obtained in the analysis of low-pitched audio signals, they were 

considerate as appropriate for the analysis of audio signals produced by musicians. The software 

provided sufficient resolution for the studies performed in this thesis and, therefore, was accepted 

as valid. Furthermore, the software may be tailored for future studies requiring analysis at a 

greater frequency resolution. 

The developed software platform forms the basis for the studies undertaken in this thesis and fully 

described in Chapter 5, Chapter 6 and Chapter 7.  
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 STUDY 1 – Analysis of Audio Recordings Collected from 

Healthy Wind Instrumentalists 

 Introduction 

The aim of this study was to employ the developed software to analyse audio recordings collected 

from wind instrumentalists during performance of musical exercises specifically designed for 

Embouchure Dystonia evaluation. 

The goals for achieving the objective of the study were: 

- Development of a protocol of musical performance exercises for capturing 

Embouchure Dystonia symptomatology.  

- Design of a protocol to optimise the software analysis implementation, enabling an 

automated analysis of the audio-recorded music exercises.   

- Submit a research ethics application to the Research Ethics Committee of the School 

of Medicine Trinity College Dublin.  

- Determine the feasibility of the protocol by testing with wind instrumentalists. 

- Apply the protocol to collect audio recordings from healthy wind professional 

musicians. 

- Develop a software that enables an automated pre-processing of protocol-guided 

audio recordings.  

- Broaden the analysis framework (depicted in Section 4.3.3 Software for Acoustic 

Signal Quantification) to enable automated pre-processing of protocol-guided audio 

recordings as well as to extract acoustic features from sustained notes and from 

sequenced notes. 

- Employ the developed software to perform acoustic analysis of the collected audio 

recordings. 

- Obtain normative data from healthy wind instrument musicians.   

- Perform a power analysis to determine the sample size required for further 

comparative studies between healthy and ED wind instrumentalists.  
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 Methods 

 Participants 

Healthy wind musicians were targeted for recruitment in order to test the designed protocol of 

music exercises. The developed software was employed to analyse collected audio recordings and 

normative outcome measures from this population were assessed. 

The criteria for participant selection was as follows: being a highly proficient amateur or semi-

professional or professional wind musicians, with ≥ 10 years of sustained musical activity 

(inclusion criterion); not presenting any comorbid neurological disorder and not being under the 

age of 18 (exclusion criteria).  

Participants were self-selected. The study was advertised by circulating information leaflets and 

posters (see in Appendix Sections 10.2.4 Flyer Version Information Leaflet and 10.2.5 Poster) 

through advocacy groups, such as Dystonia Ireland and via social media. Moreover, Dr Deborah 

Kelleher, the Director of the Royal Irish Academy of Music (RIAM), actively collaborated in the 

promotion of the study in the Academy.  

Ethical approval for the study was granted by the Trinity College Dublin School of Medicine 

Research Ethics Committee. The submitted application consisted of the following documents (see 

Section 10.2 Appendix B: Ethics Proposal for further detail):  

- Application form  

- Information leaflet I  

- Information leaflet II 

- Flyer version information leaflet 

- Poster 

- Questionnaire  

- Consent form 

The questionnaire (see Appendix Section 10.2.6 Questionnaire for fully questionnaire) was 

designed to capture each participant’s demographic data. The main questions refer to the presence 

of Musician’s Dystonia in subjects and to their music experience. The questions were specifically 

designed to calculate a musical sophistication index (Ollen Musical Sophistication Index, OMSI). 

Variables captured by the OMSI are: college music coursework completed; age; age at 

commencement of musical activity; years of private lessons; years of regular practice; current 

time spent practicing; composition experience; concert attendance; rank as music-maker. Being a 
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number between 0 and 1, the OMSI indicates the probability of a subject of being classified as 

more musically sophisticated (Ollen, 2006). Additionally, age, and gender of subjects are gathered 

by the questionnaire.  

The participants’ collected data were anonymised and dealt confidentially. An ID code was 

assigned to each subject’s name. The document containing such codes was only kept by the 

Principal Investigator as per the granted ethics approval. 

A total of seven healthy wind musicians were recruited for the study: 1 French hornist; 1 

clarinettist; 2 flutists; 3 oboists. The mean (SD) cohort age and years of musical practice were 

38.1 (22.0) and 25.3 (22.9), respectively. The musical sophistication index was computed for each 

subject as per Ollen (2006), leading to a mean (SD) index of 0.56 (0.32). Main demographic 

information of the population is summarised in Table 5.1. 

Table 5.1. Demographic details of recruited wind musicians 

Subject Instrument Gender Age 
Years of musical 

practice 
OMSI 

H1 French Horn Male 25 10 0.48 

C1 Clarinet Female 20 12 0.39 

F1 Flute Female 60 48 1.00 

F2 Flute Female 46 19 0.84 

O1 Oboe Female 74 67 0.79 

O2 Oboe Female 20 11 0.34 

O3 Oboe Female 22 10 0.10 

Mean (SD) 14.3% M, 85.7% F 38.1 (22.0) 25.3 (22.9) 0.56 (0.32) 

 Audio-Recording Set-up 

Tests were conducted in a soundproof recording studio to limit background noise, at Trinity 

College Dublin. A Zoom H4n [Zoom, Hertfordshire, UK] handy recorder was employed to record 

audio data with a sampling rate of 44.1 kHz and resolution of 24 bits per sample. The recorder 

was placed on a desk in front of participants, who were seated at a distance that ensured quality 

audio recording without audio clipping. A Sound Level Meter N05CC [Precision Gold, Maplin 

Electronic Ltd., Rotherham, UK] was utilised to capture Sound Pressure Levels (SPL) of notes 

played by musicians. A laptop computer was employed for showing a visual presentation 

[Microsoft Office 365 PowerPoint ProPlus] (see Appendix Section10.3.2 Visual Presentation 

(Graphical User Interface)), which served to guide subjects through the test. The presentation was 

also employed to emit pure tones while audio-recording, which were particularly designed to 

allow a subsequent automation of the acoustic analysis. The SPL meter and the laptop were placed 
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on the table, each at one side of the audio recorder. Sony MDR-ZX660AP [Sony Europe B.V, 

Surrey, UK] headphones were provided to subjects when playing sequenced notes, so that they 

could listen to a metronome’s audible clicks at specific tempos. Headphones were connected to 

the audio recorder, which contained the metronome-like audios. An audio extension cable (5 m 

in length, and 3.5 mm jack plug cable) was employed to place the recorder further than 

headphones’ cables length (1.2 m), allowing subjects to move freely. The complete experimental 

set-up is demonstrated graphically in Figure 5.1. 

 

Figure 5.1. Audio recording experimental set-up.  

Symbols adapted from: Desk by Rafael Farias Leão from the Noun Project, Music by 

Ranjit from the Noun Project, Recorder by Smalllike from the Noun Project, Microphone 

by Graphic Tigers from the Noun Project, Laptop by iconoci from the Noun Project, 

Clarinet by Vectors Market from the Noun Project, trumpet player by ProSymbols from 

the Noun Project. 

A checklist document (see Appendix Section 10.3.3 Researcher’s Checklist) was elaborated as a 

guideline to follow when testing participants. See the checklist document’s Section “1. Required 

material and tasks to do before testing a participant” for a detailed description of both the material 

and steps required to prepare the audio-recording set-up.  

 Audio Recording Protocol 

 Musical Exercises 

As previously discussed in the Introduction Section 1.3 Embouchure Dystonia, in addition to 

being characterised by a rich phenomenology, ED has a refined task-specificity. Concretely, ED 
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may be only triggered in subjects when playing certain registers, techniques, speeds or even 

instruments. Custom-developed musical exercises were designed to test motor function across the 

three former domains and, therefore, enable capturing ED task-specific impairments.  

To test the playing technique, sustained notes and sequences were defined. Sustained notes were 

essentially defined as per Lee et al. (2014) and Morris et al. (2018), studies that quantified 

acoustic features of notes played by ED and healthy wind musicians (Lee et al., 2014; Morris et 

al., 2018). 

Regarding the sequences, arpeggio sequences were considered as suggested by authors of Morris 

et al. (2018) (Morris 2019, personal communication, 4 January). The authors found that arpeggios 

triggered Dystonia symptomatology more strongly than scales. 

An exercise of repeated notes was designed to evaluate pitch consistency across notes. Sequences 

containing the full pitch range were incorporated to study the ability to modulate the embouchure 

to produce the lowest to the highest pitch notes (and vice versa). All exercise sequences (except 

for the repeated notes) were designed in ascending and descending pitch registers to capture 

possible impairments associated with the order of the played notes. 

The designed music tasks are below detailed according to their playing technique.  

Sustained notes: A total of 9 sustained notes were played to cover the whole dynamic (i.e. volume) 

and playing (i.e. pitch) range of musicians’ instruments. Notes were produced at soft, medium, 

and loud volumes in three pitch registers: the lowest and the highest musician could play; the 

middle pitch in between such extremes. While playing the middle pitch note was comfortable for 

musicians in terms of embouchure positioning, producing the highest and lowest notes was a more 

demanding exercise. Participants were instructed to sustain notes for as long as possible, 

maintaining stable both pitch and volume. Time to rest between notes was given to subjects if 

required. Considering both the duration of the sustained notes (< 30 seconds each) and the breaks 

in between (< 10 seconds), the whole task was completed in 6 minutes approximately (see Table 

1 of Appendix Section 10.2.3 Information Leaflet II).  

Sequenced notes: To test ED speed-specificity, sequenced notes were played at three different 

tempos: slow (60 beats per minute (bpm)), middle (90 bpm) and fast (160 bpm). For each tempo, 

the following three-note sequences were played: 

- Ascending arpeggios: a major triad arpeggio in ascending pitch. 

- Descending arpeggios: a major triad arpeggio in descending pitch. 

- Repeated notes: three notes of equal pitch. 
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- Ascending lowest-highest: lowest, middle, and highest pitch notes played consecutively. 

- Descending highest-lowest: highest, middle, and lowest pitch notes played consecutively. 

All the aforementioned sequences were performed at soft, medium and loud volumes. In addition, 

arpeggios and repeated notes were played in the lowest, middle and highest pitch registers. 

Subjects were asked to play sequences articulating (i.e. separating) notes. A total of 33 sequences 

were played at each tempo, leading to an approximate duration of 7 – 8 minutes per tempo-set. 

Considering the three sets, 30 minutes were typically required for the completion of the task.     

As for the major triad arpeggios, they consist of three sequenced notes characterised by the 

following semitone intervals: {0, 4, 7}. That is, compared to 1st note, the 2nd and 3rd notes of the 

arpeggio are 4 and 7 semitones higher in pitch. An exemplifying arpeggio is shown in Figure 5.2, 

which corresponds to the C major triad, defined as C – E – G:  

Note C C#/Db D D#/Eb E F F#/Gb G G#/Ab A A#/Bb B 

Semitones from C 0 1 2 3 4 5 6 7 8 9 10 11 

Figure 5.2. Representation of the semitone intervals in a C major triad. 

Notes highlited in grey conform the C major triad. Numbers below correspond to the 

semitone interval between notes and C (i.e. the 1st note of the arpeggio).  

In this way, for each pitch register, arpeggios were composed by three different notes (referred to 

as 0, 4, 7) as below described:  

- Low register arpeggio:  

o 0: lowest note that musicians could play.  

o 4: note with 4 semitones more than Low-0. 

o 7: note with 7 semitones more than Low-0. 

- Middle register arpeggio:  

o 0:  middle pitch note.  

o 4: note with 4 semitones more than Middle-0. 

o 7: note with 7 semitones more than Middle-0. 

- High register arpeggio: 

o 0: note with 7 semitones less than the highest note musicians could play (i.e. 

High-7).  

o 4: note with 3 semitones less than High-7. 

o 7: highest note that musicians could play. 
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A description of all the sequences played in the recordings can be seen in Table 2 of Appendix 

Section 10.2.3 Information Leaflet II. 

 Test Procedure 

Once the experimental set-up was prepared (5.2.2 Audio-Recording Set-up), the procedure 

described in the Appendix C (see Section 10.3.1 Steps Performed Before Starting the Visual 

Presentation) was performed when meeting participants in the audio studio. Subsequently, the 

visual presentation (see Section 10.3.2 Visual Presentation (Graphical User Interface)) was 

initiated and a series of steps were performed prior to commencing the audio-recordings:  

1. An explanation of all the steps followed in the testing was provided to participants (see 

Figure 5.3).  

 

Figure 5.3. Diagram of the steps performed for testing participants 

2. Participants were instructed on how to interpret the visual presentation. A slide was 

shown for each test (i.e. sustained or sequenced note), which described its playing 

technique, register and volume. If applicable, tempo and arpeggio class were are also 

detailed, as shown in Figure 5.4.  
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Figure 5.4. Description of a music exercise by means of a visual presentation slide. 

All exercises were described by symbols referring to: playing technique (arpeggio); 

register (low); volume (medium). If applicable, tempo (160 bpm) and arpeggio class 

(ascending) were also detailed.  

3. Musicians were invited to warm-up for around 2 minutes by playing musical sequence of 

their choice.  

4. Most of the musicians were unaware of their playing range before the testing. Due to this, 

the lowest, middle and lowest pitch notes that participants could potentially produce were 

based on the theoretical limit for their instrument. This was obtained from the document 

shown in the Appendix Section 10.3.4 Scientific Pitch Notation and Instruments’ Playing 

Range. 

5. Participants were asked to ascertain what their highest and lowest pitch notes by 

attempting to reach the theoretical extreme. 

6. The middle pitch note was defined for all participants as per the document shown in the 

Appendix Section 10.3.4 Scientific Pitch Notation and Instruments’ Playing Range, since 

this note could be played effortless in all cases.  

7. The audio recorder was turned-on, setting a recording level of 70%. This recording level 

enabled recording without audio-clipping in the recorded waveforms in case musicians 

played louder than expected.  

8. Musicians were asked to play as loud as possible (in all the set pitch registers) and their 

seated position in the studio was adjusted to ensure no audio-clipping occurred.  

9. Participants were asked to rehearse both sustained and sequenced notes until feeling 

comfortable with them.  

Once participants were ready, the sustained note sequences were audio-recorded. For each test 

(i.e. sustained note) the following procedure was performed:   
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1. The information corresponding to the test to be played (e.g. first sustained noted) was 

displayed via a computer monitor to the musicians.  

2. The Experimenter called out the test (e.g. “Test 1”). This information recorded on the 

audio recording aided data segmentation during the analysis phase. 

3. The Experimenter pressed the “REC” button at the Graphical User Interface (GUI) 

provided by the visual presentation, so that the laptop emitted a 10 kHz pure reference 

tone, of 1 second duration. 

4. Musicians played the note corresponding to the test. Simultaneously, the Experimenter 

noted the sound pressure level detected by the SPL meter in the document shown in the 

Appendix Section 10.3.6 Testing Details.  

o If the note was played correctly (i.e. musicians played the note described in 

Experimental script), the Experimenter pressed the “OK” button at the GUI, 

generating an 8 kHz reference tone for 1 second.  

o On the contrary, the Experimenter pressed the “Error” button at the GUI and a 1-

second pure tone of 6 kHz was emitted. Musicians were, then, asked to repeat the 

test until they succeeded.  

A descriptive diagram of the recording procedure performed per each test can be seen in Figure 

5.5.  

 

Figure 5.5. Flow chart of the steps involved in the recording of a test.  

SPL measures collected from each note were employed to ensure musicians produced superior 

pressure levels as the volume defined per the task increased.   
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Afterwards, headphones were provided to subjects and the sequenced notes were recorded. The 

recorder’s multitrack mode was employed in this case. The first channel contained a metronome-

like audio (i.e. pacing audio), previously synthesised (with a MATLAB script) and loaded into 

the recorder. While performing each tempo-set, musicians listened to such audio sequence, which 

set the pace at which to articulate the sequences (60, 90 or 160 bpm). The second channel was 

used to record the audio generated by the musicians. Recording in such a mode allowed storing 

the audio of the second channel in synchronisation with the metronome-like audio of the first 

channel, that is, both audios were aligned in time.  

The procedure performed for recording the sequences was the same as the above described for 

the sustained notes, excluding SPL measurements.  

An audio file was stored for each tempo-set, which lead to a total of four audio collected per 

subject.  

 Analysis of Audio Recordings 

 Pre-processing 

A custom-written MATLAB program was employed for pre-processing the audio-recordings 

collected from participants. The main stages involved in the algorithm were the detection of the 

valid tests (i.e. sustained notes or sequences correctly played by musicians) and the detection of 

the note/s contained within those tests.  

Test Detection 

As previously mentioned in Section 5.2.3.2 Test Procedure, reference tones were employed 

throughout the audio-recordings to allow subsequent automated analysis. Such tones consisted of 

three different pure tones of 1 second in duration, with different F0 according to their significance: 

10 kHz (test’s start); 8 kHz (valid test’s end); 6 kHz (non-valid test’s end). Note that the F0 of the 

tones was specifically designed to be both outside the sounding range of wind instruments (35 – 

4700 Hz) and human speech (100 – 400 Hz), but within the human audible spectrum (20 Hz – 20 

kHz) (Wolfe et al., 2019).  

In order to detect the valid tests, the specific reference tones were located within the recordings 

by extracting F0 time-varying signal (i.e. F0 profile or contour). Each waveform was divided into 

frames of 300 ms, and each frame’s fundamental frequency 𝐹0𝑖 was estimated as follows:   
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1. Windowing: A Hamming window was applied to the frame to reduce spectral leakage or 

distortion caused from the abrupt discontinuities at the edges.   

2. 𝑃𝑆𝐷𝑖: The frequency spectrum of the frame was assessed computing the PSD via the DFT. 

3. 𝐹0𝑖 detection from 𝑃𝑆𝐷𝑖: A peak-detection algorithm was applied to estimate the 𝐹0𝑖 from 

the frequency spectrum: 

3.1. Filtering: All the frequency components differing from the reference sounds (i.e. 6 

kHz, 8 kHz, 10 kHz) were removed from the spectrum.  

3.2. Absolute Maximum Detection: 𝐹0𝑖  was determined as the frequency corresponding to 

the absolute maxima of the previously filtered 𝑃𝑆𝐷𝑖.  

Valid tests were determined as those segments of audio that were temporally located within 10 

kHz and 8 kHz successive detections in the F0 profile.  

Figure 5.6 shows two examples of the valid tests detection performed for audios collected from 

participants C1 and O2, while playing the sustained notes and sequences at 60 bpm, respectively. 

An overlay of the detected valid tests is shown in green over the original audio (in blue). In orange, 

the extracted F0 profile reveals the reference tones employed for every test (being valid or not). 

As can be seen in Figure 5.6.A, the musician failed to play the 7th note in the first attempt, and a 

second try was required.  
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Figure 5.6. Valid tests detection from an audio recording.    

Blue: (A) Audio recorded from participant C1 while performing the sustained notes task. 

(B) Zoom-in of audio recorded from musician O2 while playing the sequences at 60 bpm, 

displaying 10th to 15th tests. Orange: Extracted F0 profile, which describes the reference 

tones emitted throughout the performance of the tasks. Green: Detected valid tests, 

contained within 10 kHz and 8 kHz reference sounds.  

Note Detection 

For detecting both sustained notes and note sequences, each valid test was first normalised to its 

respective maximum amplitude. The maximum amplitude envelope of each normalised test was, 

then, extracted employing a 6 ms moving window. Envelopes were smoothed applying a moving 

average filter with a 60 ms sliding window. Such windows allowed removing high-frequency 

peaks (that may lead to misdetections) while maintaining relevant temporal information (i.e. notes 

onset and offset). Notes were subsequently detected by thresholding smoothed envelopes which, 

according to the typology of the test, followed as:   

- Sustained notes: The preliminary onset and offset of the sustained notes were defined as 

the point when the smoothed envelope reached the 80% of the mean amplitude of the test, 

from the start and the end of the test, respectively. Finally, notes were obtained by 
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removing the first and last 150 ms to exclude ramp-up and fading phases (Morris et al., 

2018). A representative visualisation of the procedure can be seen in Figure 5.7.   

 

Figure 5.7. Sustained note detection from valid test. 

A: Audio of the valid test (blue) showing ramp-up and fading phases (green areas) along 

with the finally detected note onset (green) and offset (yellow). B: Smoothed maximum 

amplitdue envelope (cian) extracted from the audio in A, shown with the amplitdue 

threshold (red). 

- Sequenced notes: Onset and offset of sequenced notes were established when the 

smoothed envelope crossed the 40% of the mean amplitude of the test. In this case, in 

order to completely capture the notes, ramp-up and fading phases were not removed and 

a lower threshold than in the sustained notes detection was considered.  
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Figure 5.8. Sequenced notes detection from a valid test.   

A: Audio of the valid test (blue) showing detected note onset (green) and offset (yellow). 

B: Smoothed maximum amplitdue envelope (cian) extracted from the audio in A, shown 

with the amplitdue threshold (red). 

 Feature Extraction 

Sustained Notes 

Sustained notes were analysed applying the software developed in Chapter 4 (detailed in Section 

4.3.3 Software for Acoustic Signal Quantification) and a feature extraction of the amplitude and 

frequency perturbation measures was performed as described in Sections 4.3.3.1 Amplitude 

Perturbation Measures and 4.3.3.2 Frequency Perturbation Measures.  

Sequenced Notes 

A set of features were extracted from sequenced notes to evaluate different symptomatology 

aspects of ED associated with this playing technique. A description of each assessed measure is 

provided as follows: 

Inter-onset Interval (IOI): IOI was assessed as the time between the onset of two successive notes 

contained within the same sequence, as shown in Figure 5.9. That is, for each tempo-set, two IOIs 

were extracted from each of the 33 sequences. To compare the feature across tempos (60 bpm, 90 

bpm, 160 bpm), extracted IOIs were normalised to each set’s theoretical IOIs (1 s, 0.67 s, 0.38 s).  

This feature was extracted as a measure of rhythmic abilities in subjects.  
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Figure 5.9. IOIs detection.  

IOIs (red) were assessed from sequenced notes (blue) as the difference between 

successive notes onset (green). 

Metronome Time Shift: This feature measures the time shift of played notes with respect to the 

pacing audio “clicks” that musicians were listening to while performance. For each sequence, 

time shifts were assessed as follows: the closest “click” to the first note onset was detected, along 

with its two successive “clicks”. Time shifts of the three notes were assessed as the absolute time 

difference between each note onset and its corresponding “click”. This feature aimed to quantify 

precision in the note attack, to assess if it was played decisively and quickly or smooth and slow. 

 

Figure 5.10. Time shifts detection. 

Time shifts (red) of sequenced notes onset (green) with respect to metronome audio 

“clicks” (dark blue).   

Amplitude Envelope X-Corr Peaks: This measure was assessed to quantify volume control across 

notes. The smoothed maximum amplitude envelope previously assessed (see Section Note 

Detection) was selected for each note as shown in Figure 5.11.B. Each pair of envelopes (i.e. 1st 

and 2nd, 2nd and 3rd, 1st and 3rd) were cross-correlated and the absolute maximum value was 

detected (Figure 5.11.C).  
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Figure 5.11. Amplitude envelope consistency asssessment by cross-correlation.  

A: Sequenced notes test audio (blue). B: Maximum amplitdue envelope (cian) 

corresponding to each of the three detected notes, delimited by notes onset (green) and 

offset (yellow). C: Cross-correlation (blue) obtained per each pair of notes (i.e. 1-2, 2-

3, 1-3), showing absoulte maximum (red).  

DF0 %: The aim of this feature was to capture the motor control of pitch production across 

repeated notes. For each test containing repeated notes, the average F0 of each note (𝐹0𝑛𝑜𝑡𝑒) was 

estimated from the PSD (as detailed in Section 4.3.3.2 Frequency Perturbation Measures and 

portrayed by Figure 4.34). For each pair of notes contained in each sequence, the difference 

between their respective F0 was computed and normalised to the mean F0 of the three notes (DF0 

%). Figure 5.12 shows the assessment performed for a representative tempo-set of sequences. 
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Figure 5.12. Pitch consistency assessment from repeated notes.  

A: Average F0 assessment from each of the repeated notes contained in a representative 

tempo-set of sequences. B: Relative F0 difference (i.e. DF0%) between pairs of notes 

contained in the same sequence. The volume of played sequences is indicated, and 

follows as: soft (yellow); medium (red); loud (green).  

 Statistical Analysis Methods 

Normative Healthy Musicians Baseline  

Sustained Notes 

Each feature extracted from each of the 9 sustained notes played per participant was averaged 

across notes. That is, a mean value was obtained for each acoustic measure for each participant. 

To study the variation in each feature across ED task-specificity aspects, a mean value was also 

assessed from notes according to their volume and pitch register, for each participant. Group mean 

values were also assessed for each condition.  

Sequenced Notes 

To analyse variation in sequence-based features across ED task-specificity domains, a coefficient 

of variation (CoV) was calculated for all features at each tempo, volume, and pitch register (for 

the case of arpeggios and repeated notes). For each participant, the CoV was computed as a 

percentage ratio of the standard deviation (𝜎) to the mean (𝜇) of features at each music domain: 
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 𝐶𝑜𝑉 =  
𝜎

𝜇
 (5.1) 

In addition, group descriptive statistics were computed for all CoV values extracted from 

participants. 

Within Group Comparisons 

Intra-group comparisons were performed to test differences in acoustic features across volumes, 

pitch registers and tempos (for the case of sequences). The Anderson-Darling test of normality 

was carried out to determine the data distribution. The subsequent statistical analysis was based 

on the resultant data distribution.  

Sample Size Calculation for Further ED Studies 

A power analysis was performed to determine the number of participants required for conducting 

a comparative study between healthy musicians and ED subjects. The formula employed allows 

sample size calculation for comparison between two groups when the endpoint is quantitative 

data (Charan and Biswas, 2013), which follows as:  

 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 =
2𝑆𝐷2 (𝑍𝛼

2
+ 𝑍𝛽)

2

𝑑2
    (5.2) 

Where 𝑍𝛼

2
 and 𝑍𝛽  are the Z-score corresponding to the significance level (i.e. 𝛼 error level) for a 

two-sided test and the power level (i.e. 1 − 𝛽 error level), respectively. 𝑆𝐷 and 𝑑 are the standard 

deviation and the effect size (i.e. difference between mean values), respectively, defined 

according to previous or pilot studies.  

 Results 

Normative Healthy Musicians Results 

Sustained Notes 

The group mean (SD) values of the acoustic features extracted across sustained notes are shown 

in Table 5.2. It can be observed that, from the extracted frequency perturbation measures 

(described in Table 4.10), only the relative jitter (which is normalised to the mean F0, i.e. allows 

inter-subjects comparison) has been included for group mean assessments.  
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Table 5.2. Group mean (SD) values of acoustic features extracted from sustained notes according to 

their pitch or volume. 

Extracted 

Feature 

Pitch Volume 

Low Middle High Soft Medium Loud 

Jitter (%) 0.16 (0.25) 0.13 (0.27) 0.11 (0.08) 0.18 (0.30)     0.14 (0.21)     0.08 (0.05) 

Shimmer (%) 3.05 (1.81) 2.69 (1.81) 4.82 (2.18) 4.50 (2.20)     3.25 (2.20)     2.82 (1.67) 

𝑨𝟎̅̅ ̅̅  (au) 1.25 (0.24) 1.27 (0.28) 1.11 (0.26) 1.06 (0.24)     1.22 (0.27)     1.36 (0.21) 

𝑨𝟎𝒎𝒂𝒙 (au) 0.15 (0.08) 0.15 (0.06) 0.22 (0.08) 0.18 (0.07)     0.18 (0.08)     0.167 (0.09) 

𝑨𝟎𝒎𝒊𝒏 (au) 0.04 (0.02) 0.03 (0.01) 0.05 (0.03) 0.05 (0.02)     0.04 (0.03)     0.04 (0.02) 

𝑺𝑫𝑨𝟎 (au) 0.85 (0.34) 0.90 (0.39) 0.66 (0.23) 0.60 (0.31)     0.83 (0.32)     0.98 (0.27) 

MAS (au) 1.67 (0.19) 1.64 (0.22) 1.72(0.24) 1.59 (0.24)     1.68 (0.23)     1.75 (0.15) 

The Anderson-Darling test of normality revealed that the calculated acoustic features were non-

normally distributed (p > 0.05), implying that non-parametric statistics were conducted. A 

Friedman’s non-parametric two-way Analysis of Variance (ANOVA) was conducted. Where 

significance was found, a Wilcoxon signed rank test was performed to test the hypothesis of zero 

median for the difference between paired samples.  

A representation of group relative jitter and shimmer values as a function of played volumes and 

pitch registers can be observed Figure 5.13. As detailed in Table 5.2 and shown in Figure 5.13.A 

and Figure 5.13.B, healthy musicians showed an increase in relative shimmer and jitter (both in 

mean values and variability) from loud to soft volumes, respectively. In terms of pitch, while jitter 

mean value also increased for low registers (Figure 5.13.B), shimmer was found maximum for 

the high pitch register. Nevertheless, Friedman’s ANOVA only revealed a significant change for 

shimmer across volumes and pitches (p < 0.05). Post-hoc Wilcoxon tests showed a significant 

difference in shimmer between soft and loud volume notes (p = 0.016), and between middle and 

high pitch sustained tones (p = 0.016).  



134 

 

 

Figure 5.13. Group shimmer and jitter extracted from sustained notes according to 

their volume or pitch register.  

On each box, the central red line indicates the median, and the bottom and top edges of 

the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the 

most extreme data points not considered outliers, and the outliers are plotted 

individually using the '+' symbol. In all boxes, each data point represents a participant. 

*P<0.05.  

Finally, relative shimmer and jitter values extracted from each sustained note for each participant 

are displayed in Figure 5.14. Note that plots A and C and plots B and D represent the same data, 

but differently distributed: A and B group data according to the pitch register and then to the 

volume; C and D gather data based on the volume and then on the pitch register of notes. 
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Figure 5.14. Shimmer and jitter values extracted from each sustained note played by 

each participant, according to the volume and pitch register.  

Each data circle represents the value extracted from a single sustained note, coloured 

according to the participant who produced it as per the legend. Note that plots A and C 

and plots B and D represent the same data, but differently distributed: A and B group 

data according to pitch register and then volume; C and D gather data based on volume 

and then pitch register.  
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Sequenced Notes 

The results of the CoV analysis for all features extracted from sequenced notes for each ED task-

specificity domain are shown in Figure 5.15. Intra-group comparisons revealed a single feature 

presenting a significant change (Friedman’s ANOVA p < 0.05). As shown in Figure 5.16, CoV 

of amplitude envelope cross-correlated peaks presented significant difference between soft and 

medium sequences (Wilcoxon’s p = 0.047) and between soft and loud sequences (Wilcoxon’s p 

= 0.016). 
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Figure 5.15. CoV of sequence-based acoustic features extracted from all participants 

across ED task-specificity domains:  

A: Volumes (soft, medium, low); B: Tempos (60 bpm, 90 bpm, 160 bpm); C: Pitches (low, 

middle, high).  
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Figure 5.16. CoV of amplitdue envelope X-Corr peaks extracted from all sequences 

played by all musicians   

Single case of CoV of extracted features presenting a significant change across a 

domain. In all boxes, each data point represents a participant. *P<0.05.  

Figure 5.17 is shown to provide a visualisation of results’ distribution, displaying the assessed 

CoV per each participant, for each tempo and volume played.    

 

Figure 5.17. CoV of acoustic features extracted extracted from sequences across all 

participants, represented according to the volume and tempo.  

Each data circle represents the value extracted from sequences played at a given volume 

and tempo, coloured according to the participant who produced it as per the legend.  
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Sample Size Calculation for Embouchure Dystonia Studies 

The power analysis was performed establishing a level of significance of 5% and a study power 

of 80%, leading to Z-scores 𝑍𝛼

2
 and 𝑍𝛽 equal to 1.96 and 0.842, respectively. The standard 

deviation and the effect size were defined according to Morris et al. (2018) findings, shared via 

email (Morris 2018, personal communication, 17 October). Equation (5.2) was computed both 

with jitter and shimmer results which, expressed as mean (SD), were:  

- Jitter:  

o ED musicians: 0.88 (0.63) %. 

o Healthy musicians: 0.45 (0.13) %. 

- Shimmer: 

o ED musicians: 3.60 (1.73) %. 

o Healthy musicians: 1.97 (0.60) %. 

 A sample size of 20 participants per group (ED and healthy musicians) was obtained.  

 Discussion 

 Protocol and Experimental Set-up 

A main outcome of this study was the design of an experimental set-up and protocol to evaluate 

ED motor function. As previously explained in the Introductory Section 1.3 Embouchure 

Dystonia, ED is a task-specific form of focal Dystonia which in many patients, is further refined 

to specific aspects or domains (e.g. technique, register, speed, instrument) (Frucht, 2016). The 

presented protocol consists of an extensive series of musical exercises specifically customised to 

capture ED symptomatology across such domains. Technique-specificity is studied by including 

sequences and sustained notes; pitch and volume specificities are evaluated by both sustained and 

sequenced notes defined across the complete playing (i.e. pitch) and dynamic (i.e. volume) range 

that musicians can produce. Speed-specificity is tested by incorporating sequences at slow (60 

bpm), medium (90 bpm) and fast (160 bpm) tempos.  

An experimental set-up was developed to record the audio produced by musicians while 

performing the experimental protocol. The set-up was designed to minimise the equipment 

requirements and expenses, so that only a handy audio-recorder, headphones, a SPL meter and a 

laptop for displaying a slide presentation were required. Regarding the developed slide 

presentation, it serves as a tool for both the Experimenter and the musician undergoing the test 

protocol. The presentation allows the Experimenter to generate reference tones that by being 
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captured in the audio-recording, enable subsequent automation of the analysis. In addition, the 

computer-based GUI guiding the protocol provides the guidelines of the tasks to be performed 

throughout the testing and instructs participants on how to play each musical task.  

Both the experimental set-up and the protocol were tested with seven wind musicians. A minor 

issue with regards to the instructions provided to participants when performing the musical 

exercises was detected. Some musicians would tend to play sequenced notes in a legato style 

rather than articulating the notes. This phenomenon was detected in the analysis of the first 

acquired audio-recordings. In the subsequent audio-recordings, this issue was solved by 

frequently reminding participants the playing technique of the sequences.  

The experimental set-up and the protocol were optimised to a recording time of around 40 minutes 

duration. All the participants successfully completed the protocol of music exercises and the 

experimental set-up demonstrated to enable audio-recording as desired. 

 Software for Acoustic Signal Quantification 

In this study software was developed to provide a tool for objectively and quantitatively assess 

ED severity across different domains of symptomatology. The software performs an automated 

analysis of audio-recordings collected from wind instrument musicians while playing protocol-

guided musical exercises. After pre-processing audio-recordings for detecting played notes (both 

sustained and sequenced), an extraction of acoustic features from these notes is conducted via 

Power Spectral Density and Time Domain analyses. Sustained notes are analysed for acoustic 

instability by means of amplitude and frequency perturbation measures (essentially, shimmer and 

jitter). Sequenced notes are analysed for: rhythmic abilities from inter-note variability; notes 

attack precision from metronome time shifts; volume consistency across notes by cross-

correlating amplitude envelopes; pitch consistency from F0 changes across repeated notes.  

The software was tested with the audio-recordings gathered from the seven participants and 

successfully demonstrated to enable an automated acoustic analysis. The software enabled 

acoustic analysis of the audio-recordings, providing sufficient and appropriate resolution in the 

extracted acoustic features.   

 Methodology Strengths 

As previously discussed in the Literature Review Section 2.3.3.2 Embouchure Dystonia, the lack 

of research in ED is reflected in the absence of tools for its clinical evaluation: no standardised 

objective methodology exists, nor are there subjective Likert-like scales specifically designed for 
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ED. Due to this and to the complex phenomenology of ED (which involves a large variety of lip, 

tongue, facial, laryngeal, masticatory and breathing muscles), the diagnosis is demanding even 

for experienced neurologists (Frucht, 2016) and mostly based on a subjective rating of sound 

quality produced by patients (Altenmüller, 2011). Such subjective approach, characterised by lack 

of precision and reliability (both for inter- and intra-subjects assessments) (Lee, et al., 2014), may 

lead to inaccurate follow-ups and consequently, provides challenges for long-term studies.  

The available medical treatments or approaches (e.g. medication with Trihexyphenidyl, 

Botulinum Toxin injections, ergonomic changes, pedagogical retraining, non-specific exercises 

on the instrument) are ineffective for Embouchure Dystonia. Furthermore, there is critical need 

for novel therapies not only for ED but also for MD (Jabusch and Altenmüller, 2006). A standard 

methodology to objectively quantify ED patients’ musical performance would allow a reliable 

monitoring of emerging therapies and neurorehabilitation approaches. In addition, those 

functional EDs, overuse or stress syndromes or other motor function disabilities (e.g. 

neuropathies, radiculopathies, plexopathies, complex regional pain syndrome, repetitive stress 

injury, focal seizures, thoracic outlet syndrome, medications effects) (Torres-Russotto and 

Perlmutter, 2008) that are currently misdiagnosed as Dystonia could be detected. The evolution 

of patients undergoing treatments and rehabilitations specifically designed for the aforementioned 

motor function syndromes could be quantitatively tracked.  Such therapies will not improve real 

Dystonias. As a result, those subjects revealing a recovery after such specific treatments could be 

classified as misdiagnosed.  

Recent publications have evaluated ED in subjects during musical performance and objectively 

quantified certain aspects of the disorder employing different methodologies: Electromyography 

(EMG); real-time-Magnetic Resonance Imaging (rt-MRI); acoustic analysis. The major strengths 

of the three approaches are: ED assessment occurs at the instrument where the task-specific 

disorder is triggered; consist of objective and quantitative methods, providing reliable, valid and 

sensitive ED assessments; applicable in addition to the neurologist’s subjective rating. 

Nevertheless, clinical utility requirements are not met by all the approaches. The fluctuation, 

heterogeneity and fineness of the muscles involved in ED subjects presents a technical and 

methodological challenge for EMG (Lee et al., 2014). Thus, both staff expertise and equipment 

requirements for EMG analysis represent major limitations for its clinical utility. Similarly, rt-

MRI’s requirements of staff expertise for carrying out such imaging and for data interpretation, 

highly expensive equipment and infrastructure, make this approach unsuitable for daily clinical 

practice. On the contrary, acoustic quantification of signals is not only the single approach that 

allows sound quality evaluation but also appears as the most promising for ensuring clinical 

utility. Acoustic analysis is a quick, non-invasive and inexpensive method, not requiring of 
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expertise knowledge for data interpretation. While this approach does not allow detecting which 

the specific impaired muscles are, it enables assessing information of intraoral and deep muscles 

(Morris et al., 2018). Moreover, contrary to rt-MRI studies, acoustic analysis permits 

simultaneous EMG recording for capturing complementary information.     

Three previous studies have quantified sound characteristics in ED subjects while musical 

performance (Lee et al., 2014; Morris et al., 2018; Uehara et al., 2019). Lee et al. (2014) and 

Uehara et al. (2019) (the latter following the protocol developed in the former publication) 

recorded ED musicians while producing sustained notes with their own instruments across their 

playing (i.e. frequency) range. From the audio notes recorded, both studies extracted the time-

varying fundamental frequency signals to quantify sound instability. Taking into account the ED 

task-specificity aspects, the methodology presented in Lee et al. (2014) is restricted to a single 

technique (i.e. sustained notes), which implies that symptomatology that may be triggered by 

producing sequences of notes was neglected. A unique volume, so that impairments that may 

appear across different loudness were not considered. Furthermore, since note sequences were 

not included in the study, ED speed-specificity was not analysed.  

Morris et al. (2018) did incorporate note sequences in their protocol of musical exercises. 

Additionally, both sustained and sequenced notes were played across instruments’ full dynamic 

(i.e. volume) and pitch ranges. Contrary to Lee et al. (2014), Morris et al. (2018) extracted 

features to study ED impairments in different acoustic domains: sound instability, pitch 

inaccuracy and timing variability. Nevertheless, the study only refers to arpeggios played at a 

single tempo (1 Hz), so no analysis regarding the effect of playing speed in subjects was provided. 

In the presented study here, the protocol of musical exercises was designed to analyse such effect 

by including sequences played across different tempos. Moreover, not only arpeggios but also 

repeated notes and sequences containing instruments’ full pitch range (i.e. highest note, middle 

note, lowest note) were included. While repeated notes allowed evaluating pitch consistency 

across notes, the latter sequences enabled the study of the musician’s ability to adapt the 

embouchure when progressing across the complete pitch range. Furthermore, sequences were 

designed in ascending and descending pitch (except for the repeated notes), to study whether the 

order of the played notes could trigger specific Dystonic symptomatology. By analysing intra-

subjects comparisons of acoustic features extracted from sequences of different typology, a more 

in-depth and individualised ED severity assessment could be performed.  

As in Morris et al. (2018), this study measured sound instability from sustained notes by means 

of relative shimmer and jitter values. Nonetheless, additional frequency and amplitude 

perturbation measures were extracted (see Table 4.9 and Table 4.10). Amplitude-based features 
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were normalised across instruments’ dynamic range, allowing inter-musicians comparisons. Pitch 

inaccuracy was as well considered. Here, such acoustic domain was quantified extracting DF0% 

across repeated notes. Timing variability was assessed from sequences by means of IOI CoV. 

Although Morris et al. (2018) did not find significant difference between ED and healthy 

musicians comparison, two subjects (n = 9 ED) presented high IOI CoV. Additionally, as 

discussed in the Literature Review (see Section 2.3.1.2 Methods for Motor Function Assessment) 

MIDI-based analysis in pianists revealed an increased sequence temporal variability in hand 

Dystonia subjects compared to controls (Jabusch et al., 2004). For these reasons, temporal 

variability was considered a symptomatologic aspect to study. 

While the aforementioned publications did not assess the temporal delay in subjects when starting 

notes, this study presented here was designed to allow such measurement. The experimental set-

up and protocol enabled synchronising the audio of the sequenced notes generated by participants 

with the metronome-like audio that musicians were listening to while performing. The subsequent 

software analysis quantified note initiation delays by extracting time shifts of note onset with 

respect to the synchronised pacing signal. This measure may reflect lip-lock ED phenotype (in 

which lips seal shut, obstructing the airflow) and lip-pulling (in which one lip presents aberrant 

movements that interfere with the flow of air) (Frucht, 2016). Lip-pulling, associated with blurred 

attacks (Frucht, 2016), may be also captured by measuring inter-notes pitch consistency (i.e. 

DF0%) and inter-notes volume consistency. The later acoustic domain, neither considered in the 

previously mentioned studies, was assessed from sequences by cross-correlating the maximum 

amplitude envelope of notes played within triads.  

Another benefit presented in this study over from the literature publications which quantify audio 

signals generated by ED patients is that these studies did not define a specific protocol to record 

such audio from musicians. This study provided a detailed explanation of all the recording 

procedure (including the experimental set-up). A user-friendly tool for the experimenter to guide 

participants through the testing protocol was also provided. The developed protocol and software 

were tested not only with brass but also with woodwind musicians (instrumentalists who also 

present ED). A single study in the literature considered woodwind instrumentalists in their cohort 

(Uehara et al., 2019). Finally, a major strength of the developed methodology with respect to the 

previous studies is the automation of the acoustic analysis of audio-recordings. 

Another relevant benefit of the described methodology is its potential to be implemented for 

studying not only ED but also Hand Dystonia subjects. The experimental set-up is simple, low-

cost and mobile which, provided that it is set in a quiet room, allows recording any type of musical 

instrument. Both the protocol of music recordings and software analysis could potentially be as 
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well tailored to instruments played by subjects suffering from Hand Dystonia (e.g. keyboard, 

string, percussion). Ultimately, a major strength of this methodology is the potential for remote 

data recording and processing, facilitating its use in a larger ED population.  

In summary, there exists a clear clinical need of a comprehensive automated approach to acoustic 

analysis of ED. This study addressed this challenge by developing a tool framework conformed 

by developing a protocol of musical exercises to evaluate ED symptomatology across different 

acoustic domains. An experimental set-up to record audio produced by musicians was also 

developed. A customised software was designed and implemented that, by extracting ED 

biomarkers (i.e. key acoustic features) from music recordings, performs an automated and 

quantitative assessment of the disorder’s severity.  

  Limitation and Future Embouchure Dystonia Studies 

In this study a baseline to compare to ED patients was formed by the collection and subsequent 

analysis of audio-recordings from seven healthy wind musicians. A statistical analysis was 

performed to calculate the sample size required to conduct a comparison study between ED and 

healthy wind musicians, based on key acoustic features (jitter and shimmer). Defining a level of 

significance of 5% and a study power of 80%, results revealed that a sample size of 20 subjects 

was needed per group.  

Considering the power analysis performed, a common limitation was found in the current studies 

quantifying ED by acoustic analysis: a small sample size.  Lee et al. (2014), studied 7 ED and 10 

healthy musicians; Morris et al. (2018) recruited 9 ED and 6 healthy musicians; Uehara et al. 

(2019) considered 14 ED musicians and 14 healthy controls. Consequently, neither the 

heterogenous nature of wind instruments nor demographic details (e.g. age, gender, musical 

expertise level) could be related to performance on the measured acoustic domains. Similarly, no 

1-to-1 correspondence was found between such domains and ED phenotypes. Future work 

involving larger ED and healthy cohorts may allow identifying the existence or absence of the 

aforementioned relationships.  

Another possible limitation present in studies from the literature is the limited number of acoustic 

features extracted from audio-recordings. In this study, additional features were designed to allow 

studying further aspects of ED refined task-specificities. Acoustic-based features were extracted 

for several acoustic domains (technique, pitch, volume and tempo) which contained multiple 

conditions: 2 techniques (sustained notes and sequences (including 5 different classes)); 3 pitch 

registers (low, middle, high); 3 volumes (soft, medium, loud); 3 tempos (slow, middle, fast). Thus, 

a large set of variables was provided, which would potentially allow to future studies 
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characterising both ED and healthy cohorts and performing inter-group comparisons. This 

provides the basis for building a classifier to detect ED from audio recordings.  

Nevertheless, when developing a classification algorithm, it is often not desirable to use all the 

analysed features. A classifier’s performance may decrease if the number of training samples used 

for building the classifier is smaller than the number of features. This phenomenon is known as 

the curse of dimensionality, and a good practice to avoid it consists of using at least ten times as 

many training samples per class as the number of features. Furthermore, overfitting may occur in 

a classification system whose complexity is greater than the training data size. Therefore, prior to 

building a classifier with the presented acoustic variables, it would be critical to determine the 

optimal set of features to be employed. This process could be performed by applying a feature 

extraction (e.g. Principal Component Analysis, Linear Discriminant Analysis) or a feature 

selection algorithm (e.g. Exhaustive Search, Branch-and-Bound Search, Feed-forward Selection) 

to select the subset of features that lead s to the smallest classification error (Jain et al., 2000).   
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 STUDY 2 –Acoustic Analysis of Video-Recordings 

Collected from Embouchure Dystonia Subjects, and 

Comparison to Healthy Wind Instrumentalists. 

 Introduction 

In this study the software developed in Chapter 4 (see Section 4.3.3 Software for Acoustic Signal 

Quantification) was employed to perform acoustic analysis of literature audio-data collected from 

Embouchure Dystonia subjects while playing musical instruments. The results obtained from ED 

patients were compared to healthy wind instrumentalists’ normative data assessed in the Study 1 

(reported in Chapter 5). A comparative study of the extracted audio-based features was performed 

to investigate the differences in musical performance impairments between both cohorts.  

The goals of the study were: 

- Perform a literature search to find available audio or audio-visual database of ED 

musicians performing and demonstrating ED episodes.   

- Pre-process such a database to allow comparison to the acoustic data collected from 

healthy wind instrumentalists in Study 1 (Chapter 5).  

- Employ the developed software (4.3.3 Software for Acoustic Signal Quantification) to 

perform acoustic analysis of the ED database. 

- Perform a comparative study between the obtained ED analysis results and the healthy 

wind instrumentalists’ normative data reported in Study 1 (Chapter 5).  

 Methods 

 Embouchure Dystonia Patients’ Demographics and Acoustic Data 

A search of acoustic data of ED subjects performing was conducted. A suitable ED database was 

located based on the publication by Fructh (2016). This publication reviews subjective methods 

for ED evaluation (see Literature Review Section 2.3.1.2 Methods for Motor Function 

Assessment). Frucht presented an algorithm for evaluating patients by visual examination along 

with a series of video recordings of ED musicians manifesting the disorder.  

A total of four composite video segments were provided in Fructh (2016) in order to illustrate the 

rich phenomenology of ED. The first video (Additional File 1) shows methods for the evaluation 

of the embouchure. The video exhibits ED subjects performing several exercises: mouthpiece 
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buzzing, to evaluate lips performance when playing the instrument; free buzzing, to evaluate how 

lips vibrate without a mouthpiece or instrument; O-ring buzzing, to visualise lips as if a 

mouthpiece was being used. The other three videos revealed phenomenological features 

associated with ED: refined task-specificity aspects (Additional File 2); sensory tricks, e.g. 

touching or applying pressure to a particular area of the embouchure (Additional File 3); unusual 

phenomena, e.g. coincident writer’s cramp, spread to speech, botulinum toxin side effects 

(Additional File 4).  

The acoustic data considered in the current study was selected from videos Additional File 2 and 

Additional File 3, which show ED subjects performing musical tasks that trigger their dystonic 

symptoms. No apparent protocol of musical exercise was followed during the recording of 

subjects. Due to this, the notes played differ among subjects (both intra- and inter-patients) in 

several aspects: duration, technique, pitch register, volume, tempo. A representative example of 

the heterogeneity present across recorded tasks is shown in Figure 6.1. The audio displayed was 

extracted from the video-segment of Additional File 2 and corresponds to the musical tasks played 

by subject TS5 (ID code assigned as per Fructh (2016)). Subject TS5 started producing an 

articulated scale, followed by a legato and a shorter-articulated scales, and finished performing a 

musical piece with a legato technique.  

 

Figure 6.1. Time domain audio signal extracted from the video-segment of Additional 

File 2 corresponding to the musical tasks played by subject TS5.  

Subject TS5 started producing an articulated scale, followed by a legato and a shorter-

articulated scales, and finished performing a musical piece with a legato technique. 

The audio file corresponding to the exercises played by each ED musician studied here is shown 

in Table 6.1. Characterisation of subjects is also provided by detailing their domain of task-

specificity and their ED phenotype and symptomatology. 
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Table 6.1. ED patients’ demographics and audio recorded during musical performance in Fructh (2016). 

Subject 

ID and 

(File ID)  

Musician  

(Video screenshot) 

Played 

instrument 

Task-

specificity 

domain 

 
ED 

phenotype 
ED symptomatology Audio of music exercises 

TS1 (2) 

 

French 

horn 
Register 

 

Tremor 

Tremor at descending 

scale (affecting notes 

located within a perfect 

fifth) 

 

TS2 (2) 

 

French 

horn 
Register 

 

Tremor 

Tremor at descending 

scales (same register as 

TS1). Minimal tremor in 

higher registers. 

 

TS3 (2) 

 

French 

horn 
Register 

 

Tremor 
Prominent tremor only in 

middle register. 
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TS4 (2) 

 

French 

horn 
Register 

 

NS 

Inability to sustain 

airflow and sound 

limited to higher 

registers. 

 

TS5 (2) 

 

French 

horn 
Technique 

 

NS 

Difficulty in articulation 

of notes (i.e. starting 

notes with clear 

beginning) 

 

PT7 (3) 

 

Flute NA 

 

Lip-

pulling 

Lip-pulling, with 

protrusion and forward 

pursing of the upper lip 

(which improves 

applying mild pressure to 

such lip). 
 

NA: Not applicable; NS: Not specified in Fructh (2016). 
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 Analysis of Embouchure Dystonia Subjects’ Acoustic Data 

 Pre-processing 

None of the ED subjects was paced or asked to play at a specific tempo during the recording. Due 

to this, a systematic evaluation of temporal variability of participants was not possible to study.  

Similarly, the fact that musicians were not specifically instructed to play either repeated notes or 

notes of equal duration did not enable a systematic assessment of pitch consistency or loudness 

consistency across notes, respectively.  

Based on the acoustic analysis performed by the developed software (see Section 4.3.3 Software 

for Acoustic Signal Quantification), the acoustic analysis performed in this study was focused on 

the assessment of acoustic instability present in played notes. As frequency instability is assessed 

by dividing input audio files into frames of 300 ms in duration with 150 ms overlap (as described 

in 4.3.3.2 Frequency Perturbation Measures), the minimum duration of notes considered in the 

study was 800 ms.  

In order to identify the notes played by ED participants, the custom-developed MALTAB 

platform developed in the Study 1 for sequenced notes’ detection was employed here (see 

Section5.2.4.1 Pre-processing). In summary, the maximum amplitude envelope of the recordings 

was extracted. The onset and offset of notes were established at the time points at which the 

envelope exceeded the 40% of its mean amplitude. Such a procedure can be visualised in Figure 

6.2 for the case of the recording from musician PT7. Nevertheless, in recordings where no 

uniformity across notes was found (e.g. in subject TS5’s), a manual detection of notes was 

performed. The first and last 150 ms of the extracted notes were removed to exclude ramp-up and 

fading phases, as performed in the pre-processing of sustained notes from Study 1 (see Section 

5.2.4.1 Pre-processing). As aforementioned, only the notes whose duration was equal or superior 

to 800 ms were subsequently analysed.   
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Figure 6.2. Notes detection from ED patients’ audio-recrdoings. 

A: A typical audio-recording of ED participant (blue) showing detected note onset 

(green) and offset (yellow). B: Smoothed maximum amplitdue envelope (cian) extracted 

from the audio in A, shown with the amplitdue threshold (red). 

 Feature Extraction 

Detected notes were analysed with the developed software (4.3.3 Software for Acoustic Signal 

Quantification) and amplitude and frequency perturbation measures were extracted as detailed in 

Sections 4.3.3.1 Amplitude Perturbation Measures and 4.3.3.2 Frequency Perturbation Measures, 

respectively.  

 Statistical Analysis Methods  

A mean value of each acoustic feature was computed for each ED subject by averaging each 

measure across all the notes analysed per subject.  

The averaged extracted features from Embouchure Dystonia musicians were compared to the 

findings obtained from the sustained notes played by healthy wind instrumentalists from Study 1 

(detailed in 5.3 Results). Inter-group comparisons were performed for each amplitude-based 

extracted feature and for the relative jitter (the only frequency-based feature normalised to the 

mean F0 of notes). The Anderson-Darling test of normality was carried out to establish the data 

distribution. The subsequent statistical analysis to test the difference between ED and healthy 

cohorts was conducted based on the resultant data distribution.  
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 Results 

Individual and group (mean (SD) and median) values of the audio-based features extracted from 

notes from ED subjects are shown in Table 6.2. The results obtained from the healthy wind 

instrumentalists evaluated in the Study 1 (further described in 5.3 Results) are also included in 

Table 6.2 for comparison purposes.  

Table 6.2. Individual and group values obtained for each audio-based feature from ED and healthy 

cohorts.  

Cohort 

typology 

Subject 

ID 

Num. 

notes 

Jitter 

(%) 

𝐀𝟎̅̅ ̅̅  

(au) 

𝐒𝐃𝐀𝟎 

(au) 

Shim 

(%) 

MAS 

(au) 

𝐀𝟎𝐦𝐢𝐧 

(au) 

𝐀𝟎𝐦𝐚𝐱 

(au) 

ED 

TS1 16 1.00 1.58 0.09 3.91 0.06 1.39 1.76 

TS2 13 4.41 1.50 0.14 5.89 0.09 1.15 1.79 

TS3 3 0.27 1.44 0.15 8.03 0.11 1.21 1.78 

TS4 2 0.24 1.59 0.09 3.71 0.06 1.41 1.72 

TS5 12 0.14 1.43 0.14 4.71 0.06 1.21 1.74 

PT7 9 0.45 1.31 0.23 14.85 0.19 0.80 1.87 

Group 

Mean 

(SD) 

9.17 

(5.15) 

1.09 

(1.51) 

1.48 

(0.09) 

0.14 

(0.05) 

6.85 

(3.86) 

0.10 

(0.05) 

1.20 

(0.20) 

1.78 

(0.05) 

Group 

Median 
10.50 0.36 1.47 0.14 5.30 0.08 1.21 1.77 

Healthy 

H1 9 0.19 1.18 0.19 2.73 0.03 0.75 1.57 

C1 9 0.04 1.49 0.17 2.33 0.03 1.12 1.82 

F1 9 0.08 1.13 0.25 4.52 0.05 0.62 1.77 

F2 9 0.20 1.10 0.21 4.99 0.05 0.71 1.73 

O1 9 0.15 1.29 0.13 4.14 0.05 0.96 1.66 

O2 9 0.19 1.15 0.15 3.04 0.03 0.68 1.59 

O3 9 0.08 1.16 0.14 2.89 0.03 0.77 1.58 

Group 

Mean 

(SD) 

9 (0) 
0.13 

(0.06) 

1.21 

(0.12) 

0.18 

(0.04) 

3.52 

(0.94) 

0.04 

(0.01) 

0.80 

(0.16) 

1.68 

(0.09) 

Group 

Median 
9.00 0.15 1.16 0.17 3.04 0.03 0.75 1.66 

Num. notes: Number of analysed notes; Shim: Shimmer.   

The Anderson-Darling test of normality revealed that the calculated acoustic features were non-

normally distributed (p > 0.05), so that non-parametric statistics were subsequently performed. 

Inter-group comparisons were conducted for each extracted feature employing a non-parametric 

two-sided Mann-Whitney U test, which tested the null hypothesis that both cohorts presented 

equal median.  
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A representation of the audio-based features extracted for each population is shown in Figure 6.3. 

As can be noted, the ED cohort showed greater values than healthy musicians in all the assessed 

features except for 𝑆𝐷𝐴0. Mann-Whitney U tests revealed a significant difference between cohorts 

for the following features: relative jitter (median = 0.36% ED, 0.15% Healthy, p < 0.05); 𝐴0̅̅̅̅  

(median = 1.47 au ED, 1.16 au Healthy, p < 0.01); MAS (median = 0.08 au ED, 0.03 au Healthy, 

p < 0.01); 𝐴0𝑚𝑖𝑛 (median = 1.21 au ED, 0.75 au Healthy, p < 0.01). Shimmer (median = 5.30% 

ED, 3.04% Healthy, p = 0.051) and  𝐴0𝑚𝑎𝑥 (median = 1.77 au ED, 1.66 au Healthy, p = 0.10) 

had a similar but not a statistically significant difference.  



154 

 

 

Figure 6.3. Audio-based features extracted from ED and healthy wind 

instrumentalists.  

On each box, the central red line indicates the median, and the bottom and top edges of 

the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the 

most extreme data points not considered outliers, and the outliers are plotted 

individually using the '+' symbol. In all boxes, each data point represents a participant. 

*P<0.05,**P<0.01. 
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For a better understanding of the results, a matrix of all the bivariate scatterplots between the 

extracted features is displayed in Figure 6.4. Multiple combinations of bivariate plots showed the 

data points of ED and healthy musicians in separate clusters, allowing a clear discrimination 

between groups. Such discrimination was specially visualised in those features presenting a 

higher difference between cohorts, for instance: MAS vs 𝐴0𝑚𝑖𝑛, MAS vs 𝐴0̅̅̅̅ , 𝐴0̅̅̅̅  vs shimmer, 

𝐴0𝑚𝑖𝑛 vs shimmer. 

 

Figure 6.4. Matrix of all the bivariate scatterplots between the extracted audio-based 

features.  

Green: healthy musicians’ results. Red: ED musicians’ results. Diagonal plots represent 

the outlines of the grouped histograms.   

 Discussion 

In this study acoustic analysis was undertaken on a freely available database capturing ED patients 

during musical performance. Notes played by ED musicians were extracted from video 

compilations originally presented by Frucht (2016). These videos demonstrate the rich 
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phenomenology of the task-specific disorder. The software platform (developed in Section 4.3.3 

Software for Acoustic Signal Quantification) was employed to objectively quantify ED notes’ 

sound instability by extracting amplitude and frequency perturbation measures.  

A comparative study was performed to investigate the differences in acoustic instability between 

ED patients’ notes and the healthy musicians’ notes (reported in the Study 1, see Chapter 5). Inter-

group comparisons were performed for each audio-based feature. The ED cohort presented greater 

sound instability in all the measures except for 𝑆𝐷𝐴0, revealing higher embouchure impairments 

in this group (both in pitch and volume control) with respect to the healthy musicians. Differences 

were found to be statistically significant for features relative jitter, 𝐴0̅̅̅̅ , MAS and 𝐴0𝑚𝑖𝑛, and were 

revealed to be non-significant for features relative shimmer and 𝐴0𝑚𝑎𝑥.  

The results obtained in this study support the findings of increased acoustic instability in 

Embouchure Dystonia reported by previous research (Lee et al., 2014; Morris et al., 2018; Uehara 

et al., 2019). 

Nevertheless, interpretation of the results presented here must be undertaken cautiously due to 

several differences within studied cohorts and their respective analysed data: 

- Sample size: 7 healthy wind instrumentalists vs 6 ED musicians. 

- Played instruments: 1 French hornist, 1 clarinettist, 2 flautists and 3 oboists composed 

the healthy cohort, while 5 French hornists and 1 flautist belonged to the ED group.   

- Number of analysed notes: 9 notes were analysed per each healthy musician. The number 

of analysed notes varied according to the ED musician (16, 13, 3, 2, 12, 9).  

- Duration of notes: Healthy musicians played notes for 8 - 15 seconds approximately, 

while the duration of ED analysed notes was within 0.8 and 3 seconds.  

- Volume and pitch registers: Healthy musicians played notes at soft, medium and loud 

volume and at low, middle and high pitch register. ED analysed notes were played both 

at random volume and pitch.  

- Playing technique: Musicians audio-recorded in Study 1 were specifically instructed on 

playing notes as stable as possible (in terms of pitch and volume). No instruction of such 

kind was apparently provided to ED patients recorded in Frucht (2016).   

In summary, the software platform allowed objective and quantitative acoustic analysis of 

remotely recorded ED audio data. Notes played by ED patients were studied for acoustic 

instability in both pitch and volume domains. The extraction of key acoustic features allowed 

characterising ED subjects’ musical performance. When compared to healthy wind 

instrumentalists’ normative data, ED presented higher both pitch and volume instability, 
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suggesting superior embouchure impairments. Nevertheless, further studies are recommended to 

incorporate a protocol of musical exercises for ED evaluation which, by providing homogeneous 

audio-data within ED and healthy musicians cohorts, would allow performing a more reliable 

comparative study.      

  



158 

 

 STUDY 3 –Analysis of Audio Recordings Collected from 

Hand Dystonia Musicians Before and After a Sensory-

Motor Rehabilitation Therapy  

 Introduction 

In this study the software developed in the Chapter 4 (see Section 4.3.3 Software for Acoustic 

Signal Quantification) was employed to analyse audio-recordings collected from Hand 

Musician’s Dystonia (HD) patients during musical performance, prior to and after undergoing a 

sensory-motor rehabilitation therapy. The main aim was quantifying the changes between pre- 

and post-treatment patients’ impairments in musical performance by means of audio-based 

features.  

The following goals were achieved for completing the main objective of the study: 

- Broaden  the analysis framework (depicted in 4.3.3 Software for Acoustic Signal 

Quantification) to enable: the pre-processing and acoustic analysis of audio 

recordings collected from HD subjects.  

- Validate the new software code with synthesised audio data. 

- Employ the software platform to perform an analysis of HD audio recordings by 

extracting acoustic features.  

- Quantify the change in a subject’s musical performance by comparing the acoustic 

features extracted from pre- and post-therapy audio data. 

- Compare the findings of the performed acoustic analysis to outcome measures of 

standardised and validated patient-reported questionnaires (e.g. ADDS, TCS) and a 

clinician-rated assessment of change. 

 Methods 

 Study Population  

 Demographics 

The acoustic data analysed in this study were collected in a recently published study (Butler et 

al., 2018). Butler et al. (2018) studied the feasibility of a sensory-motor rehabilitation therapy for 

Focal Hand Task-Specific Dystonia both in Writer’s and Hand Musician’s Dystonia patients. 

Participants were recruited for 6 months, from a Movement Disorder Clinic at the National 
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Hospital for Neurology and Neurosurgery (London) and a private Hand Therapy Clinic (London 

Hand Therapy). Fifteen patients were recruited and a total of twelve completed the study (5 with 

Writer’s Dystonia, 7 with Musician’s Dystonia). A breakdown of demographics for the HD cohort 

in Butler et al. (2018) and here studied is provided in Table 7.1 

Table 7.1. Hand Musician’s Dystonia group demographics. Adapted from Butler et al. (2018). 

Clinical characteristic Demographic data (n = 7) 

Gender 4 Male, 3 Female 

Age: Mean (SD) years 45 (13.9) 

Age of Dystonia onset: Mean (SD) years 41.6 (11.9) 

Time from symptom onset to diagnosis: Mean (SD) years 2.9 (1.9) 

Past use of Botulinum Toxin: n (%) 0 (0%) 

Instrument played: n (%)  

- Piano 4 (58%) 

- Guitar 2 (28%) 

- Flute 1 (14%) 

Style of music played: n (%)  

- Classical 6 (76%) 

- Rock 1 (14%) 

Affected body part: n (%)  

- Small finger  1 (14%) 

- Middle finger 1 (14%) 

- Small and ring fingers 4 (58%) 

- Wrist and middle finger 1 (14%) 

The therapy that participants received consisted of a combination of sensory-motor rehabilitative 

approaches. For a 6-month period, patients conducted a program of self-directed home exercises 

(sensory re-education, sensory-motor retuning, mirror therapy, slow-down exercise treatment, 

forearm muscles stretches, shoulder exercises, hand strengthening exercises), along with a 

maximum of six clinical therapy sessions (soft tissue massage, ultrasound therapy).  

Treatment clinical outcomes were based on standardised and validated patient-reported 

questionnaires. The following measures were collected at baseline, 3 months and 6 months into 

the therapy: ADDS, TCS, The Brief Illness Perception Scale (BIPQ), Perceived Health Status 

EQ-5D 5 L. While ADDS and TCS include Dystonia severity rating (scales previously discussed 

in the Literature Review Section 2.3.1.2 Methods for Motor Function Assessment), BIPQ 

measures the cognitive and emotional representation of illness, and Perceived Health Status rates 

the total health across five dimensions (mobility, self-care, usual activities, pain/discomfort, 

anxiety/depression) and a visual analogue scale. Patient-rated CGI was assessed at 3 and 6 months 
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to rate the change from baseline impairment by means of a seven-point Likert-like scale. Patients 

were video-recorded at baseline and 6 months during performance of standardised exercises 

(according to the typology of their Dystonia). For the case of the HD cohort, participants were 

asked to play a musical piece that triggered the disorder for 2 minutes and a mezzo forte (i.e. 

moderately loud volume) legato (i.e. connecting notes) scale of two octaves 15 times, at a tempo 

of 8 notes per second (metronome paced). Two neurologists rated subjects’ impairment reflected 

in collected videos as per the scale: absence (1); mild (2); moderate (3); severe (4).   

A diagram describing the study design conducted in Butler et al. (2018) can be observed in Figure 

7.1. 

 

Figure 7.1. Study design of the sensory-motor rehabilitation therapy completed by 

patients with Writer’s and Hand Musician’s Dystonia. Adapted from Butler et al. 

(2018).  

Top section (blue) of the diagram details the outcome measures collected over the 

timeline (red) of the therapy. Bottom part (green) describes the therapy intevention, 

specifying the intervals within clinical therapist encounters.    

Authors assessed the Effect Size (ES) of each outcome measure to quantify its change between 

baseline and 3 months, and baseline and 6 months. Group ESs were computed considering both 

Writer’s and Hand Musician’s Dystonia subjects for all scales except for TCS, which was only 

completed by HD musicians. ES results were interpreted as follows: 0.8 was large, 0.5 was 

medium, 0.2 was small. Group ESs are detailed below for each outcome measure as “Scale (ES 

baseline-3 months, ES baseline-6 months)”, along with the findings they revealed: 
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- ADDS (0.28, 0.23): Small improvements from baseline, both at 3 months and 6 

months.  

- TCS (0.13, 0.53): Small-to-medium improvements at successive assessment points.  

- BIPQ (0.38, 0.71): Small-to-medium improvements at successive assessment 

points. 

- Perceived Healthy Status EQ-5D 5 L (0.34, 0.59): Small-to-medium improvements 

at successive assessment points. 

- Clinician-rated video (NA,0.78): Moderate improvement at 6 months. 

- CGI (NA, 0.97): Large improvement at 6 months.  

See Table 7.2 for individual clinical outcome measures assessed at baseline and after the sensory-

motor treatment.    

Table 7.2. Individual clinical outcome measures assessed at baseline and at 6 months into therapy 

intervention.  

ID 
ADSS%p TCSp BIPQp EQ-5D 5Lp CGIp Video scorec 

0 m 6 m 0 m 6 m 0 m 6 m 0 m 6 m 0 m 6 m 0 m 6 m 

P1 73 73 3 2 49 33 0.76 0.92 N/A 5 2.75 2 

P2 73 73 2 4 54 48 0.75 0.92 N/A 2 3.25 3 

P3 56 56 3 3 47 40 0.68 0.68 N/A 3 1.25 1.25 

P4 77 81 4 4 56 49 0.83 0.90 N/A 3 1 1.75 

F1 77 81 4 5 44 63 0.90 0.89 N/A 1 3 1 

G1 77 77 3 3 55 53 0.90 0.90 N/A 2 3 3 

G2 77 81 1 3 62 46 1.00 0.92 N/A 3 3.25 2 

 pPatient-rated measure;  cClinician-rated measure; N/A: Not applicable; m: Months. 

 ADDS: 0 – 100% (higher score = less disability); TCS: 0 – 5 (higher score = less disability); BIPQ: 0 

– 80 (higher score = more threatening view of the illness); EQ-5D 5 L: 0 – 1 (1 = complete health); 

CGI: 0 – 7 (0 = very much improved, 7 = very much worse); Video score: 1 – 4 (higher score = greater 

impairment).  

 Acoustic Data 

The acoustic data analysed in this study were provided by the study author Dr. Anna Sadnicka, 

guaranteeing anonymous and confidential conveyance (Sadnicka 2019, personal communication, 

21st May). Recordings were collected from the HD cohort studied in Butler et al. (2018) 

(described in Table 7.1) at baseline and at 6 months into therapy intervention.  

Audio files contained the sound produced by the seven HD patients during musical performance 

of mezzo forte legato scales, recorded at a sampling frequency of 44.1 or 48.0 kHz. Scales were 

played at a speed of 8 notes per second (metronome paced) and within 15 – 20 times (depending 
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on the recording). Additional relevant information of the analysed data is summarised in Table 

7.3, where each row represents one of the analysed audio files. The guitarists and the flautist 

performed the exercise at baseline and after the therapy. Most of the piano players performed the 

musical exercise with left and right hands (in independent recordings) both at baseline and 6 

months. The nomenclature “(1)” and “(2)” have been added in the “Recording time” and “Playing 

hand” parameters of Table 7.3 to distinguish audio files collected when participants performed 

the exercise twice. The majority of subjects played scales of two octaves in ascending (e.g. from 

C2 to C4) and descending order (e.g. from C4 to C2) without breaks in between. The protocol of 

exercises presented differences for some subjects, as detailed in “Differences in played scales” 

(Table 7.3): P4 played four octaves (C2 – C6); G1 played only the ascending part of the scales; 

G2 played the ascending part of the scales at the baseline and performed broken completed scales 

(i.e. ascending, stop, descending). Regarding the playing range of the scales (i.e. frequency), it 

was assessed in the acoustic analysis (further detailed in Section 7.2.2 Analysis). As can be 

observed, the range was different for inter- and intra-subjects, not only within recording times, 

but also within playing hands (if applicable).  
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Table 7.3. Relevant information of the analysed acoustic recordings. 

ID Instrument 
Impaired 

hand 

Recording 

time 

(months) 

Playing hand 
Playing 

range* 

Differences in 

played scales 

P1 Piano Right 

0 Left C2 C4 N/A 

0 Right C4 C6 N/A 

6 Left C2 C4 N/A 

6 (1) Right (1) C4 C6 N/A 

6 (2) Right (2) C4 C6 N/A 

P2 Piano Right 

0 Left C3 C5 N/A 

0 Right C4 C6 N/A 

6 Left C3 C5 N/A 

6 (1) Right (1) C4 C6 N/A 

6 (2) Right (2) C4 C6 N/A 

P3 Piano Right 

0 Left C2 C4 N/A 

0 Right C4 C6 N/A 

6 Left C3 C5 N/A 

6 Right C4 C6 N/A 

P4 Piano Right 

0 Left C2 C6 Played 4 octaves. 

6 Left C2 C4 N/A 

6 Right C4 C6 N/A 

F1 Flute Left 
0 Both F4 F6 N/A 

6 Both F4 F6 N/A 

G1 Guitar Left 
0 Both A#2 A#4 

Only played 

ascending. 

6 Both A#2 A#4 N/A 

G2 Guitar Unknown 

0 Both C3 C5 
Only played 

ascending. 

6 (1) Both (1) A2 A4 

Played ascending, 

stopped, played 

descending. 

6 (2) Both (2) A2 A4 

Played ascending, 

stopped, played 

descending. 

N/A: Not applicable. Each row represents one of the audio recordings analysed. Grey-shaded rows 

correspond to audios collected from pianists playing with the left hand. Dashed line separates 

recordings collected at baseline from those collected at 6 months. 

* Notes’ scientific pitch notation converted to frequency: C2 = 65.4 Hz, A2 = 110.0 Hz, A#2 = 116.5 Hz, 

C3 = 130.8 Hz, C4 = 261.6 Hz, F4 = 349.2 Hz, A4 = 440.0 Hz, A#4 = 466.2 Hz, C5 = 523.3 Hz, C6 = 

1046.5 Hz, F6 = 1396.9 Hz.     
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 Analysis of Audio Recordings 

 Pre-processing 

Prior to the analysis of the recordings collected from the HD musicians, a data pre-processing was 

performed using the software platform Praat, a standard program for speech/language analysis [v. 

6.0.43, Paul Boersma and David Weenink]. Most of the audio files contained background noise, 

typically conversation between the researchers conducting the recordings and the musicians being 

tested at different moments. Those audio sections were manually removed to facilitate the 

subsequent analysis. If conversational speech was found within a scale, this scale was also 

discarded for further analysis.  

Audio files labelled “(1)” and “(2)” (see Table 7.3), although corresponding to equal test 

conditions, were not combined but processed independently, so that the an approximate equal 

number of played scales (15 – 20) was analysed per file. Since repeated audio acquisition occurred 

at 6 months intervals, this allowed comparing baseline results to after-therapy results. 

A custom-written MATLAB program was developed and employed for the next step of the pre-

processing, which allowed the detection of the scales contained within the audio files. The 

algorithm first normalised each audio file to its maximum amplitude. The extraction of the 

maximum amplitude envelope of each normalised test was then performed by means of a 6 ms 

moving window. Obtained envelopes were smoothed employing a moving average filter with a 

60 ms sliding window. Such windows were defined to permit removing high-frequency peaks 

(that may lead to misdetections) while maintaining relevant temporal information (i.e. scales onset 

and offset). Scales were subsequently detected under two thresholding criteria:  

- Amplitude thresholding: The onset and offset of the scales were defined as the point 

when the smoothed enveloped crossed the 10-30% of the mean amplitude of the 

whole audio. Due to the heterogeneity present within audio files (e.g. the number of 

played scales, the duration between scales, the instrument producing the sound) the 

percentage of the mean amplitude was tailored to each audio file to ensure scales 

were completely captured.  

- Minimum duration thresholding: While most high-frequency peaks were removed 

when smoothing the envelope, certain peaks remained in some scales. Increasing 

the sliding window of the filter to solve such problem was not considered so as to 

avoid loss of temporal resolution. In its place, a duration thresholding was 

considered as follows: once the onset of a scale was detected, the offset was defined 
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as the time point found after the duration threshold at which the envelope crossed 

the amplitude threshold. Given the tempo at which HD musicians were asked to 

play the scales (8 notes per second), a two-octave (ascending and descending) legato 

scale should be of 4 second duration. Nevertheless, some musicians played 

faster/slower than the paced tempo. A duration threshold of 3.5 seconds (determined 

from an empirical analysis of all the audio files) ensured detecting all scales. In the 

case of the Guitarist G2 (who played considerably slower than the paced tempo), 

the threshold was established at 6 seconds.   

 

Figure 7.2. Scales detection from an audio recording. 

A: Plot of the analysed audio recording (blue) showing the detected scale onset (green) 

and offset (yellow). B: Smoothed maximum amplitdue envelope (cian) extracted from the 

audio in A, shown with amplitdue (red) and duration (dashed line, blue) thresholds.    

As detailed in Table 7.3, scales recorded from participant G2 were produced in a pitch ascending 

order at baseline. However, they were played in ascending and descending orders (with a break 

in between) at the 6-month recording. Descending scale parts from the latter recordings were 

omitted in the subsequent analysis to eliminate the possible effect resulting from the fingering-

direction when comparing pre- to post-therapy results. This procedure was not performed for data 

from subject G1, who also played scales with a different technique at baseline (ascending scales) 
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than at 6-months (ascending and descending). Scales at 6-months were performed with no pause 

in between the ascending and descending parts. Through the extraction of the F0 time-varying 

signals (further described below), it was noted that playing connected ascending and descending 

scales triggered superior performing impairments in the subject (especially when reaching the 

highest-pitched notes of the scale) than playing solely-ascending scales. Due to this, dividing 

scales recorded at 6-months into ascending and descending sections and discarding the latter 

portion was not considered appropriate. A technique-dependant impairment present in the latter 

recording may lead to a misinterpretation of the results.  

 Amplitude and Fundamental Frequency Time-varying Signal Extraction 

Autocorrelation-Based Algorithm for Pitch Period Tracking 

The software presented in 4.3.3.2 Frequency Perturbation Measures, employed in Studies 1 and 

2 (see Chapters 5 and 6), was developed for extracting the Fundamental Frequency (F0) time-

varying signal (i.e. profile or contour) of sustained notes. The F0 profile is obtained on a frame-

by-frame basis, dividing the audio signals into segments of 300 ms with 150 ms overlap. From 

the assessed F0-contour, the software then performs an extraction of frequency perturbation 

measures.    

The acoustic data analysed in this study do not correspond to sustained notes but consist of legato 

scales played at a tempo of 8 notes per second. That is, theoretically, the inter-onset interval (IOI) 

between scales’ successive notes equates to 125 ms. In order to extract a F0 profile that could 

describe the fundamental frequency across played notes, a temporal resolution of half the 

theoretical IOI (i.e. 62.5 ms) was determined appropriate for the acoustic analysis. A time-domain 

resolution of 62.5 ms corresponds to a bin resolution of 16 Hz width in the Power Spectral Density 

(PSD) analysis, which would not allow assessing F0 differences across low-pitched notes present 

in some played scales (e.g. C2 – D2 = 8.0 Hz). Due to this, a different approach for extracting the 

F0 time-varying signal from audio files was developed for this study. 

The methodology employed to extract the F0 profile of scales is a time-domain approach, which 

allowed analysing audio files with the desired temporal resolution (i.e. 62.5 ms). A custom-written 

MATLAB program was developed to perform a pitch period tracking from scales based on auto-

correlation. The algorithm divides the audio of each input scale into segments of 62.5 ms in 

duration, with 50% overlap between frames to increase temporal resolution.  The steps performed 

to extract the fundamental frequency 𝐹0𝑖 from each frame 𝑖 are: 
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1. The frame is auto-correlated. 

2. Negative values of the auto-correlation are converted to 0.  

3. The centred peak of the auto-correlation signal is detected by finding the first zero value 

after the signal’s centre.  

4. The centred peak (i.e. absolute maximum) is set to 0. 

5. The new absolute maximum of the signal is located. 

6. The fundamental period of the frame (𝑇0𝑖) is computed as the time difference between 

the centre of the auto-correlation signal and the new absolute maximum.  

7. 𝐹0𝑖 is assessed as the inverse of 𝑇0𝑖.  

A flow diagram of the main steps involved in the assessment of the fundamental frequency of 

each analysed frame is shown in Figure 7.3.  

 

Figure 7.3. Flow diagram of the main steps involved in the assesssment of the 

fundamental frequency 𝑭𝟎𝒊 of an input audio frame i. 
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Validation of the Pitch Period Tracking Algorithm with Synthesised Scales 

Synthesised Scales 

Synthesised audio data were generated in order to evaluate the pitch tracking performance of the 

developed algorithm. Data consisted of audio files reproducing the pitch profile of a two-octave 

C-major legato scale, played both in ascending and descending pitch. A total of 3 synthesised 

scales were generated, each at a different pitch register (C2 – C4, C3 – C5, C4 – C6), which were 

representative of those played by the HD patients under study.  

The methodology employed for generating the synthesised audio scales was Frequency 

Modulation (FM), previously described in the Section Frequency Modulation, from 4.3.2.1 

Generation of Amplitude and Frequency Perturbations. A pure tone (i.e. carrier signal) was 

generated per each synthesised scale, sampled at 44.1 kHz and with F0 equal to the smallest 

frequency that the scale should contained (65.4 Hz (C2), 130.8 Hz (C3), 261.6 Hz (C4)). Pure 

tones were modulated utilising a staircase signal (first ascending and, then, descending), whose 

steps corresponded to different notes in the output signal, occurring at every 125 ms (reproducing 

a tempo of 8 notes/s). The modulating signal (i.e. staircase signal) was, firstly, defined according 

to the semitone intervals found between successive notes across two major scales (see semitones 

intervals of the C major scale in Figure 4.8). That is, the signal contained per each note of the 

scale (i.e. step) the semitone interval with respect to the first note. The MIDI number of the carrier 

was assessed as per Equation (4.14). Then, the MIDI number of each note was computed by 

adding to the carrier’s MIDI number their corresponding semitone interval. Each note’s MIDI 

number was converted into frequency (with Equation (4.13)) and its frequency interval with 

respect to the carrier’s F0 was obtained. The resulting staircase signal was, then, employed for 

modulating the carrier’s frequency and synthesised scales were obtained. The three modulating 

signals are shown in plots A, C, E of Figure 7.4.  

Pitch Period Tracking Algorithm Validation 

The synthesised scales were analysed employing the pitch period tracking algorithm, and their 

respective F0 time-varying signals were extracted. Extracted F0 profiles can be observed (in red) 

in Figure 7.4.B, Figure 7.4.D and Figure 7.4.F, represented along with the profiles that would be 

theoretically extracted with an ideal pitch detector (in green). Such theoretical profiles were 

assessed by dividing the modulating signals into frames (as per the algorithm, i.e. 65.2 ms with 

50% overlap) and computing the mean frequency value of each frame.  
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Figure 7.4. F0 time-varying signals extracted from the synthesised scales with the pitch 

period tracking algorithm.  

Left: Staircase frequency modulating signals employed for generating the synthesised 

scales. A, C, E describe the F0 profile of audios with pitch registers C2 – C4, C3 – C5 

and C4 – C6, respectively. Right: F0 profiles extracted from syhtnesised scales 

(generated with the left modulating signals) by employing the software (red); F0 

contours that would theoretically be extracted from synthesised signals (green).  

To evaluate the algorithm’s pitch extraction performance for each register, the root mean squared 

relative error (RMSRE) was assessed as follows: 

 

𝑅𝑀𝑆𝑅𝐸 (%) =  √
1

𝑁
∑ (

𝐸𝑖 − 𝑇𝑖

𝑇𝑖

)
2𝑁

𝑖=1

𝑥100   (7.1) 
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Where 𝑁 is the number of analysed frames per synthesised scale, and 𝐸𝑖 and 𝑇𝑖  correspond to the 

extracted and theoretical F0 of each frame 𝑖, respectively.  

Computed RMSRE resulted 1.56%, 1.13% and 1.55% for each scale (from the lowest to the 

highest register), with a mean RMSRE equal to 1.41%. The obtained error was considered 

appropriate for the acoustic analysis of real acoustic data and, therefore, the autocorrelation-based 

algorithm was accepted as valid for the data in this study.  

Amplitude and Fundamental Frequency Time-Varying Signal Extraction 

Fundamental Frequency Time-Varying Signal Extraction and Processing 

F0 profiles of scales were extracted by means of the autocorrelation-based algorithm previously 

described. In order to qualitatively validate the extracted profiles, audio recordings were 

additionally processed with the software platform Praat. Figure 7.5 shows the F0 contour provided 

by Praat for a representative scale, while Figure 7.6.A shows the profile of the same scale 

extracted with the developed software. As can be noted, if neglecting isolated data points in the 

contour of Figure 7.6.A, both profiles describe a similar staircase shape. Isolated points were 

considered as incorrect detections and, subsequently, removed from the extracted profiles with a 

median filter of order 6. Playing ranges (detailed in Table 7.3) were obtained from the filtered 

profiles by visually detecting the minimum and maximum F0 found at the beginning and middle 

(or end, in case the F0 profile had been extracted from an only-ascending scale) of the F0 contour, 

respectively. This manual step was performed because the study performed here is retrospective, 

and the pitch register of the scales played in the acoustic recordings was unknown. In case the 

maximum and minimum F0 played in scales were known such manual process would have been 

avoided. 

Subsequently, onset and offset of scales (previously defined in Section 7.2.2.1 Pre-processing, 

according to amplitude and duration thresholds) were re-adjusted by means of the median-filtered 

F0 profiles. This was achieved by analysing contours from their original onset and the offset, 

respectively. New onset and offset of scales were determined as the time points at which the F0 

contours exceeded the minimum of the playing range previously detected (with a tolerance error 

of ± 50 Hz, established empirically by analysing all the audio recordings). For the case of only-

ascending scales, offsets were established when surpassing the maximum F0 of the playing range. 

See Figure 7.6.B for observing the resulting F0 profile after applying the median filter and 

improving scales’ onset and offset.  
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Figure 7.5. Praat screen-shot of graphical signal editor interface. 

Top: Time-domain audio file of a scale played by the guitarist G2 (at baseline). Every 

abrupt change in the amplitdue envelope represents the start of a note played in the 

scale. Bottom: F0 contour (blue) overlaid on the spectogram (grey) of the above audio 

file. As can be observed by looking at the y right axis (blue), the F0 contour equates 130 

Hz (C3) at the beginning of the scale and 523 Hz (C5) at the end. Every step described 

by the F0 contour corresponds to a different note. Gaps in the F0 profile result from 

notes that were not detected by Praat (e.g. the 3rd and 4th notes).  

 

Figure 7.6. F0 contour extracted with the autocorrelation-based algorithm of the scale 

displayed in Figure 7.5(top). 

A: F0 contour originally extracted. B: F0 contour after applying a median filter of order 

6 and adjusting scale onset and offset based on a pitch threshold.   
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Amplitude Time-Varying Signal Extraction 

A0 contours were obtained from scales (with the improved onset and offset) by means of the 

software presented in Section 4.3.3.1 Amplitude Perturbation Measures. A frame duration of 

22.93 ms was employed to extract A0 profiles, which was computed by substituting the minimum 

F0 played in all the analysed scales (65.4 Hz, C2) in Equation (4.31). 

 Feature Extraction 

Amplitude and frequency perturbation measures were extracted from A0 and F0 profiles as 

previously detailed in Table 4.9 and Table 4.10 (from Sections 4.3.3.1 Amplitude Perturbation 

Measures and 4.3.3.2 Frequency Perturbation Measures), respectively.  

Two additional features were extracted to measure frequency perturbations present in scales: 

PSD Spectral Flatness (SF): The PSD spectral flatness (SF) of scales was extracted on a frame-

by-frame basis (with 65.2 ms of frame duration and 50% overlap). For each frame, the PSD was 

extracted via the DFT, and its spectral flatness was obtained as the ratio of the geometric mean 

(GM) and the arithmetic mean (AM), expressed as a percentage (Gray and Markel, 1974): 

 

𝑆𝐹% =   
(∏ 𝑥(𝑛)𝑁

𝑛=1 )
1
𝑁

1
𝑁

∑ 𝑥(𝑛)𝑁
𝑛=1

𝑥100   (7.2) 

Where 𝑥(𝑛) represents the PSD, and 𝑁 its number of data points. Given that GM ≤ AM, the value 

of SF% falls within [0, 100]% and its maximum (i.e. 100%) is achieved when all the 𝑥(𝑛) are 

equal (i.e. flat spectrum). SF % extracted values were averaged across frames so that a mean SF% 

value was computed per scale.   

This measure was assessed to quantify how tone-like were the played scales (as opposed to being 

noise-like) (Dubnov, 2004). SF was extracted to characterise guitarists’ and flautist’s scales, 

where notes’ sound clarity depends on musician’s performance skills, as opposed to pianists’ 

scales (where tone quality of notes is affected in a very small degree by musicians’ key touch, 

soft or hard (Suzuki, 2007).   

Logarithmic Mean Absolute Difference of the F0 contour (LMAD): The absolute difference of the 

extracted F0 contours was assessed and, subsequently, averaged. The logarithm was applied to 

the mean value to allow comparing scales played at different pitch-registers. This feature aimed 

to capture missing or incorrectly played notes in scales, which were reflected in F0 profiles as 

unexpected deviations and sudden peaks.  
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 Statistical Analysis Methods 

Each audio-based feature extracted from every scale contained in each recording was averaged 

across scales. That is, a mean value was computed for each acoustic measure per each recording.  

Analysed acoustic data presented several inter-musicians’ differences which, in most cases, were 

also found in intra-musicians’ recordings. Those were: played instrument (piano, guitar, flute); 

scales’ duration (i.e. played tempo); scales’ technique (ascending and descending; ascending; 

ascending, stopping, descending); scales’ length (2 octaves, 4 octaves); scales’ pitch register (e.g. 

C2 – C4, C3 – C5, C4 – C6). 

Due to data heterogeneity across subjects, no inter-musicians’ comparisons were performed in 

this study. The performed statistical analysis was restricted to intra-subjects’ changes between 

audio-based features extracted from recordings at baseline and at 6 months. Each feature’s change 

was quantified by means of the relative error as: 

 ∆𝑥 % =  
𝑥6𝑚−𝑥0

𝑥0

𝑥100 
  (7.3) 

 Results 

 Fundamental Frequency Time-Varying Extracted Signals 

All the F0 time-varying signals extracted from scales played by HD musicians are presented for 

each participant in: Figure 7.7 (P1); Figure 7.8 (P2); Figure 7.9 (P3); Figure 7.10  (P4); Figure 

7.11 (F1); Figure 7.12 (G1); Figure 7.13 (G2). F0 contours (overlaid according to the recording 

they had been extracted from) provide visual qualitative information which complements F0-

based extracted features.   

While the pitch period tracking algorithm employed to extract F0 contours was validated with 

synthesised scales (see Section 7.2.2.2 Amplitude and Fundamental Frequency Time-varying 

Signal Extraction), it revealed a major limitation when dealing with real acoustic data. In certain 

cases, sudden peaks were incorrectly described by the F0 profile in those spans corresponding to 

the lower-pitched notes found in scales (i.e. very beginning and end notes). This phenomenon 

(i.e. poor frequency resolution) was detected by listening to each audio recording while 

visualising its respective extracted F0 contour. Such inaccuracies were found only in F0 profiles 

extracted from piano scales, concretely in those shown in: sub-figures A and B from Figure 7.7; 

sub-figures C and E from Figure 7.8;  all sub-figures from Figure 7.9; sub-figures A and B from 
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Figure 7.10. Due to this, F0 perturbation measures extracted from such inaccurate time-varying 

signals may mistakenly reflect impairments in musicians’ performance. Therefore, interpretation 

of results obtained in F0-contour-based features must be undertaken cautiously when extracted 

from the mentioned profiles.  

 

Figure 7.7. Overlay of the F0 contours extracted from scales played by subject P1 

according to each audio recording.  

Orange: Scales were played with the left hand. Blue: Scales were played with the right 

hand. 
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Figure 7.8. Overlay of the F0 contours extracted from scales played by subject P2 

according to each audio recording.  

Orange: Scales were played with the left hand. Blue: Scales were played with the right 

hand. 
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Figure 7.9. Overlay of the F0 contours extracted from scales played by subject P3 

according to each audio recording.  

Orange: Scales were played with the left hand. Blue: Scales were played with the right 

hand. 
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Figure 7.10. Overlay of the F0 contours extracted from scales played by subject P2 

according to each audio recording.  

Orange: Scales were played with the left hand. Blue: Scales were played with the right 

hand. 

 

Figure 7.11. Overlay of the F0 contours extracted from scales played by subject F1 

according to each audio recording.  
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Figure 7.12. Overlay of the F0 contours extracted from scales played by subject G1 

according to each audio recording.  

 

Figure 7.13. Overlay of the F0 contours extracted from scales played by subject G2 

according to each audio recording.  
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 Amplitude Time-Varying Extracted Signals 

A representative A0 profile of all the extracted contours per recording is shown for each HD 

participant in: Figure 7.14 (P1); Figure 7.15 (P2); Figure 7.16 (P3); Figure 7.17 (P4); Figure 7.18 

(F1); Figure 7.19 (G1); Figure 7.20 (G2). A0 contours are presented to provide qualitative 

information for a better understanding of the A0-based extracted features (described below).  

 

Figure 7.14. A0 contours representative of the profiles extracted from scales played by 

subject P1 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. Orange: Scales were played with the left hand. Cian: Scales were played with the 

right hand. 
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Figure 7.15. A0 contours representative of the profiles extracted from scales played by 

subject P2 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. Orange: Scales were played with the left hand. Cian: Scales were played with the 

right hand. 
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Figure 7.16. A0 contours representative of the profiles extracted from scales played by 

subject P3 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. Orange: Scales were played with the left hand. Cian: Scales were played with the 

right hand. 



182 

 

 

Figure 7.17. A0 contours representative of the profiles extracted from scales played by 

subject P4 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. Orange: Scales were played with the left hand. Cian: Scales were played with the 

right hand. 

 

Figure 7.18. A0 contours representative of the profiles extracted from scales played by 

subject F1 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. 



183 

 

 

Figure 7.19. A0 contours representative of the profiles extracted from scales played by 

subject G1 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. 

 

Figure 7.20. A0 contours representative of the profiles extracted from scales played by 

subject G2 according to each audio recording.  

Top sub-figure: Scale audio. Bottom sub-figure: A0 contour extracted from above scale 

audio. 
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 Amplitude and Fundamental Frequency Perturbation Extracted Features 

The mean values of the acoustic features extracted across repeated scales contained in the same 

recording are shown in Table 7.4. Given that most of the Hand Musician’s Dystonia subjects 

played scales at multiple pitch registers across recordings (see Table 7.3), from the frequency 

perturbation measures extracted in the performed analysis (detailed in 7.2.2.3 Feature Extraction), 

only those pitch-independent features are included below. Such measures are the relative jitter, 

the PSD spectral flatness (SF) and the logarithmic mean absolute difference of the F0 contour 

(LMAD). Note that the F0-contour-based features (i.e. relative jitter and LMAD) extracted from 

those F0 profiles previously described as imprecise have been coloured in grey. To avoid low-

reliable interpretations, such results were omitted below when characterising subjects’ musical 

performance.  
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Table 7.4. Mean values of the acoustic features extracted from scales for each analysed audio 

recording. 

ID 
Rec 

time 

Playing 

hand 

Jitter 

(%) 
LMAD  

SF  

(%) 

𝐀𝟎̅̅ ̅̅  

(au) 

𝐒𝐃𝐀𝟎 

(au) 

Shim 

(%) 

MAS 

(au) 

𝐀𝟎𝐦𝐢𝐧 

(au) 

𝐀𝟎𝐦𝐚𝐱 

(au) 

P1 

0 Left 2.84 1.32 NA 0.67 0.22 15.92 0.11 0.24 1.35 

0 Right 2.81 2.71 NA 0.54 0.29 28.29 0.15 0.11 1.27 

6 Left 2.22 1.06 NA 1.01 0.27 12.72 0.13 0.19 1.62 

6 (1) Right (1) 2.55 2.60 NA 0.79 0.36 19.34 0.15 0.16 1.55 

6 (2) Right (2) 2.60 2.66 NA 0.72 0.36 20.99 0.15 0.10 1.42 

P2 

0 Left 2.46 1.91 NA 0.94 0.33 14.73 0.14 0.27 1.85 

0 Right 2.20 2.49 NA 0.74 0.30 17.20 0.13 0.17 1.63 

6 Left 3.15 2.10 NA 0.93 0.28 13.10 0.12 0.27 1.49 

6 (1) Right (1) 2.24 2.48 NA 0.85 0.36 14.85 0.13 0.18 1.49 

6 (2) Right (2) 2.96 2.72 NA 0.81 0.43 12.57 0.10 0.07 1.46 

P3 

0 Left 2.65 1.25 NA 0.60 0.29 15.42 0.09 0.07 1.31 

0 Right 2.54 2.61 NA 0.65 0.30 21.94 0.14 0.15 1.64 

6 Left 2.89 2.02 NA 0.87 0.39 11.38 0.10 0.20 1.53 

6 Right 2.24 2.45 NA 0.84 0.35 12.75 0.11 0.20 1.44 

P4 

0 Left 2.56 2.12 NA 0.83 0.27 16.15 0.13 0.19 1.43 

6 Left 3.40 1.42 NA 1.02 0.19 10.49 0.11 0.54 1.43 

6 Right 2.30 2.49 NA 0.84 0.33 17.98 0.15 0.24 1.37 

F1 
0 Both 2.83 3.02 0.085 0.90 0.37 10.50 0.09 0.13 1.62 

6 Both 2.27 2.80 0.082 0.96 0.22 9.42 0.09 0.29 1.27 

G1 
0 Both 2.42 1.81 0.233 0.40 0.25 23.57 0.09 0.09 1.13 

6 Both 3.39 2.05 0.179 0.45 0.25 25.96 0.12 0.09 1.15 

G2 

0 Both 7.67 2.80 1.269 0.20 0.15 24.99 0.05 0.04 1.43 

6 (1) Both (1) 1.50 1.32 0.192 0.77 0.33 13.98 0.11 0.17 1.56 

6 (2) Both (2) 2.12 1.63 0.147 0.64 0.29 12.33 0.08 0.11 1.31 

Grey numbers: Results obtained from inaccurate F0-profiles; NA: Not Assessed; Rec time: Recording 

time (months); SF: PSD spectral flatness; LMAD: Logarithmic Mean Absolute Difference of the F0 

contour; Shim: Shimmer. 
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The results of the relative changes in all audio features from baseline to 6 months after the 

rehabilitation are shown in Table 7.5 for each HD subject.  

Table 7.5. Relative changes (%) in the extracted acoustic features (from baseline to 6 months into 

therapy) for each Hand Musician’s Dystonia subject.  

ID 
Playing 

hand 
Jitter LMAD  SF 𝐀𝟎̅̅ ̅̅  𝐒𝐃𝐀𝟎 Shimmer MAS 𝐀𝟎𝐦𝐢𝐧 𝐀𝟎𝐦𝐚𝐱 

P1 

Left -21.8 -19.8 NA 50.4 19.3 -20.1 20.2 -23.0 20.4 

Right (1) -9.5 -4.0 NA 45.5 23.6 -31.6 -0.5 43.5 21.6 

Right (2) -8.4 -2.1 NA 24.6 20.3 -34.8 -1.7 -9.3 10.4 

P2 

Left 28.1 9.7 NA -1.4 -13.3 -11.0 -12.3 1.0 -19.4 

Right (1) 1.7 -0.7 NA 14.9 19.6 -13.7 -0.8 3.5 -8.7 

Right (2) 34.7 9.2 NA 9.2 41.0 -27.0 -20.2 -60.2 -10.1 

P3 
Left 9.1 61.1 NA 44.7 31.5 -26.2 6.8 168.6 16.6 

Right -11.6 -6.3 NA 28.0 18.9 -41.9 -25.6 31.6 -12.5 

P4 
Left 32.9 -33.0 NA 23.2 -29.3 -35.1 -20.0 184.6 -0.3 

Right NA NA NA NA NA NA NA NA NA 

F1 Both -19.8 -7.2 -3.3 6.2 -41.4 -10.2 -4.7 115.5 -21.6 

G1 Both 40.1 12.8 -23.2 12.9 -1.3 10.1 24.3 -4.3 1.9 

G2 
Both (1) -80.4 -52.9 -84.8 290.6 127.1 -44.1 118.5 341.6 9.3 

Both (2) -72.3 -41.9 -88.4 228.1 100.0 -50.7 61.8 176.0 -8.2 

Grey numbers: Results obtained from inaccurate F0-profiles; NA: Not Assessed; SF: PSD spectral 

flatness; LMAD: Logarithmic Mean Absolute Difference of the F0 contour. 

Relative changes were also computed from individual’s clinical outcome measures assessed at 

baseline and at 6 months into intervention in Butler et al. (2018), gathered in Table 7.2. Results 

are shown in Table 7.6. Note that CGI was per se a measure of change. Thus, the values provided 

for CGI are not relative changes but consist of the patient-rated measure. To facilitate 

interpretation of the results, improvement in the clinical measures were coloured in green, no 

improvement in white and reduction in improvement in red. 
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Table 7.6. Relative changes (%) in clinical outcome measures assessed at baseline and at 6 months into 

therapy intervention (Butler et al., 2018).  

ID ADSS%p TCSp BIPQp EQ-5D 5Lp CGIp Video scorec 

P1 0.0 -33.3 -32.7 18.2 5 -27.3 

P2 0.0 100.0 -11.1 19.3 2 -7.7 

P3 0.0 0.0 -14.9 -0.1 3 0.0 

P4 5.6 0.0 -12.5 8.1 3 75.0 

F1 5.6 25.0 43.2 -0.8 1 -66.7 

G1 0.0 0.0 -3.6 0.0 2 0.0 

G2 5.6 200.0 -25.8 -8.3 3 -38.5 

pPatient-rated measure;  cClinician-rated measure.  

Green: improvement in the clinical measure; Red: reduction in improvement in the clinical measure.  

ADDS: higher score = less disability in hand function; TCS: higher score = less disability in musical 

performance; BIPQ: higher score = more threatening view of the illness; EQ-5D 5L: higher score = 

healthier; CGI: higher score = less improvement; Video score: higher score = greater impairment. 

 Discussion 

 Hand Musician’s Dystonia Acoustic Analysis Results 

As detailed in Table 7.5, Pianist P1’s relative jitter and LMAD values were reduced after therapy 

by a 9.5% and 4.0% (in the first post-treatment recording) and an 8.4% and 2.1% (in the second 

recording), respectively. Such reduction can be qualitatively visualised by comparing the 

extracted F0 profiles: the baseline F0 contour (Figure 7.7.B) presents a greater number of abrupt 

changes than the contours extracted from post-therapy recordings (Figure 7.7.D and Figure 7.7.E). 

Regarding P1’s amplitude perturbation measures, relative shimmer was reduced by 20.1% in left-

hand played scales, and by 31.6% and 34.8% in the first and second recorded right-hand scales. 

Such changes reflect the qualitative differences that can be noted in the A0 time-varying signals 

(Figure 7.14). The amplitude envelope of scales revealed less amplitude consistency in those 

scales performed at baseline than after treatment. Pianist P1 presented HD in the left hand, as per 

the disorder’s diagnosis performed by expert neurologists in Butler et al., (2018). The findings 

from the acoustic analysis support such diagnosis. A considerable difference in A0 profiles can 

be also observed between left- and right-hand scales. Right-hand scales describe a superior 

fluctuation of volume, which was captured by higher relative shimmer values both at baseline 

(Left: 15.92 %; Right: 28.29 %) and at 6 months (Left: 12.72%; Right: 19.34 % (1), 20.99 % (2)). 

A similarity can be noted within both jitter and shimmer values obtained from the two recordings 

collected after therapy, which provides a more reliable interpretation of the findings. While the 

patient-rated CGI and TCS relative change of Pianist P1 were 5 (i.e. change from baseline 
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impairment was minimally worse) and -33.3% (i.e. more disability), the ADDS%, the BIPQ and 

EQ-5D 5L relative changes were 0%, -32.7% (i.e. less threatening view of the illness) and 18.2% 

(i.e. healthier status), respectively. This reflects the high intra-subject rating variability that 

characterise subjective rating scales. As for the clinician-rated Video score, it was reduced by 

27.3% after the therapy, which is also supported by the results presented here. 

Scales played by Pianist P2 after the treatment presented a small increase in jitter (1.7%) and a 

slight decrease in LMAD (-0.7%). Nevertheless, a higher tempo consistency within scales can be 

visualised in 6-months F0-profiles (Figure 7.8). While the descending part of the baseline profiles 

reflects a reduction of the playing tempo (Figure 7.8.B), post-therapy F0 contours  (Figure 7.8.D) 

present superior symmetry and reveal a superior control of tempo. As for A0 time-varying signals 

(see Figure 7.15), while contours reveal a superior control in volume in left-hand scales (i.e. A0 

profiles present less abrupt changes) than in right-hand scales, it can be visually noted that the 

difference is not as evident as in scales played by subject P1. These acoustic analysis results 

support the clinical diagnosis performed by Butler et al., (2018), defining the right hand of the 

Pianist P2 as the hand presenting HD. Relative shimmer results allowed quantifying such 

difference by revealing (both at baseline and after therapy) an inferior value in left-hand scales 

(Baseline: 14.73%; 6 months: 13.10%) than in right-hand scales (Baseline: 17.20%; 6 months: 

14.85% (1), 12.57% (2)). Relative changes in shimmer resulted in a reduction of the 11.0 % for 

the left-hand scales and 13.7% (1) and 27.0% (2) for the right-hand scales. Relative changes in 

patient-rated clinical outcome measures reported in Butler et al., (2018) revealed patient-

perceived improvement in the Dystonia. The clinician-rated Video score was reduced by 7.7%, 

which coincide with audio-based features changes.  

Amplitude profiles extracted from Pianist P3 (Figure 7.16) present a more consistent volume if 

comparing both 6-months to baseline, as well as left- to right-hand scales. Such phenomenon is 

reflected with a reduction of shimmer from 15.42% to 11.38% (i.e. 26.2%) and from 21.94% to 

12.75% (41.9%) in left- and right-hand scales, respectively. Butler et al., (2018) diagnosed Hand 

Musician’s Dystonia in the right hand of Pianist P3. This was reflected by the difference in the 

aforementioned shimmer values between both hands. As for the relative changes in the clinical 

outcome measures from Butler et al., (2018), clinical results did not reflect in this case the findings 

from the acoustic analysis. Pianist P3 reported a CGI of 3 (i.e. minimally improved) and the 

ADDS, TCS and Video score determined no change.  

Regarding Pianist P4, shimmer was reduced by 35.15% (from 16.15% to 10.49%) when 

comparing pre- to post-scales’ results (extracted from left-hand scales). No baseline audio was 

available from P4’s right-hand performance, thus, relative changes are not provided for this case. 
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A shimmer of 17.98% was obtained from the analysis of the right-hand post-therapy recording, 

which reflected a superior impairment in subject’s musical performance when employing the 

right-hand versus the left-hand (see Figure 7.17). This supports the neurologists’ diagnosis of HD 

in the right hand of Pianist P4 (Butler et al., 2018). Nevertheless, findings obtained from P4 

should be interpreted cautiously since 4-octave scales were played at baseline, as opposed to the 

2-octave scales played in the 6 months recordings.  

As can be noted from the acoustic analysis of scales produced from pianists, impairments in 

musical performance were improved in all participants. Relative changes in audio-based features 

revealed improvement not only in the hand presenting HD (i.e. right), but also in the other hand 

(i.e. left). These findings may suggest that the sensory-motor rehabilitation therapy aided in 

improvement in musical performance including both hands.    

With respect to the flute instrumentalist F1, a reduction of their playing impairments becomes 

evident by visually comparing their baseline to after-treatment F0 time-varying signals (see 

Figure 7.11). While several abrupt changes can be distinguished in the former F0 contours, no 

such deviations occurred at 6 months. This phenomenon was captured by a reduction of both jitter 

and LMAD equal to 19.8% (from 2.83% to 2.27%) and 7.2% (from 3.02 to 2.80), respectively. A 

decrease in the level of impairment in F1’s musical performance after the sensory-motor treatment 

was as well captured by A0 contours (see Figure 7.18) and quantified by a shimmer relative 

reduction of the 10.1% (from 10.50% to 9.42%). The PSD spectral flatness (SF) presented a small 

reduction of 3.3%, which reflects a slight improvement in F1’s notes production (i.e. notes 

sounded more tone-like than noise-like) and suggests that this acoustic feature may not be suitable 

to fully capture improvement in F1’s musical performance. The results obtained from the acoustic 

analysis agree on the relative changes in clinical measures regarding impairments during musical 

performance (e.g. ADDS, TCS, CGI and Video score). The CGI measure (patient-rated as 1) 

revealed a subject self-perception of very much improvement, which coincide with a 66.7% 

reduction of the clinical-rated Video score (i.e. less impairment).  

As previously mentioned, Guitarist G1 played only-ascending scales at baseline and ascending 

and descending scales (without a pause in between) at 6 months. Sudden changes present in the 

baseline F0 contours (Figure 7.12.A) revealed a lack of control in musician’s performance. The 

post-therapy F0 profiles (Figure 7.12.B) showed musician’s impairments for producing the 

highest-pitched notes in the scales, as well as musician’s difficulties in the production of the 

descending part of scales. Jitter and LMAD allowed quantifying the described musician’s pitch 

control abilities. Features were equal to 2.42% and 1.81 at baseline and 3.39% and 2.05 at 6 

months, and lead to a relative increase of 40.1% and 12.8%, respectively. A0 time-varying signals 
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(Figure 7.17) captured musician’s impairments in volume production by revealing a non-

consistent profile within notes at baseline. Guitarist’s difficulties to reach the highest-pitches 

notes in the ascending-descending scales were also reflected by the after-therapy A0 contours 

(Figure 7.17.B), which described a reduction of the amplitude at the middle of the scale. 

Nevertheless, a superior control of volume (compared to the baseline A0 contour) can be observed 

in the rest of the notes played across the scale. Shimmer’s relative change resulted, in this case, 

in an increase of the 10.1% (from 23.57% to 25.96%). These findings suggest that G1’s 

Musician’s Dystonia may be refined to scales’ playing fingering-technique, being its 

symptomatology further triggered when playing ascending and descending scales than only-

ascending scales. Due to the difference between the scales recorded at baseline and at 6 months, 

the aforementioned findings were not compared for possible changes in subject’s pitch or volume 

control after the therapy. Nevertheless, a relative decrease of a 23.2% was found in the extracted 

PSD spectral flatness (baseline: 0.233%, 6 months: 0.179 %), which may be independent of 

musician’s fingering and reflect an improvement in notes’ sound quality generation after the 

treatment. Regarding the clinical measures assessed in Butler et al. (2018), no change was 

obtained in the Video score. Similarly, the ADDS and TCS relative changes reflected no change, 

while the CGI score reported by the participant was 2 (i.e. much improved).  

When comparing baseline to 6 months scales, a considerable change can be visually noted in F0 

time-varying signals extracted from Guitarist G2 (Figure 7.13). F0 contours revealed a larger 

number of missing and pitch-deviated notes at baseline than at post-therapy. Jitter and LMAD 

allowed capturing such pitch perturbations, whose values were 7.67% and 2.80 at baseline, and 

1.50% (1) and 2.12% (2) and 1.32 (1) and 1.63 (2) after therapy, respectively. The assessed 

relative differences lead to the following reductions: 80.4% (1) and 72.3% (2) in jitter; 52.9% (1) 

and 41.9% (2) in LMAD. As for musician’s impairments reflected in notes’ tone quality, SF 

allowed quantifying an improvement after therapy, presenting an 84.8% (1) and 88.4% (2) 

reduction. With regards to the extracted A0 profiles (Figure 7.20), while the baseline contours 

described a considerable change of volume across notes (especially in the last one), a superior 

control of the volume was found in the 6 months scales. Initial shimmer was equal to 24.99%, 

which was reduced after therapy to 13.98% (∆𝑥% =  −44.1%) and 12.33 % (∆𝑥% =  −50.7.1%) 

in the first and second recorded scales, respectively. The findings obtained from the acoustic 

analysis coincide with the relative changes in the clinical measures assessed in Butler et al. (2018). 

The clinician-rated Video score was reduced by 38.5% (i.e. less impairment), and the patient rated 

ADDS and TCS increased by 5.6% (i.e. less disability in hand function) and 200.0% (i.e. less 

disability in musical performance), respectively. The CGI score was reported as 3 by the patient 

(i.e. minimally improved from baseline).   
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 Software for Acoustic Signal Quantification 

In this study a software framework for objective and quantitative audio-analysis of Hand 

Musician’s Dystonia (HD) is presented. The software allows analysis of audio-recordings of the 

sound produced by HD musicians during performance of protocol-guided musical scales. Firstly, 

audio-recordings are pre-processed to detect all the scales contained per recording. The 

assessment of scales’ amplitude (A0) and fundamental frequency (F0) time-varying signals is 

performed via Time Domain analysis, from which a feature extraction is performed. Jitter and 

shimmer, along with a series of frequency and amplitude perturbation measures are employed to 

analyse acoustic instability in scales. Tone quality is also studied from scales (if dependant on 

musician’s performance, e.g. flautists’ or guitarists’), by extracting the spectral flatness (SF) of 

the Power Spectral Density (PSD) on a frame-by-frame basis.    

Prior to its application to analyse real acoustic data, both the algorithm employed to obtain the 

A0 contours (based on signals’ peak-to-peak amplitude detection) and the method utilised to 

extract the F0 profiles (based on pitch period tracking via autocorrelation) were validated with 

synthesised audio signals. Subsequently, the whole software platform was tested with recordings 

collected from seven musicians with HD performing with different instruments (4 pianists, 1 

flautist and 2 guitarists). In the audio-recordings, instrumentalists were instructed to play major 

scales as follows: at mezzo forte volume, connecting notes, at a tempo of 8 notes per second, 

repeating them 15 – 20 times. While one musician performed 4 octaves scales in one of the 

recordings, the rest played 2-octave scales in all the cases. Depending on the analysed recording, 

scales’ technique (i.e. playing direction) varied according to the pitch order of notes. Three 

different scales typologies were found: ascending and descending with a pause in between; 

ascending and descending without a pause; only ascending. The pre-processing performed by the 

software was tailored so that differences in intra-subjects’ scales’ playing technique were reduced. 

This allowed performing a subsequent comparative analysis within each musician’s recordings.  

Two major drawbacks were detected in the presented software analysis approach. These are: the 

requirement of certain manual steps in the pre-processing of the audio recordings; the lack of 

frequency resolution in the pitch period tracking algorithm (employed for assessing F0 contours) 

in the lowest-pitched notes of certain scales. While software with a superior F0 resolution could 

be developed in further studies, a simpler alternative (which would also provide a solution to the 

former disadvantage) would be slightly modifying the protocol of musical exercises as follows: 

- Constant scales’ technique: As previously mentioned, certain audio-recordings were 

pre-processed to uniquely analyse specific parts of the scales so that homogeneity 
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within baseline and after-treatment data was ensured. By instructing musicians to 

play scales with the same technique at both recording times such pre-processing 

could be avoided.  

- Reference tones: Specific pure tones could be reproduced at the start and end of 

each played scale during the audio-recordings. Scales could be automatedly detected 

in the subsequent analysis by employing the captured reference tones, avoiding the 

usage of amplitude and duration thresholds (which differed within some audio-

recordings).  

- Higher-pitched scales: The lack of frequency resolution for assessing the F0 time-

varying signals solely emerged in the analysis of pianists’ scales (mainly in those 

played at the lowest pitch register). This could be solved by instructing musicians 

to play the scales in higher octaves of the piano (e.g. C5 – C7 in a standard 88-key 

piano, or even in higher octaves if using a Musical Instrument Digital Interface 

(MIDI) piano), which would not alter subjects’ musical performance. Musicians 

playing other instruments could be also instructed to play higher-pitched scales to 

provide an analysis with a superior resolution.    

While six A0-based features were extracted from HD patients’ acoustic data, musicians’ 

impairments in volume control were only described by means of shimmer. The latter feature 

captured sound instability and allowed quantifying what qualitatively could be interpreted from 

the extracted A0 time-varying signals. The rest of features reflected specific aspects of the played 

scales, however, the information they provided resulted less relevant for depicting player’s overall 

performance. All the here presented audio-based measures may allow further studies involving 

larger cohorts to broaden Hand Musician’s Dystonia characterisation. Additionally, the set of 

acoustic features provides a basis to build a classifier to detect the disorder by means of the 

analysis of music recordings. 

In summary, the software allowed performing an acoustic analysis of audio-recordings collected 

from seven patients suffering from HD. Audio-based features provided an objective and 

quantitative tool to characterise HD subjects’ impairments during musical performance and their   

changes between pre- and post-treatment evaluations.  

 Methodology Strengths and Limitations 

Despite being the most common form of Musician’s Dystonia, no standard clinically useful 

methodology for Hand Musician’s Dystonia (HD) evaluation exists (see the Literature Review 

section 2.3.4 Absence of Standards for Musician’s Dystonia Assessment). Various methodologies 
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for Hand Musician’s Dystonia (HD) evaluation were found in the current literature, as discussed 

in the Literature Review section 2.3.1.2 Methods for Motor Function Assessment. While several 

rating scales for HD evaluation were employed in previous studies (TCS, FHTSD, BFM, ADDS, 

VAS, DES, CGI, FAM, Video-rating scales, questionnaires, metronome speed score), only TCS, 

FAM, ADDS and the metronome speed score were designed or include a section (i.e. ADDS) to 

study HD. All the mentioned scales are subjective and were clinician-, researcher- and patient-

rated depending on the publication. The FAM scale and the Metronome Speed Score allow a more 

specific assessment of the disorder through quantification of abnormal movements and maximum 

playing tempo during music performance, respectively. The remaining scales are Likert-like 

ratings that lack fine resolution and rather provide a global impression.  

With regards to the current objective tools for HD evaluation, they consist of biomechanical 

assessments, kinematic tests, kinematic analysis combined with electromyogram recordings, and 

MIDI-based analysis. The latter methodology was firstly implemented by Jabusch et al. (2004). 

The MIDI-based analysis is the only objective method that allows HD severity assessment at the 

instrument. HD pianists under evaluation are asked to play 10 – 15 repetitions of a 2-octave C-

major scale, in ascending and descending directions, at mezzo forte legato style, at a tempo of 8 

notes per second. Outcome features are loudness (extracted from key press velocity), notes 

duration (i.e. time between key press and release), overlaps (i.e. time between note onset and end 

of preceding note), and interonset intervals (i.e. time between onsets of successive notes, IOIs). 

The standard deviation of IOIs (sdIOI) allowed excellent discernment between HD and healthy 

pianists. Due to its proven reliability, validity and sensitivity, several subsequent publications 

included MIDI-based analysis in their studies (extracting the sdIOI as a main feature). 

Nevertheless, this methodology presents the following major disadvantages: its utilisation is 

restricted to HD keyboard players; it requires MIDI-compatible equipment; it is unable to detect 

improper fingering technique in patients who developed compensatory strategies that are not 

reflected in key sequence, force and timing measures. While kinematic methodologies may 

provide more sensitive measurements in the future, the limitations of the current technology and 

staff expertise requirements are not suitable for its implementation in a clinical environment 

(Peterson et al., 2013). 

None of the aforementioned methodologies meets the requirements of clinical utility (reliability 

and validity, sensitivity to change, designed to measure MD, practicality in clinical setting). 

Therefore, there is a need of a tool that ensures such requirements and provides a standardised 

methodology to be employed in future research (Peterson et al., 2013). Furthermore, due to the 

task-specific nature of HD, such tool should provide an objective quantitative evaluation of 

patients during musical performance in the Dystonia-triggering instrument (Jabusch et al., 2004). 
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In this study a methodology for objective and quantitative audio-analysis of Hand Musician’s 

Dystonia is presented. This is, to our knowledge, the first study attempting to develop a tool for 

HD acoustic quantification. The developed software was successfully tested with audio data from 

a retrospective study (Butler et al., 2018). Seven musicians suffering from HD (4 pianists, 1 

flautist and 2 guitarists) were recruited, who underwent a sensory-motor rehabilitation therapy for 

task-specific focal hand Dystonia for 6 months. Patients were recorded while playing musical 

exercises before and after the treatment intervention. Such tasks consisted, essentially, of same 

protocol of musical scales presented by Jabusch et al. (2004) (recorded for the MIDI-based 

analysis), which was followed by subsequent studies (further described in the Literature Review 

Section 2.3.1.2 Methods for Motor Function Assessment). Nevertheless, while such studies 

excluded erroneous scales (i.e. scales played with wrong notes or other mistakes regarding the 

order of the major scale) in their analysis, such discrimination was not performed in this study. 

The software presented here processes the acquired audio-recordings without the need of such a 

manual pre-processing step, which allows a more automated analysis. Furthermore, analysing 

scales that present such mistakes (which arise from HD symptomatology) allows quantifying the 

presence of patient’s impairments during musical performance. That is, the software provides a 

tool for quantification of patients’ Dystonia symptoms and, therefore, assess their severity.  

While the main outcome measure of the MIDI-based analysis (sdIOI) evaluates musician’s timing 

abilities, this aspect was not investigated in this study due to time constraints. Nevertheless, future 

versions of the software could be improved by incorporating audio-based temporal measures. 

Here the following features are proposed: notes’ duration (i.e. time between notes’ onset and 

offset, which could be defined according to changes in audio signals’ amplitude and frequency); 

IOIs; scales’ duration; notes’ time-shifts with the metronome (i.e. time between metronome’s 

audible “clicks” and notes’ initiation). In order to compute the latter feature, studies may record 

the sound produced by musicians in synchronisation with a metronome-like (i.e. pacing) audio at 

which musicians would listen to while playing. This methodology was already designed and 

implemented in the Study 1 (further detailed in section 5.2.3 Audio Recording Protocol), and 

proved to permit the subsequent assessment of the desired feature.  

Loudness irregularity was additionally evaluated in MIDI-based studies. Despite not showing 

significant difference between healthy and HD musicians, a tendency toward higher values was 

found in HD subjects (Jabusch et al., 2004). The presented software here also studies the acoustic 

domain, in this case, through the extraction of amplitude perturbation measures (detailed in Table 

4.9). The results obtained from the analysis of HD patients’ acoustic data proved the software to 

allow quantifying scales’ amplitude time-varying fluctuations. The relative shimmer appeared as 
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a main tool to capture volume instability, whose resolution enabled measuring the difference 

between pre- and post-treatment musician’s impairments. 

While MIDI-based analysis does not consider pitch abnormalities in scales, the presented study 

was designed to allow such measurement. The frequency perturbation measures detailed in Table 

4.10 along with LMAD were extracted to quantify pitch instability. Jitter and LMAD (features 

normalised across pitch-registers) allowed intra-musicians’ comparison of scales even if played 

at different octaves. Both measures demonstrated to quantify scales’ pitch time-varying 

abnormalities resulting from musicians’ Dystonic symptoms. PSD spectral flatness (SF) was 

additionally assessed from scales played by the two guitarists and the flautist, which allowed 

measuring the tone quality of the sound produced by musicians. The presented features provided 

adequate resolution to capture changes in patients’ musical impairments after the rehabilitation 

therapy.   

The results obtained from acoustic-analysis were compared to the outcome measures of 

standardised and validated patient-reported questionnaires (ADDS, TCS, CGI, BIPQ and EQ-5D 

5L) and a clinician-rated Video score. A correlation between the findings revealed by the acoustic-

based features and the clinical measures was reported in most of the analyses. This suggest the 

acoustic analysis may be a promising tool to complement clinical evaluation outcomes in further 

studies involving MD cohorts.   

The systematic review recently published by Rozanski et al. (2015) revealed the following 

distribution of Hand Musician’s Dystonia in 1144 professional instrumentalists by instrument 

group: 35% keyboards, 26% plucked strings, 17% strings, 15% woodwinds, 3% percussion, <1% 

brasses. A major strength of the methodology proposed here in this study with respect to MIDI-

based analysis becomes apparent from reading such distribution. MIDI-based approaches are 

restricted to keyboard instrumentalists, that is, to a 35% of the musicians suffering from HD. On 

the contrary, the software platform was tested with audio data collected from pianists, guitarists 

and a flutist. A quantification of HD acoustic abnormalities was successfully performed in all the 

instrument’s typologies (keyboards, strings and woodwinds) which are played by a 67% of HD 

patients. The software could potentially cover instrumentalists from those families as well as 

plucked strings and brasses players. Furthermore, the analysis could possibly be tailored to allow 

the evaluation of percussionists. This suggests the presented software may be a promising 

methodology to be further implemented in HD studies involving multiple typologies of musical 

instruments.  
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Despite the aforementioned advantages, the analysis software presents a major limitation, which 

is shared with MIDI-based analysis. None of the tools can evaluate those patients who develop 

strategies to avoid reflecting Dystonic symptomatology in their music but present incorrect 

fingering technique. Nevertheless, several relevant benefits offered by the presented methodology 

characterise it as a promising tool for being further implemented in a clinical environment. The 

approach is specifically designed for Musician’s Dystonia, and patients are evaluated while 

playing the instrument (where their task-specific symptoms appear). It is applicable along with 

subjective rating scales and MIDI-based analysis (for the case of keyboard players). The tool 

facilitates its usage in large populations by: requiring a simple, low-cost and mobile equipment 

(microphone and analysis software); providing a remote acoustic data collection and analysis; 

eliminating the need for staff expertise; allowing a fast and automated analysis (provided that 

audio-recordings are collected for that purpose).  

In conclusion, there is clinical need for a methodology to evaluate Hand Musician’s Dystonia that 

is reliable, valid, sensitive to change and specific to the disorder. In this study such challenge was 

addressed by developing a software platform that allows objective analysis of audio-recordings 

collected from HD patients during musical performance. HD’s severity assessment is based on 

the extraction of key audio-based features that allow quantifying specific types of acoustic 

abnormalities present in patients’ performance. The software was implemented with acoustic data 

collected from HD patients before and after a sensory-motor neurorehabilitation therapy, 

demonstrating to resolve changes between pre- and post-treatment subjects’ impairments in 

musical performance. Future research may combine this acoustic approach with complementary 

quantitative analysis (such as clinical, kinematic, neurophysiologic and neuroimaging) to provide 

a more reliable measure of treatments’ efficacy and long-term studies, as well as to help 

improving knowledge into the pathophysiology of Musician’s Dystonia.   
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 DISCUSSION AND CONCLUSIONS 

Musician’s Dystonia (MD) is the most common movement disorder affecting professional 

musicians  (Jankovic and Ashoori, 2008). It has been reported in almost every instrument with 

Hand Musician’s Dystonia (HD) and Embouchure Dystonia (ED) as the main phenotypes 

(Altenmüller et al., 2012). The lack of research in this task-specific disorder is reflected in the 

absence of both methodologies for MD assessment that meet the requirements of clinical utility 

and objective metrics for its evaluation (Peterson et al., 2013).   

Peterson et al. (2013) recommend employing the rating scale ADDS for Hand Musician’s 

Dystonia evaluation. Nevertheless, this subjective scale only dedicates a section (out of seven 

daily tasks in patients) to evaluate impairments during musical performance. The authors from 

Peterson et al. (2013) also suggest utilising MIDI-based analysis (which is restricted to keyboard 

musicians) and FAM (a subjective quantitative scale) when the required equipment and expertise 

is available in clinical centres. As for Embouchure Dystonia, its diagnosis relies on the 

neurologists’ subjective rating of sound quality produced by musicians (Altenmüller, 2011). This 

approach lacks precision and reliability for inter- and intra-subjects assessments (Lee et al., 2014).  

There exists a clinical need of a tool for MD assessment that ensures clinical utility and provides 

a standard methodology for future research (Peterson et al., 2013). Moreover, as MD is task-

specific, the assessment should be performed alongside the Dystonia-triggering instrument during 

the subject’s musical performance (Jabusch et al., 2004).  

The research presented in this thesis attempted to address these challenges by developing a 

software platform for objective and quantitative audio-analysis of Musician’s Dystonia. The 

analysis software provides automated processing of audio-recordings acquired from patients 

during musical performance. The syndrome’s severity is assessed by extracting key audio-based 

features that permit quantifying specific acoustic abnormalities in a subject’s performance.  

The main outcomes of this thesis are discussed below in relation to the research questions 

previously posed in Chapter 3.  

The software suite was developed to allow evaluation of the main phenotypes of Musician’s 

Dystonia, HD and ED (Research Questions 9 and 10). Prior to the analysis of audio-recordings 

acquired from healthy or MD subjects, the presented platform was validated with synthesised 

audio signals reproducing acoustic characteristics present in healthy and MD subjects’ musical 

performance. Subsequently, the analysis software was tested with audio-recordings collected 

from healthy wind instrumentalists (1 French hornist, 1 clarinettist, 2 flautists, 3 oboists), ED 
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subjects (5 French hornists, 1 flautist) and HD patients (4 pianists, 1 flautist, 2 guitarists). The 

software platform proved to enable analysis of audio-recordings produced by musicians playing 

different instrument typologies (French horn, clarinet, flute, oboe, piano, guitar) and from 

multiple musical families (brasses, woodwinds, keyboards, strings) (Research Questions 4 and 

10).  

The analysis software for Embouchure Dystonia assessment was developed along with a protocol 

of musical exercises and an experimental set-up for audio-recording. The protocol enables 

studying ED symptomatology across its task-specific domains (Research Question 1). Technique, 

register and playing speed aspects of ED are evaluated with: sequenced and sustained notes; notes 

played across complete playing and dynamic ranges; notes played at slow, medium and fast 

tempos. The experimental set-up was developed alongside the analysis software and was shown 

to allow automated analysis of the acquired audio-recordings (Research Question 2).  

Based on Power Spectral Density (PSD) and Time Domain analysis, the software allows 

evaluation of ED across the following specific acoustic domains by means of key audio-based 

features as follows: 

- Loudness and pitch instability (from sustained notes): Amplitude and fundamental 

frequency perturbation measures (mainly shimmer and jitter).    

- Rhythmic abilities (from sequences): Inter-note onset variability. 

- Note attack precision (from sequences): Metronome time-shifts. 

- Loudness consistency across notes (from sequences): Amplitude envelope cross-

correlation. 

- Pitch consistency across notes (from sequences): Fundamental frequency changes 

across repeated notes.  

A large set of variables were matched to ED characterisation, which provided the basis for 

building a classifier to differentiate between audio-recordings collected from Embouchure 

Dystonia and healthy wind instrumentalists (Research Questions 3 and 7). 

The software was employed to analyse protocol-guided audio recordings acquired from 7 healthy 

wind instrumentalists and a baseline to compare to ED musicians was formed. A database of 

Embouchure Dystonia acoustic data was generated based on recordings from Frucht (2016), 

providing musical notes played by 6 ED subjects. The software platform provided the basis for a 

comparative study to investigate the difference in loudness and pitch instability in acoustic-data 

acquired between healthy and ED subjects. Greater sound instability was observed in notes played 

by ED subjects than in those recorded from healthy wind instrumentalists (Research Question 6), 
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which supported findings from previous research (Lee, et al., 2014; Morris et al., 2018; Uehara 

et al., 2019). That is, higher embouchure impairments were found in ED musicians. Nevertheless, 

due to differences within cohorts under study and their respective data, interpretation of these 

findings must be taken cautiously.  

The ED database employed in this thesis was not suitable for assessing whether there are 

differences in embouchure dysfunction between ED woodwind and brass musicians (Research 

Question 5), nor for finding a correspondence between the extracted acoustic features and the 

different ED phenotypes (Research Question 8). Due to the low prevalence of Musician’s 

Dystonia in Dublin, no audio-recordings were acquired from ED subjects. Further research should 

consider larger ED and healthy musicians’ populations. A sample size of 20 subjects per cohort 

was calculated as being required for conducting a comparison study with a level of significance 

of 5% and a power of 80%.  

Regarding the ability to assess Hand Musician’s Dystonia by the software suite, it is based on 

both PSD and Time Domain analyses. Audio-recordings acquired from HD subjects during 

musical performance following the protocol-guided exercises were analysed in the following 

acoustic domains by means of specific features: 

- Loudness and pitch instability: Amplitude and fundamental frequency perturbation 

measures (mainly shimmer and jitter).    

- Tone quality: Spectral flatness of the PSD.  

The software platform enabled analysis of HD acoustic data provided from a retrospective study 

(Butler et al., 2018). Data was recorded from 7 musicians suffering from the disorder who 

underwent a sensory-motor rehabilitation therapy for 6 months. Audio-recordings were collected 

from patients while performance of protocol-guided musical exercises before and after the 

rehabilitation treatment. The patients’ MD symptoms, that were reflected as acoustic 

abnormalities in the aforementioned acoustic domains, were objectively quantified by means of 

the audio-based features. Improvement or reduction in improvement of musical performance was 

assessed by computing the changes across the features extracted at baseline and after therapy. The 

analysis software demonstrated an ability to resolve changes in subjects’ impairments during 

musical performance between pre- and post-treatment (Research Question 11). Findings obtained 

from intra-individual changes after therapy suggested a reduction in impairments during musical 

performance for most of the HD patients. A correlation between the findings revealed by the 

acoustic-based features and the clinical measures (of standardised and validated patient-reported 

questionnaires and a clinician-rated Video score) assessed in Butler et al. (2018) was reported in 
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most of the analyses. This suggest the acoustic analysis may be a promising tool to complement 

clinical evaluation outcomes in further studies involving MD cohorts.   

The small sample size of the populations studied in the research studies described here did not 

lead itself to investigating the relationship between age, years of study, sex and the audio-based 

features extracted from subjects (Research Question 12). Future research incorporating larger 

samples would facilitate the investigation of such potential relationships. Moreover, the 

correlation between abnormal sensory processing assessed by Temporal Discrimination 

Thresholds and acoustic features extracted from MD subjects may be additionally studied in 

future works (Research Question 13). 

The software suite developed here presents several advantages that characterise it as a promising 

tool for being further implemented as a clinical tool. Musician’s Dystonia assessment of severity 

is performed at the instrument, where the Dystonic symptoms emerge. The methodology was 

specifically designed for Musician’s Dystonia, and is tailored to ED and HD phenotypes and to 

different instrument families (keyboards, strings, woodwinds and brasses) which are played by 

more than the 75% of patients with MD (Rozanski et al., 2015). Furthermore, the software may 

be potentially broadened to cover plucked string players and percussionists. Larger populations 

of subjects suffering from MD can be included in studies due to the following methodological 

benefits: simple, low-cost and mobile both in terms of audio-recording and analysis equipment; 

fast and automated analysis of protocol-guided audio-recordings; does not require experienced 

staff to administer; provides remote acoustic data acquisition and analysis. 

The software platform can be additionally applied along with subjective rating scales and MIDI-

based analysis (when evaluating keyboard players). Future studies may combine the presented 

methodology with complementary objective and quantitative analysis, such as kinematics 

neurophysiologic and neuroimaging studies. Electromyogram (EMG) surface recordings of 

muscles involved in the task-specific disorder may be also acquired during musical performance. 

A correspondence between EMG results and audio-based features can be explored, which may 

provide a more reliable measure of the acoustic analysis. If further adopted as a standard, the 

software suite would facilitate objective measure of the efficacy of new treatments and also 

longitudinal analysis.  

Moreover, functional Musician’s Dystonias, due to overuse or stress syndromes or other motor 

function disabilities that are currently often misdiagnosed as Dystonia may be possible to detect 

with this approach. Ultimately, the analysis software may assist in a better comprehension of 



201 

 

findings from physiologic studies, improving knowledge into the pathophysiology of Musician’s 

Dystonia.  
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 APPENDICES 

 Appendix A: Literature Review Summary Table 

Table 10.1. Summary of the publications reported in the Literature Review.  
ADDS: Arm Dystonia Disability Scale; ADM: Abductor Digiti Minimi; APB: Abductor Pollicis Brevis; APP: Average Pen Pressure; BFM: Burke-Fahn-Marsden ; bpm: Beats Per Minute; CA: Clinical 
Assessment; CBI: Cerebellar-Brain Inhibition; CGI: Clinical Global Impression; COBRAS: Composite Brass Acoustic Severity Score; CoV: Coefficient of Variation; ctDCS: cathodal transcranial Direct 
Current Stimulation; DES: Dystonia Evaluation Scale; ED: Embouchure Dystonia; EMD: Empirical Mode Decomposition; EMG: Electromyography; Exp.: Experiment; F0: Fundamental Frequency; 
FAM: Frequency of Abnormal Movement ; FDI: First Dorsal Interosseus; FDS: Flexor Digitorum Superficialis; FHTSD: Focal Hand Task-Specific Dystonia; fMRI: functional MRI; FTSD: Focal Task-
Specific Dystonia; HD: Hand Musician's Dystonia; Hz: Hertz; IHI: Interhemispheric Inhibition; IKI: Inter-Keystroke Interval; IM: Internal Model; IOI: Inter-Onset Interval; IRI: Inter-key-Release Interval; 
ISI: Inter-Stimulus Interval; MA: Movement Analysis; max: Maximum; MD: Musician’s Dystonia; MEG: Magnetoencephalography; MEP: Motor Evoked Potential; MIDI: Musical Instrument Digital 
Interface; min: Minutes; MRI: Magnetic Resonance Imaging; MSF: Mean Stroke Frequency; pFMC: Posterior Frontomedial Cortex; rs-fMRI: resting-state fMRI; RSN: Resting-State Network; RTM: 
Resting Motor Threshold; rt-MRI: real-time-Magnetic Resonance Imaging; r-TMS: repetitive-TMS; s: Seconds; SD: Standard Deviation; SDI: Second Dorsal Interosseous; SEF: Somatosensory Evoked 
Fields; SEP: Somatosensory Evoked Potential; SMO: Sensorimotor Organisation; SMR: Sensory Motor Retuning; TAD: Tremor Associated with Dystonia; TCS: Tubiana’s and Chamagne’s Scale; 
tDCS: transcranial Direct Current Stimulation; TDT: Temporal Discrimination Threshold; TMS: Transcranial Magnetic Stimulation; TPV: Tongue Position Variability; VAS: Visual Analog Scale; VBM: 
Voxel-Based Morphometry; WRCS: Writer's Cramp Rating Scale.  

Study 
reference 

Study Aim Cohorts 
Method for 

MD 
evaluation 

Protocol Measure 
Objective/ 
Subjective 

Results 
Conclusion + 
Discussion 

(Uehara et 
al., 2019) 

Study the most 
plausible 
mechanism 
(cortical 
overactivity or 
disorganised 
somatotopy) for 
pathophysiology 
of focal task-
specific 
dystonia.  

> 14 ED 
> 14 healthy 
wind 
musicians 

>Task-fMRI + 
VAS (scale) 
>Quantification 
of acoustic 
signals 

> fMRI: 
    - Localizer task  
    - Embouchure task 
    - Control task 
> VAS assessment.  
> Subjects played 
sustained tones (8s) 
at low, middle, high 
pitches.  

>Brain activity and 
somatotopic 
representations of 
motor-related brain 
areas (fMRI). 
>Dystonic symptoms: 
   - VAS score  
   - F0 variability  

> Brain activity + 
somatotopy 
analysis (fMRI): 
Objective 
> VAS: 
Subjective 
(patient-rated) 
> F0 variability: 
Objective 

> Aberrant 
somatotopy in ED 
compared with 
healthy. 
> No brain-activity 
differences in 
sensorimotor 
areas. Activity in 
M1, S1, putamen, 
cerebellum 
associated with 
higher F0 
variability. 
> VAS of ED: 3.9 
+/- 2.9 (mean +/- 
SD) and 0 +/- 0 
during embouchure 
and control tasks, 

Aberrant network 
activity and altered 
somatotopy are 
associated with 
different aspects of 
dystonic 
symptoms. 
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respectively.  
> Significantly 
greater F0 
variability in ED 
than healthy (p = 
0.01).  

(Iltis et al., 
2019) 

Compare TPV 
during sustained 
notes between 
healthy and ED 
horn players.  

> 5 ED horn 
players 
> 8 healthy 
elite horn 
players 

rt-MRI 

rt-MRI films playing 
non-ferromagnetic 
horn at three different 
dynamic levels. 
Temporal intensity 
profiles lines obtained 
for each level. 

Variability of dorsal 
tongue edge position 
(obtained from 
profiles). 

Objective 

More pronounced 
TPV in elite 
musicians 
(p=0.062). 
Statistical 
significance if 
considering only 
the most active oral 
cavity region (elite 
> ED, p<0.048). 

Greater orofacial 
muscle tension 
(tongue) in ED 
subjects might lead 
to smaller TPV.    

(Horisawa et 
al., 2019) 

Report safety 
and long-term 
efficacy of 
ventro-oral 
thalamotomy for 
patients with 
hand FTSD. 

> 92 writer's 
cramps 
> 58 MD 
> 21 
occupational 
task-related 
Dystonias 

FHTSD (scale) 

FTSD. scale 
examined: 
- Before surgery 
- After surgery: 
     + 1 week 
     + 3 months 
     + 12 months 
     + Last follow-up 

FHTSD score: 
Patient's neurologic 
condition 

Subjective 
(clinician-rated) 

FHTSD scores 
after surgery 
improved for 
comparison with 
the baseline score 
(p<0.001).  

Ventro-oral 
thalamotomy 
feasible and 
effective for 
patients with 
refractory hand 
FTSD. 

 (Kita et al., 
2018) 

> Study 
differences in 
resting-state 
functional 
connectivity in 
the whole brain 
between MD 
and healthy 
musicians. 
> Test if region 
with altered 
connectivity was 
correlated with a 
quantitative 
measure of 
musical skills.  

> 21 right-
hand HD 
> 34 healthy 
musicians 

> rs-fMRI 
> MIDI based 

> MRI:  
   - structural MRI 
    - rs-fMRI: for 10 
min, lie quietly, awake, 
eyes open, thinking 
nothing.  
> Behavioural 
assessment (MIDI 
score):  
    - For 10 times: 
strike 5 adjacent keys 
in a piano with MIDI 
sensors, 17 times, as 
quickly and accurate 
as possible, mezzo 
forte volume with 
legato touch. 

> Resting-state 
networks (RSNs): 
measure of resting-
state functional 
connectivity, which 
provides information 
about brain networks 
(obtained from whole-
brain rs-fMRI). 
> Piano-playing skill 
level (MIDI score): 
based on intertrial 
variability of the IKI. 

> RSNs: 
Objective 
> MIDI score: 
Objective 

> Basal ganglia 
RSN revealed 
increased 
functional 
connectivity (in 
putamen) of MD 
compared to 
controls (p = 
0.035).  
> MIDI score 
showed greater 
IKI-variability in MD 
(p = 0.0007). 
Median and range 
were:  
  - MD:  0.11 (0.08 - 
0.19) 

> 
Hyperconnectivity 
of the basal 
ganglia network in 
MD may be caused 
by pathological 
oscillations or 
abnormally 
synchronised 
neural discharges 
in the circuit.  
> Resting-state 
functional 
connectivity might 
be related to 
musical skill. 
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  - Healthy: 0.15 
(0.10 - 0.22) 
> MIDI score and 
connectivity 
relationship: 
    - MD: No 
correlation (r = -
0.11, p = 0.64).   
    - Healthy: 
correlation (r= 
0.72, p = 0.0005).  

 (Furuya et 
al., 2018) 

Study if (and 
how) 
malfunction of 
the motor cortex 
M1 is 
responsible for 
loss of motor 
dexterity.  

> 20 pianists 
with 
unilateral 
hand FTSD 
> 20 healthy 
pianist 
> 20 non-
musicians 

> TMS +EMG 
recording  
> MIDI based 

> TMS over M1: 
single-pulse and 
double-pulse 
conditions, with 
different ISIs.  
> Surface EMG 
recording of muscle 
responsible for fingers 
flexion (FDS) + 
surrounding muscles.  
> Motor behavioural 
test (piano test with 
MIDI sensors): play at 
two tempi (following 
metronome, as fast as 
possible), 10 times per 
each: 17 successive 
strikes of 5 adjacent 
keys within a range of 
1 octave, specified 
fingering, unilaterally, 
accurate, legato 
touch.  

>16 MEPs of FDS + 
background muscular 
activities (from EMG 
recording while TMS).  
> Finger dexterity 
based on MIDI data: 
   - IKI 
   - IRI 
   - Finger-key contact 
duration 
   - Overlap duration 
between two 
successive tones 
    - Key-descending 
velocity (i.e. 
loudness).  

> MEPs: 
Objective 
> Finger 
dexterity 
parameters: 
Objective 

> MD vs healthy 
pianists/non-
musicians: reduced 
MEP of FDS at 
SICI (1 and 3ms 
ISIs) and elevated 
ICF (10 ms ISIs).  
  - p<0.05: between 
MD and healthy 
pianist 
  - p<0.05 and 
p<0.01: between 
MD and non-
musicians.   
> MD: increased 
IKI, IRI, finger-key 
contact duration, 
decreased and 
more variable 
loudness. 

MD temporal 
imprecision and 
impairment of 
quick transition 
from flexion to 
extension in finger 
sequences 
(dexterity loss) are 
related to reduced 
inhibition and 
elevated facilitation 
at M1, respectively. 

 (Butler et al., 
2018)  

Study feasibility 
of implementing 
and evaluating a 
sensory-motor 
rehabilitation 
therapy for hand 
FTSD. 

> 8 HD 
> (7 writer's 
dystonia) 

> ADDS 
(scale) 
> TCS (scale) 
> CGI (scale) 
> Video score 
(scale) 

> ADDS and TCS 
questionnaires 
collection at baseline, 
3 and 6 months into 
intervention. 
> CGI rated at 3 and 6 
months. 
> Video recording: at 
baseline and 6 

> ADDS score: 
impairment in hand 
function across daily 
taks 
> TCS score: impact 
of dystonia on 
musical performance 
(measured only in 
MD) 

> ADDS: 
subjective 
(patient-rated) 
> TCS: 
subjective 
(patient-rated) 
> CGI: subjective 
(patient-rated) 
> Video score: 

Mean effect size 
(baseline - 6 
months): 
> ADDS: 0.23 
> TCS: 0.53 
> CGI: 0.97 
> Video score: 0.78 

Proposed 
intervention was 
feasible to deliver 
with high retention, 
adherence, 
acceptability. 
Improvements 
across measures 
support to an 
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months. Tasks: 
   - Free-playing 
tempo: piece 
exacerbating dystonia 
for 2 min. 
   - Speed of 8 
notes/second 
(metronome paced): 
mezzo forte legato 
scale of 2 octaves, 15 
times. 

> CGI score: change 
from baseline 
impairment 
> Video score: 
playing impairment 

subjective 
(clinician-rated) 

ongoing 
therapeutic effect 
of hand therapy 
over time.  

  (Morris et 
al., 2018) 

Quantify specific 
features of ED 
with acoustic 
measures and 
develop a metric 
to assess 
severity across 
multiple 
domains of 
symptomatic 
impairment.  

> 9 ED 
> 6 healthy 
brass 
musicians 

> Acoustic 
Signal 
Quantification 
> CGI (scale) 

Audio-recording of 
musicians playing: 
> Sustained notes at: 
      - Volumes: soft, 
medium, loud 
      - Pitches: low, 
middle, high 
> Sequenced notes at: 
      - Volumes: soft, 
loud 
      - Pitches: low, 
middle, high 

> From sustained 
notes: 
     - Instability: 
shimmer, jitter 
     - Inaccuracy: 
difference in pitch at 
note onset compared 
to mid-note. 
     - Breaks: 
decrease in signal A0 
     - Tremor: based 
on A0-variability 
> From sequences:  
     - IOI variability 
> COBRAS: 
assessed from 
independent 
measures differing 
significantly between 
ED and healthy.  
> CGI severity score 

> Acoustic 
measures: 
Objective 
> CGI: 
Subjective 
(clinician-rated). 

> Acoustic 
measures: 
   - Shimmer: 50% 
higher in ED vs 
healthy  
   - Jitter: higher in 
ED but not 
significant 
difference.  
   - Tremor:  
         + ED: 5-8 Hz 
dystonic tremor 
         + Healthy: no 
tremor 
    - Inaccuracy: ED 
double attack 
inaccuracy than 
healthy.  
     - Breaks: all ED 
had, no or brief 
presence in 
healthy.  
     - IOI: not 
significantly higher 
in ED vs healthy.  
     - COBRAS: ED 
higher scores than 
healthy (p = 0.001).  
> CGI: average 
scores validated 
COBRAS to reflect 
ED severity.   

Acoustic measures 
reflect different 
types of 
symptomatic ED 
impairments, and 
distinguish ED 
from healthy 
musicians.  
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 (Betti et al., 
2018) 

Investigate 
rTMS-Induced 
neuroplasticity 
in MD case.  

1 HD 
guitarist 

> Kinematic 
analysis 
> TMS + EMG 
recording 
> rTMS 

Five daily sessions of:  
> Kinematic tests with 
3D optoelectronic 
system (baseline):  
    - Finger flexions 
    - Reach-to-grasp 
movements 
> Neurophysiologic 
test: TMS + EMG 
recording over SDI 
(baseline) 
> Stimulation: rTMS 
1Hz over SDI 
> Neurophysiologic 
test: TMS + EMG over 
SDI (post) 
> Kinematic tests 
(post) 

> Kinematic 
measures: movement 
time, max grip 
aperture, time of max 
grip aperture, time of 
max grip velocity, 
time of max wrist 
height, time of max 
wrist deceleration, 
delay grasping. 
> Neurophysiologic 
measures: motor 
threshold at rest 
(from MEPs)  

> Kinematic 
measures: 
Objective 
> 
Neurophysiologic 
measures: 
Objective 

Statistically 
significant 
improvement in 
motor coordination 
in kinematic tasks. 

Results support 
kinematic analysis 
as valuable 
diagnostic tool.  

  (Horisawa et 
al., 2018) 

Report a case of 
MRI-guided 
focused 
ultrasound 
ventro-oral 
thalomotomy to 
treat MD. 

1 HD 
guitarist 

 
> Structural 
MRI 
> TCS (scale) 

> Structural (T2-
weighted) MRI 
evaluations at 0, after 
surgery (at 1 and 3 
months). 
> TCS scale used 
before and after 
surgery (at 1 week, 
and 1,3,6,12 months). 

> MRI fluctuation in 
symptoms 
evaluations 
> TCS score: 

> Structural MRI: 
Objective 
> TCS scale: 
Subjective 

> No complications 
observed (absence 
of coagulated 
lesions at 3 
months). 
> TCS scores at all 
evaluations: 1, 4, 4, 
5, 5, 5. 

Focused 
ultrasound ventro-
oral thalamotomy 
might be effective 
treatment for MD.  

 (Killian et al., 
2017) 

Assess TDT 
from MD 
population and 
compare with 
TDT from 
healthy 
musicians and 
non-musicians. 

> 20 MD 
> 20 healthy 
musicians  
> 94 healthy 
non-
musicians 

Visual 
temporal 
discrimination 

In repeated trials: 
report when 
perceiving a delay 
between two flashing 
light-emitting diodes 
located on a table in 
front of subjects.  

TDT Subjective 

Mean (SD) TDT: 
> MD: 47.3 (23.3) 
ms 
> Healthy 
musicians: 23 (7.3) 
ms 
> Non-musicians: 
32.9 (15.9) ms 

> 45% of MD and 
22% of non-
musicians had 
abnormal TDTs 
compared with 
healthy musicians.  
> Musical training 
can affect 
efficiency of 
temporal 
discrimination 
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  (Frucht, 
2016) 

Illustrate with 
video 
compilation ED 
phenomenology 
and facilitate its 
diagnosis.  

109 ED 
(only 35 for 
video-
analysis) 

Visual 
clinician-
examination 

Patients evaluation 
over 15 years  

Video classification 
and edition into four 
compilations:  
  1. Practical features 
for evaluating 
patients 
   2, 3, 4. Unique 
phenomenological 
ED features. 

Subjective 

> Video 
compilations 
illustrating ED rich 
phenomenology, 
for helping its 
detection and 
diagnosis.  
> Algorithm for ED 
evaluation.   

Discussion of ED 
phenomenology.  

  (Bäumer et 
al., 2016) 

Investigate 
whether IHI 
measured with 
TMS is impaired 
in MD healthy 
family members, 
and its suitability 
for MD 
endophenotype. 

> 21 HD 
> 15 
sporadic 
writer's 
cramp 
> 27 healthy 
first-degree 
family 
members 
> 12 healthy 
musicians 
> 12 healthy 
non-
musicians 

> TMS + EMG 
recording 

> Surface EMG 
recording of FDI 
muscles bilaterally + 
contralateral muscles 
(baseline) 
> TMS test pulse to 
measure IHI: 
stimulator location for 
optimal activation of 
target muscles + ISIs 
of 6,7,8,9,10 ms.  

> MEPs + baseline 
EMG activity 
> IHI (from each ISI) 

> MEPs + 
baseline EMG 
activity: 
Objective 
> IHI (from each 
ISI): Objective 

> Baseline EMG: 
no group 
difference.  
> IHI differed 
between groups (p 
= 0.03).  
    - Increased IHI 
for higher degree 
of musical activity 
    - Reduced IHI 
for dystonic family 
history. 
    - Dystonia not 
related to IHI.  

IHI was not 
influenced by 
dystonia per se. 
Although related 
positively to 
musical activity 
and negatively to 
presence of 
positive dystonic 
family member. 

  (Horisaw et 
al., 2016) 

Report 2 cases 
of staged 
bilateral 
stereotactic 
ventro-oral 
thalamotomy for 
bilateral hand 
MD.  

2 HD TCS (scale) 
Pre and postoperative 
TCS score 
assessment. 

TCS score for 
assessing neurologic 
condition. 

Subjective 
(clinician-rated)  

For both subjects, 
pre- and 
postoperative 
TMDS were 2 and 
5.  

Bilateral 
stereotactic 
thalamotomy 
successful for 
bilateral hand MD  

 (Cheng et 
al., 2015) 

Study impaired 
cortical 
sensorimotor 
network of MD 
pianists using 
altered auditory 
and tactile 
feedback during 
scale playing 
with 

 
> 9 MD 
pianists 
> 9 healthy 
pianists  

> EEG 
recording 
> MIDI-based 

EEG recording while 
musicians played 
repeated scales on 
MIDI piano under 
altered sensory 
feedback:  
 (1) Normal auditory 
feedback  
 (2) Complete 
deprivation of auditory 

> EEG recording 
> MIDI data 

> EEG 
recording: 
Objective 
> MIDI data: 
Objective 

> Higher inter-
regional phase 
synchronisation 
between frontal-
parietal regions 
and temporal-
central regions for 
MD group in 
conditions (1), (2).  
> Decreased 

Impaired 
sensorimotor 
integration of MD 
depends on the 
type of over trained 
task and can 
change with 
altered sensory 
feedback.  
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multichannel 
EEG.  

feedback  
 (3) Delayed auditory 
feedback 
 (4) Altered tactile 
feedback  

abnormalities for 
(3), (4).  

  (Bradnam et 
al., 2015) 

Investigate if 
cerebellar tDCS 
improves 
handwriting and 
cyclic drawing 
kinematics in 
hand FTSD, by 
reducing CBI 
evoked by TMS.  

> 5 writer's 
dystonia 
> 3 MD 
> 8 healthy 

> ADDS 
(scale) 
> (WRCS 
(scale)) 
> Kinematic 
analysis of 
handwriting 
and cyclic 
drawing 
> TMS + EMG 
recording 

Tasks repeated in 
three sessions:  
   1. Video-recording 
of handwriting and 
cyclic drawing, using 
inking and digitising 
pen, on a digitising 
board: 
      - Draw 
superimposed circles 
for 10s, twice (a-fast, 
b-minimal pen 
pressure). 
      - Write a sentence 
10 times 
   2. TMS + surface 
EMG recording of FDI  
   3. Cerebellar tDCS 
   4. TMS + surface 
EMG recording of FDI 
(post-intervention) 
   5. Video-recording 
of handwriting and 
cyclic drawing (post-
intervention) 

> ADDS and WRCS 
(rating from video-
recordings) 
> Kinematic 
measures 
    - AAP (only 
assessed from 1-b) 
    - MSF 
> MEPs in FDI + 
RTM + CBI 

> ADDS: 
Subjective  
> WRCS: 
Subjective  
> Kinematic 
measures:  
Objective 
> MEPs, RTM, 
CBI: Objective 

> TMS-evoked CBI 
at baseline 
(moderate) 
negative 
relationship with 
WRCS in dystonia.  
> Cerebellar tDCS: 
    - Reduced 
handwriting MSF 
and AAP. 
    - Increased MSF 
and reduced AAP 
during fast cyclic 
drawing.   
> AAP and MSF 
not related to 
decrease in CBI. 

Cerebellar anodal 
tDCS improved 
kinematic 
measures. CBI is 
unlikely to be the 
key 
neurophysiological 
mechanism 
responsible for 
hand FTSD. 
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  (Lee et al., 
2015) 

Determine if 
tremor 
amplitude in MD 
is superior at 
the affected 
(DT) or adjacent 
fingers (TAD) 
than: 
- In healthy 
musicians and 
non-musicians 
- Unaffected 
and non-
adjacent fingers 
(of affected 
side), within 
patients. 

> 21 MD 
> 19 healthy 
musicians 
> 24 non-
healthy 
musicians 

Kinematics + 
EMG 

3D Accelerometer on 
the fingernail (+ 
surface EMG 
recording of finger 
flexors and forearm 
extensors) while task: 
   - 180º flexion-
extension of finger 
(8s), paced by 60 bpm 
metronome (26 times 
per finger) 

DT and TAD tremors 
amplitude (from 
accelerometer 
signals) 

Objective 

DT and TAD 
intra/inter subjects 
comparisons: 
> Between groups: 
both higher for MD 
but no significant 
difference 
compared to either 
control group.  
> Within patient, 
between affected 
or adjacent fingers 
with remaining 
fingers: no 
difference. 

Tremor was 
unspecific and 
related to task 
performed rather 
than dystonia.  

 (Iltis et al., 
2015) 

RT-MRI 
characterisation, 
quantification 
and comparison 
of oral cavity 
motor strategies 
between healthy 
and ED horn 
players. 

> 5 ED horn 
players 
> 6 healthy 
horn players 

rt-MRI (+ audio 
recording) 

> RT-MRI scanning in 
  - Resting position of 
tongue, teeth, jaw and 
oral cavity.  
   - Playing 2 exercises 
with MRI-compatible 
horn:  
   1. Slurred, 
ascending 11-note 
harmonic sequence.  
   2. Same sequence 
as 1, but initiating 
each note with tongue 

Tongue and throat 
movements assessed 
from pixel 
luminescence 
changes across time 
during performance 
of tasks (in RT-MRI 
films).  

Objective 

> ED displayed 
smaller oral 
cavities on lower 
notes, and a less 
reduction in cavity 
when playing 
higher pitches.  
> ED sound thinner 
and less stable. 

> RT-MRI films 
quantify movement 
of tongue within 
oral cavity during 
performance.  
> Differing ED 
motor strategy 
might need higher 
tension in 
embouchure 
muscles for 
compensation 
slower air speed.  
> ED strategy 
might be just an 
adaptation for 
dystonia and not a 
contributing factor 
for its 
development.   
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 (Paulig et al., 
2014) 

Investigate 
glove sensory 
trick effect in 
MD pianists 
before/after 
treatment 
(including 
botulinum toxin, 
pedagogical 
retraining, 
anticholinergic 
medication). 

30 HD 
pianists 

MIDI-based 

> MIDI-piano test: play 
with affected hand: 
sequences of 8-15 C 
major scales, over 2 
scales, in both playing 
directions, metronome 
paced tempo (desired 
IOI = 125 ms) 
> Test played under 
three conditions:  
   - Before treatment 
(baseline) 
   - Playing with latex 
glove (sensory trick) 
before treatment 
   - Follow-up after 
treatment 

IOI (for temporal 
unevenness 
measure): median of 
SD of IOI of all scales 
of the most severely 
affected playing 
direction.  

Objective 

> 19% of MD 
pianists improved 
significantly in fine 
motor control with 
glove trick.  
> Outcome after 
treatment was 
significantly better 
for patients with 
significant pre-
treatment sensory 
trick.  

Glove sensory-trick 
might have 
prognostic value 
for outcome after 
treatment in MD 
pianists.  

 (Lee et al., 
2014) 

Investigate if 
F0-variability of 
a note can be a 
reliable 
objective 
measure of ED. 

> 7 ED 
> 10 healthy 
brass 
musicians 

Acoustic 
Signal 
Quantification  

Audio recording of: 6 
notes in mezzoforte 
for 5 seconds, without 
vibrato, at low, middle 
and high pitches. 

Time-varying F0 of 
notes (+ frequency 
spectra) 

Objective 

> Superior F0-
fluctuation in ED vs 
healthy in all 
pitches with 
oscillation within 5-
25 Hz.  
> F0 threshold for 
separating groups: 
   - 0.4 Hz for low 
and middle pitches 
   - 0.7 Hz for high 
pitch 
> Mean frequency 
of F0-variability 
was 2.5-3 times 
higher for ED.  
> Significant group 
difference at all 
registers: 
   - Low: p = 0.0004 
   - Middle: p = 
0.002 
   - High: p = 0.013 

F0-variability 
provides a 
quantitative and 
reliable measure 
for instability or 
loss of fine motor 
control in ED.  
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  (van Vugt et 
al., 2014) 

Report on 
interventions 
received (for 4 
years) by 
homogeneous 
cohort of MD 
pianists and the 
changes in task 
performance 
assessed by 
subjective and 
objectives 
measures.  

54 HD 
pianists 
(only 22 
participated 
in MIDI test)   

> 
Questionnaires 
(scales) 
> MIDI-based 

> Questionnaire and 
MIDI task at baseline 
and 3 months of 
intervention. 
> MIDI task: 2-octave 
C-major scales on a 
MIDI piano, 10-15 
ascending and 
descending scales 
with affected hand, 
interleaved, 
metronome paced 
(120 bpm), 4 notes/s 

> Questionnaires 
scores 
> From MIDI data: 
   - Fine motor control 
based on SD of IOIs 
(low IOI = higher 
precision). 

> 
Questionnaires: 
Subjective  
> IOIs: Objective 

> Self-reported 
improvements in 
motor performance 
reported by 81.5% 
(5.6% complete 
recovery).  
> Objective: 
improvement in 
42.9% 
(deterioration in 
4.8%). 

Discrepancy 
between subjective 
and objective 
measures.  
  - Objectively: 
around 50% of 
patients improved 
task performance 
from intervention. 
   - Subjectively: 
80% reported 
improvement.  

  (Cheng et 
al., 2013) 

Determine the 
effect of AAF on 
MD and discuss 
if it can be a 
sensory trick 
based on 2 
paradigms. 

> Exp.1:  
   - 12 HD 
pianists 
   - 25 
healthy 
pianists  
> Exp. 2: 
   - 12 HD 
pianists 
   - 12 
healthy 
pianists 

MIDI-based 

Repeatedly play 2 
octaves of C-major 
scales, legato in MIDI 
piano: 
> Experiment 1 
(synchronisation 
paradigm): 80 bpm, 4 
notes/s, at 3 auditory 
feedback conditions: 
   - Normal 
   - No feedback 
(mute) 
   - Constant delayed 
feedback 
> Experiment 2 
(synchronisation-
continuation 
paradigm): in two 
phases: 
    1. In synchrony with 
metronome 
    2. Continue tempo 
without metronome 

> Mean and CoVs of 
IOIs to measure fine 
motor control. 

Objective 

MD and healthy 
pianists showed 
similar results for 
both experiments: 
no significant 
difference in CoVs 
or mean IOIs for 
any condition. 

AAF might not be a 
sensory trick in MD 
due to a lack of 
symptoms 
reduction in playing 
experiments. 



222 

 

  (Horisawa et 
al., 2013) 

Long-term 
follow-up of MD 
after ventro-oral 
thalamotomy.  

15 MD TCS (scale) 

> Follow-up period 
was 30.8 +/- 29.9 
months. 
> Patients' subjective 
Tubiana's score was 
measured: 
  - Before surgery 
  - Immediately after 
surgery 
  - 1 week after 
surgery 
  - Final follow-up 
evaluation 

Patient's neurologic 
condition rated with 
TCS scale  

Patient-rated 
subjective 

> No recurrence of 
symptoms during 
follow-up.  
> Mean (SD) group 
TCS score: 
  - Before surgery: 
2.7 (0.6)       
  - Immediately 
after surgery: 4.4 
(0.8) 
  - 1 week after 
surgery: 4.4 (0.8) 
   - Final follow-up 
evaluation: 4.6 
(0.8) 
> Dramatic 
symptomatic 
improvement in 
93.3% patients. 

Thalamotomy can 
be considered for 
treatment of MD. 

  (Lee, 
Furuya, et al., 
2013) 

Determine 
whether a 
forward internal 
model deficit 
plays a role in 
FTSD.  

> 19 HD 
> 19 healthy 
musicians 

Tactile stimuli 
+ VAS (scale) 

> 16 tactile stimulation 
in each fingers' 
anterior surface 
applied by 
experimenter/patient 
> Perceived tactile 
sensation assessed 
with VAS after every 
stimulus  

VAS score (difference 
between perceived 
externally-applied 
and self-applied 
tactile sensation) 

Subjective 
(patient) 

Correct 
classification of 
affected finger in 
78.9-94.75% with 
cluster analysis.  

FTSD may have an 
altered forward IM 
function.  



223 

 

  (Ruiz et al., 
2011) 

Investigate EEG 
oscillatory 
patterns and 
phase 
synchronisation 
correlates of 
error detection 
and control 
during piano 
performances. 

> Study 1: 
  -  18 
healthy 
pianists 
> Study 2:  
  - 8 healthy 
pianists 
  - 6 MD 
pianists 

> EEG 
recording 
> MIDI-based 

>EEG recording while 
performance in MIDI 
piano:  
  - Assessment of 
motor control: 
sequences of 10 to 15 
C-major scales, over 2 
octaves, metronome 
paced tempo 
(120bpm) 
  - Error-monitorsing 
processes:  
       + Subjects 
memorised music 
sequences 
       + Played them 
without stopping to 
correct errors 
 

> Pre-error theta and 
beta band oscillations 
over pFMC + phase 
synchronisation 
> Severity of disorder 
(from MIDI data):  
  - Temporary 
unevenness based 
on mean SD of IOIs 

> EEG data: 
Objective 
> IOIs: Objective 

> Healthy: 
increased pre-error 
theta and beta 
band oscillations 
over pFMC + 13-15 
Hz phase 
synchronisation 
(pFMC - right 
lateral prefrontal 
cortex).   
> MD: phase 
synchronisation in 
6-8 Hz and 
correlated with 
severity of 
disorder. 

Pianists with MD 
might have an 
enhanced 
evaluation of errors 
as reflected in the 
larger oscillatory 
activity following 
errors. 
Coordination 
between brain 
regions (assessed 
by phase 
synchronisation) 
seems to be 
altered in MD   

  (Granert et 
al., 2011) 

Find putaminal 
greay-mater 
regions 
associated with 
MD or the skill 
level of piano 
playing.  

> 11 HD 
pianists 
> 12 healthy 
pianists 

> Structural 
MRI 
> MIDI-based 

> T1-weighted MRI 
scanning + VBM 
> Play in a MIDI 
piano: sequences of 
10 to 15 C major 
scales over 2 octaves, 
inward + outward 
directions, metronome 
paced (desired IOI = 
125 ms).  

> Volumetric 
differences in the 
associative motor 
territory of the 
putamen between 
pianists with and 
without MD (from 
VBM)  
> Motor performance 
based on median 
over SD of IOIs in 
direction of higher 
variability (from MIDI 
data). 

Objective 

> MD vs healthy: 
   - Larger grey-
matter volume in 
right middle 
putamen in MD 
   - IOIs more 
variable in MD 
> Grey-matter 
volume in middle 
part of left and right 
putamen increased 
with IOIs during 
performance in 
both groups.   

Volume of 
associative motor 
territory in middle 
putamen reflects 
piano skills (in MD 
and healthy) and 
presence of MD.  
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  (Berque et 
al., 2010) 

Study the 
effects of a 
combined 
behavioural 
therapy 
intervention in 
MD over 12-
months.  

8 HD 

> TCS (scale) 
> ADDS 
(scale) 
> FAM (scale) 
> Metronome 
Speed Score 

> Behavioural 
interventions: 
constraint-induced 
therapy + motor 
control retraining. 
> Video-recording of 
patients playing 
dystonia-triggering 
easy + challenging 
pieces (metronome 
paced). Researcher 
reduced tempo until 
no Dystonia 
movements (baseline 
tempo). 
> Measures taken at 
day 1, 8 + every 2 
months (for 12 
months).  

> TCS score 
> ADDS score 
> FAM score 
> Metronome speed 
score 

> TCS: 
Subjective 
(researcher-
rated) 
> ADDS: 
Subjective 
(researcher-
rated) 
> FAM: 
Subjective 
> Metronome 
speed score: 
Objective 

> TCS: significant 
improvement 
(p<0.001).  
> ADDS: significant 
improvement 
(p=0.004)  
> FAM scores: very 
significant 
decrease in 
number of 
abnormal 
movements/second 
(p<0.001). 
> Metronome 
speed score:  
  - Speed increased 
significantly for 
both pieces 
(p<0.001). 
   - No significant 
difference between 
two pieces. 

> Constraint-
induced therapy + 
motor control 
retraining might be 
treatment for hand 
MD 
> Therapy longer 
than 8 months 
before detecting 
statistically 
significant 
changes.  

  (Kadota et 
al., 2010) 

Study motor-
related brain 
activity related 
to MD with 
fMRI.  

> 7 HD 
> 10 healthy 
musicians 

task-fMRI 

Task: tap the four 
fingers with the thumb 
in sequential order. 
Three sessions: 
  - Right-hand  
  - Left-hand  
  - Both hands 

Motor-related brain 
activity 

Objective 

> Thalamus and 
basal ganglia 
significantly 
activated during 
tapping in control 
but no in MD. 
> Brain area 
showing significant 
activation in MD vs 
healthy: 
 - Right premotor 
area: increased 
activation during 
right-hand in MD 
- Left cerebellum: 
decreased 
activation during 
both-hands in MD.  
 

Differences in 
activation of motor-
related areas in 
MD affect 
sensorimotor 
coordination.  
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  (Rosenkranz 
et al., 2010) 

Investigate 
whether 
disordered 
motor control in 
MD is a 
consequence of 
the disordered 
SMO.  

> 8 HD 
pianists 
> 8 healthy 
pianists 
> 6 healthy 
non-
musicians 

> TMS + EMG 
recording 
> MIDI-based 
> VAS (scale) 
> BFM (scale) 

1. Piano test: play 10 
cycles of a 5-finger 
task, at 200bpm, on 
MIDI-piano at: 
   - Loudness: 
pianissimo + 
mezzoforte 
   - Musical notation: 
staccato + legato 
2. VAS (impairment) 
assessment  
3. TMS experiment + 
baseline SMO 
recorded:  
 - Single + pairs of 
pulses (ISIs 3ms) 
TMS to stimulate APB 
muscle + surface 
EMG recording of 
APB, FDI, ADM. 
4. Proprioceptive 
training: 15 min of 
muscle vibration + 
report changes of 
vibration frequency.  
5. SMO recorded 
6. Piano test (i.e. step 
1 again) 
7. VAS (change + 
impairment) 
assessment 

> MEPs 
> Vibration 
discrimination: 
errors/condition and 
/muscle.  
> From MIDI data:  
    - Loudness (by 
comparing velocity of 
key press)  
    - Staccato/legato 
(absence/presence of 
overlay between 
successive notes). 
    - Performance 
variability: CoV of 
keypress duration 
> VAS scores 
(performance and 
impairment) 
> Hand motor control 
rated before+after 
proprioceptive 
training with: 
   - BFM score 
   - TCS score 

> MEPs: 
Objective 
> Vibration 
discrimination: 
Objective 
> MIDI 
measures: 
Objective 
> VAS score: 
patient-rated 
subjective 
> BFM, TCS 
scores: clinician-
rated subjective 
  

> Highly 
disorganised 
pattern of SMO in 
motor cortex hand 
area of MD.  
> Proprioceptive 
training in MD: 
  - Restored 
differential spatial 
pattern similar to 
healthy pianists. 
  - Improved piano 
playing 

Restoring 
sensorimotor re-
organisation to the 
level seen in 
healthy musicians 
leads to motor-
control regain in 
MD.  

 (Buttkus et 
al., 2010) 

Determine if 
ctDCS improves 
fine motor 
control in MD.  

10 HD 
guitarists 

> Video 
evaluation 
(scale) 
> ADDS 
(scale) 
> FAM (scale) 
> Patient self-
report of 
perceived 
motor abilities.  

Play 14 guitar 
exercises (scales, 
arpeggios, chords) 
while video-recording 
   > Before 
   > Directly after 
ctDCS 
   > 60 min after 
ctDCS 

> Video score 
> ADDS score 
> FAM score 
> Patient self-report 

> Video 
evaluation: 
Subjective 
> ADDS: 
Subjective 
> FAM: 
Objective 
> Patient self-
report: 
Subjective  

No tendency 
towards 
improvement of 
symptom in any 
measure. 

ctDCS did not 
improve fine motor 
control in MD.  
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 (Ferrarin et 
al., 2009) 

Determine the 
influence of 
quantitative 
movement 
analysis in 
treatment 
decision making 
of upper 
limb/hand MD.  

Upper 
limb/hand 
MD cohort 
(unspecified 
number) 

> Kinematics + 
EMG (MA)  
> Clinical 
analysis (CA) 

> CA of dystonia-
triggering muscle.  
> Task with 
optoelectronic system 
+ telemetric EMG 
system. 
> MA: Identification of 
dystonia-triggering 
muscle based on 
kinematic measures + 
EMG data 
> CA of dystonia-
triggering muscle with 
information of MA. 
> CA and MA 
comparison.   

> MA: kinematic 
measures of trunk, 
upper limbs, hands 
and fingers+ EMG 
activation patterns. 
> Clinical analysis 

> MA: Objective 
> Clinical 
analysis: 
Subjective 

> MA confirmed 
CA in > 25% of 
cases.  
> MA useful for 
better specification 
of dystonia-
triggering muscle.  

MA potential useful 
tool to complement 
CA. 

  (Iltis and 
Givens, 2005) 

> Develop 
method for 
quantitative and 
qualitative 
describe 
embouchure 
muscles' activity 
in French horn 
players.  
> Assess 
reliability of 
potential 
features for ED 
study. 

> 1 ED 
French 
hornist 
> 4 healthy 
French 
hornists 

EMG 

> Perform (twice) 
standardised tasks:  
 - Play four iterations 
of:  
     + 1 note producing 
tremor (in ED) 
     + 1 note not 
producing tremor (in 
ED) 
 - 60-seconds fatigue 
trial on non-tremor 
note 
> Recording while 
playing:  
   - Surface EMG of 
levator labii and 
depressor anguli oris 
muscles 
   - Audio  

Tremor assessment 
from EMG recording 
(continuous wavelet 
transformation 
scalogram): 
 - Amplitude 
 - Mean frequency 
 - Median frequency 
 - Zero crossings 
 - Power 

Objective 

> ED vs healthy 
differences: 
 - Temporal signal 
power 
 - Dominant 
frequency range 
> High reliability of 
tremor measures 
and variables 
associated to 
fatigue task.  
  

EMG 
characterisation of 
embouchure 
muscle activity 
might be useful for 
studying ED.  

  (Hirata et 
al., 2004) 

Study 
somatosensory 
homuncular 
representation 
and assess gap 
detection 
sensitivity of lips 
in ED and 

> 8 ED 
> 8 healthy 
non-
musicians 

> Tactile 
Discrimination 
> MEG 

> Gap detection test: 
finger and lip 
sensitivity 
examination. 
> MEG assessment of 
somatosensory 
responses with tactile 

> GAP detection 
threshold 
> MEG response 

> GAP detection 
threshold: 
Subjective 
> MEG 
response: 
Objective 

> ED vs healthy: 
digit representation 
shifted in a lateral 
direction towards 
lip zone. 
> ED's upper lips 
decreased 
sensitivity 

Abnormal 
somatosensory 
reorganisation may 
contribute to ED.   
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healthy 
musicians.  

stimuli, on lips and 
fingers.  

compared to lower 
(p<0.01).  

  (Byl et al., 
2003) 

Assess effect of 
sensory 
discrimination 
training for hand 
FTSD, based on 
principles of 
neuroplasticity. 

3 HD 

> MEG 
> Tactile 
Discrimination 
> 
Biomechanical 
assessment 

> Before and after 
treatment (12 weeks) 
assessment of scores 
of tests: 
  - Somatosensory 
structure  
  - Motor control  
  - Sensory 
discrimination 
  - Musculoskeletal 
performance 
   - Independence 

  - SEPs for 
somatosensory 
structure (amplitude, 
area of 
representation, 
sequential order of 
digits). 
  - Motor control 
(task-specific motor 
control, fine tracing 
accuracy and time). 
  - Sensory 
discrimination 
(localisation, 2-point 
discrimination, 
graphesthesia, 
stereognosis). 
  - Musculoskeletal 
performance 
(posture, neural 
tension, flexibility, 
strength). 
   - Independence 
(functional 
independence, work 
status). 

  - SEPs: 
Objective 
  - Motor control: 
Objective 
  - Sensory 
discrimination: 
Subjective 
  - 
Musculoskeletal 
performance: 
Objective. 
   - 
Independence: 
Subjective 

All subjects 
improved an 
average of:  
 > 86.8% 
somatosensory 
hand 
representation 
 > 117% target-
specific 
performance 
 > 23.9% fine 
motor skills 
 > 22.7% sensory 
discrimination 
 > 31.9% 
musculoskeletal 
skills 
 > 32.3% 
independence 

After sensorimotor 
training consistent 
with neural 
adaptation, 
patients with hand 
MD can improve 
cortical 
somatosensory 
response and 
clinical motor 
function.  

  (Candia et 
al., 2002) 

Study long-term 
effectiveness of 
SMR in hand 
MD.  

11 HD 
> Kinematics  
> DES (scale) 

> SMR treatment 
based on dystonia 
compensatory fingers 
immobilisation by 
splint.  
> Before, during (day 
4), end treatment (day 
8):    
  - Recording of 
dexterity and 
displacement during 
metronome paced 
movements of 2 
fingers for 50 

> Spectral of velocity 
profile of dexterity-
displacement data. 
> DES score 

> Spectral of 
dexterity-
displacement 
data: Objective 
> DES: 
Subjective 
(patient-rated). 

> 3 wind MD not 
improved.  
> Pianist and 
guitarist significant 
improvement in 
spontaneous 
performance 
without splint.  

SMR might be a 
potential treatment 
of hand MD in 
guitarist and 
pianists.  
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seconds. 
> Before, during 
treatment (daily), 
follow-ups (1, 3, 4, 6 
months).  
 - DES patient self-
rating after playing 
baseline dystonia-
triggering sequences  

  (Wilson et 
al., 1993) 

Study 
biomechanical 
response in MD 
musicians to 
give insight into 
influence of 
factors in MD 
development.  

 > 19 MD 
(only 14 
tested)  
 > Matched 
control 
cohorts 
(unspecified) 

Biomechanical 
assessment 

Biomechanical tasks 
with upper extremities’ 
joints: 
 > Flexion 
 > Extension 
 > Rotational 
movements 

Biomechanical 
measures: 
 > Hand size 
 > Hand shape 
 > Active range of 
motion 
 > Passive flexibility 

Objective 

2/3 of MD group 
showed marked 
limitation of 
passive and/or 
active abduction 
range between 
central digits of 
both hands.  

MD might 
represent an 
aberrant outcome 
of normal motor 
learning whose 
physiologic 
correlates mimic 
neuropathologically 
based dystonia.  
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 Appendix B: Ethics Proposal 

Ethical approval for the Study 1 (reported in Chapter 5) was granted by the Trinity College Dublin 

School of Medicine Research Ethics Committee. The submitted application consisted of the 

following documents: 

- Application form for research requiring approval by the Level 1 School of Medicine 

Research Ethics Committee.  

- Information leaflet I:  Provides a description of the study and informs participants 

of the following aspects: eligibility; exclusion from participation; procedure; 

benefits; risks; confidentiality; insurance; voluntary participation; continuation in 

the study; permission; investigator’s contact details.  

- Information leaflet II: Describes in great detail the music exercises that subjects are 

asked to perform while being audio-recorded.  

- Flyer version information leaflet: Summarises the main aspects included in 

Information leaflet I, designed to convey the information in a more friendly and easy 

manner.  

- Poster: Summarises Information leaflet I in a viewer-friendly way, highlighting the 

search of participants for the study.  

- Questionnaire: Designed to capture each participant’s demographic data. The main 

questions refer to the presence of Musician’s Dystonia in subjects and to their music 

experience. Age, and gender of subjects are gathered by the questionnaire.  

- Consent form: Collects subjects’ consent to participate in the study. Moreover, 

participants are required to detail whether they consent the following aspects of their 

collected anonymised data: to being used only for the research aims of this study; 

to being retained for 5 years. The form includes participant’s and principal 

investigator’s signature, as well as the date.  
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 Application Form 
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 Information Leaflet I 
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 Information Leaflet II 
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 Flyer Version Information Leaflet 
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 Poster 
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 Questionnaire 
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 Consent Form 
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 Appendix C: Audio-Recordings 

 Steps Performed Before Starting the Visual Presentation 

Once the experimental set-up for audio-recording was prepared (5.2.2 Audio-Recording Set-up), 

the following procedure was performed when meeting participants in the audio studio: 

1. Information Leaflets I and II (Appendix Sections 10.2.2 Information Leaflet I and 10.2.3 

Information Leaflet II) were provided to participants, explaining the study and answering 

any question subjects may had.   

2. Participants were asked to complete the Consent Form (Appendix Section 10.2.7 Consent 

Form) in case they agreed to participate in the study. 

3. Participants were asked to complete the Questionnaire Form (Appendix Section 10.2.6 

Questionnaire). 

4. Copies of the Flyer version information leaflet Form (Appendix Section 10.2.4 Flyer 

Version Information Leaflet) were handed to participants while being asked to spread 

them to wind musician colleagues.   

 Visual Presentation (Graphical User Interface) 

 

Figure 10.1. Cover slide. 
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Figure 10.2. Index describing the steps performed to test participants. 

 

 

Figure 10.3. Symbols describing the playing technique of played notes.  
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Figure 10.4. Symbols describing the pitch registers, volumes, tempos and arpeggio 

classes at which tests (i.e. sustained or sequenced notes) will be played.    

 

Figure 10.5. Slide to ensure participants understood the symbology employed in the 

presentation.  
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Figure 10.6. Description of the musical exercises to be performed, along with 

instructions on how to play each task.  

 

Figure 10.7. Representative example of a sustained note test.  

In this case, musicians are asked to play a sustained note, at the lowest pitch register 

and at the softest volume.  
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Figure 10.8. Representative example of a sequence test.  

In this case, musicians are asked to play an ascending triad of notes (from the lowest to 

the highest pitch register) at the softest volume and at 60 bpm.   
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 Researcher’s Checklist 

RESEARCHER’S CHECKLIST  

Music Recordings 

1. Required material and tasks to do before testing a participant 

CHECK MATERIAL 

 Print documentation: 

 - Researcher’s documentation: 

 o Scientific pitch notation and instruments’ playing range 

 o Played notes (stave) 

 o Testing details 

 o Researcher’s Check List (i.e. this document) 

 - Participant’s documentation: 

 o Questionnaire 

 o Consent form 

 o Information Leaflet I (study general information) 

 o Information Leaflet II (music exercises explanation) 

 o Information Leaflet – Flyer version 

 Desk 

 Chair 

 Water 

 Kitchen/toilet paper (for cleaning instrument) 

 Notebook 

 Pen 

 Laptop 

 Laptop charger 

 Plug adapter 

 Headphones 

 Cable extension 

 Audio recorder Zoom H4n 

 AA batteries (Zoom H4n) 

 USB adapter (Zoom H4n) 

 SPL meter 

 Screwdriver (SPL meter) 

 9V batteries (SPL meter) 

 Scissors 

 Adhesive tape 

 Measuring tape 

 Permanent marker 

 TASK 

 Check Zoom H4n has enough battery. 

 Check SPL meter has enough battery. 

 Plug and turn on the laptop. 
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 Open a new PowerPoint (PPT) presentation version of Music Recordings. 

 Set laptop audio at maximum level. 

 Check buttons’ sound in the PPT presentation. 

 Check “audio recorder’s” text appears in the PPT presentation. 

 Check all projects in Zoom H4n are empty for saving new recordings. 

 Check all sequences projects in Zoom H4n have their corresponding metronome 

audio. 

 Select sustained notes project (SUS1) in Zoom H4n.  

 Set Zoom H4n recording level to 70%. 

 Cut a piece (3-5 cm) of adhesive tape and stick it on the desk’s surface. 

 Draw a line in the tape with the permanent marker. 

 Place Zoom H4n at the top of the adhesive tape, right where the reference line is.  

 Place the SPL meter and the laptop on the desk, each at one side of Zoom H4n 

 Place the chair that musician will use in front of the desk, at around 1 m away from 

Zoom H4n’s position. 

 

2. Tasks to do when testing a participant 

2.1. Provide participant with documentation 

CHECK DOCUMENT + TASK 

 Information Leaflets I and II: explain study and answer any question participant 

might have. 

 Consent form: ask participant to complete form if agrees to participate in the study. 

 Questionnaire: ask participant to complete it. 

 Information Leaflet – Flyer version: hand participant printed copies and ask 

her/him to spread them to wind musician colleagues.  

2.2. Preparation before recording 

CHECK TASK 

 Ask musician to sit in the chair in front of the desk.  

 Explain to participant that the PPT presentation will be used as a guide throughout 

the recording’s completion. 

 PPT – Index: explain the different steps followed in the testing. 

 PPT - 01-Introduction: explain how to read and interpret symbols displayed in the 

slides. And remind all the music exercises that will be asked to perform. 

 PPT - 02-Warm-up: ask musician to warm-up (for around 2 minutes) by playing 

music tasks of their choice. 

 Check in the document “Scientific pitch notation and instrument’s playing range” 

the highest- and lowest-pitched notes participant may be able to play according to 

their instrument.  

 Ask musician to play such notes and ensure he/she is capable of reaching them. If 

not, find the closest note to such extremes that participant can play.   

 Ask musician to complete the document “Played notes (stave)”, writing the notes 

chosen to be played. 



270 

 

 Complete the section “Played notes (scientific pitch notation/frequency)” of 

document “Testing details”, writing the sounding notes that musician will play.   

 Turn on Zoom H4n. 

 Ask musician to play the loudest he/she can play at all pitch registers, while 

checking if “MIC” button of Zoom H4n flickers. 

- If button flickers (i.e. audio clipping): place musician’s chair further from 

the desk. Repeat procedure until no flicker appears. 

- If button does not flicker: place adhesive tape on the floor, right where 

musician’s chair is.   

2.3. Music recordings (training included) 

CHECK TASK 

 Training 

 PPT - 03-Training Sustained notes: ask musician to train exercises until 

feeling comfortable with them. 

 PPT - 04-Training Sequences: ask musician to train exercises until feeling 

comfortable with them. 

 Recording 

 PPT - 05-Recording Sustained notes 

 Check Zoom H4n recording level is 70%. 

 Start recording with Zoom H4n by pressing “Rec” button and, then, “Play” 

button. 

 Ask musician to get ready to start playing. 

 1. Name the test. 

 2. Press “REC” button in PPT. 

 3. Musician plays 1st sustained note. 

 4. Write down SPL meter measure in section “SPL meter measurements 

of sustained notes” of document “Testing details”. 

 5. A) If note was correctly played, press “OK” button in PPT. 

B) If note was wrongly played, press “Error” button in PPT. Ask 

musician to play again the note by repeating 1 – 5 steps.  

 Repeat 1 – 5 steps for all the sustained notes. 

 Stop recording with Zoom H4n by pressing “Stop” button. 

 PPT - 06-Recording Sequences 

 Ask musician to put on the headphones.  

 60 bpm:  

 Select project “SLO” in Zoom H4n 

 Check Zoom H4n recording level is 70%. 

 Start recording with Zoom H4n by pressing “Rec” button and, then, “Play” 

button. 

 Adjust volume of Zoom H4n so that musician properly listens to the 

metronome-like audio.  

 Ask musician to get ready to start playing. 

 1. Name the test. 

 2. Press “REC” button in PPT. 

 3. Musician plays 1st sequence. 
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 4. A) If sequence was correctly played, press “OK” button in PPT. 

B) If sequence was wrongly played, press “Error” button in PPT. Ask 

musician to play again the sequence by repeating 1 – 4 steps.  

 Repeat 1 – 4 steps for all the sequences. 

 Stop recording with Zoom H4n by pressing “Stop” button. 

 90 bpm:  

 Select project “MED” in Zoom H4n 

 Follow the same procedure performed in 60 bpm sequences. 

 160 bpm: 

 Select project “FAS” in Zoom H4n 

 Follow the same procedure performed in 60 bpm sequences. 
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 Scientific Pitch Notation and Instruments’ Playing Range 

SCIENTIFIC PITCH NOTATION AND INSTRUMENTS’ PLAYING RANGE 

Music Recordings 

 

INSTRUMENTS 
Pitch of transposing 

instruments 
Extreme Low Middle Extreme High 

WOODWIND INSTRUMENTS 

Piccolo 

 

C D5 G6 C8 

Db E5 A6 D8 

Flute 

 
- C4 G5 D7 

Oboe 

 
- Bb3 D#5 A6 

Bassoon - Bb1 F#3 Eb5 

Clarinet 

Bb D3 C5 A#6 

A C#3 B4 A6 

D F#3 E5 D7 

Eb G3 F5 D#7 

Saxophone 

Bb soprano G#3 C5 F 

Eb alto C#3 F4 A#5 

Bb tenor G#2 C4 F5 

Eb baritone B1 D#3 G#4 

Bb bass F#1 B2 F4 

BRASS INSTRUMENTS 

Horn (in F) F B1 G#3 F5 

Trumpet 

Bb E3 G#4 C6 

A D#3 G4 B5 

G C#4 F5 A6 

F B3 D#5 G6 

E A#3 D5 F#6 

Eb A3 C#5 F6 

D G#3 C5 E6 

Bass trombone - A#1 E3 A#4 
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Tuba - D1 A2 F4 
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 Played Notes (Stave) 
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 Testing Details 

TESTING DETAILS 

Music Recordings 

Date: ___/___/___ 

Set-up 

Distance musician-microphone (m)  

Played notes (scientific pitch notation/frequency) 

Extreme notes 

Register 
Notes 

Scientific pitch notation Frequency (Hz) 

Extreme-low   

Middle   

Extreme-high   

Arpeggios 

Register 
Notes 

1st note (0) 2nd note (4) 3rd note (7) 

Low    

Middle    

High    

SPL meter measurements of sustained notes 

Note number Pitch Volume SPL measures (dB) 

1 Low Soft  

2 Low Medium  

3 Low Loud  

4 Medium Soft  

5 Medium Medium  

6 Medium Loud  

7 High Soft  

8 High Medium  

9 High Loud  
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 Appendix D: Conference Poster Presentation 

Results obtained from Studies 1 and 2 (reported in Chapters 5 and 6, respectively) were presented  

in September 2019 at the International Congress of Parkinson’s Disease and Movement 

Disorders, Nice, France.  

 Abstract 

A Software Framework for Objective and Quantitative Audio-Analysis of Embouchure 

Dystonia (ED) 

Objective: Development of an automated audio-analysis software framework for aiding in 

biomarker identification to objectively quantify ED severity. 

Background: ED, the second most common phenotype of Musician’s Dystonia, affects the 

muscles involved in blowing air into wind instruments. ED diagnosis and assessment of severity 

often relies on subjective rating of the sound quality produced by musicians, having low reliability 

intra and inter subjects, which makes a long-term study difficult. Regardless of the evident need, 

only two studies have quantified sound characteristics in ED subjects during musical performance 

[1,2]. There is clinical need for a more comprehensive automated approach to acoustic analysis 

of ED. 

Methods: A protocol of musical performance exercises was designed, including sustained and 

sequenced notes played at multiple combinations of volume, pitch and tempo. This encompasses 

musicians’ full playing range. Audio recordings were made and a custom-developed software 

program was developed to extract acoustic features from such recordings. Fundamental frequency 

and amplitude perturbations were analysed by Power Spectral Density and Time Domain 

analyses. Rhythmic abilities were evaluated from sequences by metronome and inter-note 

comparisons. 

Results: The protocol (30 min duration) is optimised to enable subsequent automation of the 

analysis. The main output measures include: shimmer and jitter for sustained notes; inter-notes 

consistency parameters (rhythm, volume and pitch) for sequences. The protocol and software 

analysis were tested with recordings from four professional wind instrumentalists. For example, 

mean jitter was 0.18% for the low register with a coefficient of variation across higher pitches of 

0.47%. 
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Conclusions: The protocol and software developed allow automatic extraction of acoustic 

features and form a baseline to compare to ED patients. A major strength of this methodology is 

the potential for remote data recording and processing, facilitating its use in a larger ED 

population. 

References: 1. A Morris, S Norris, J Perlmutter, J Mink, Quantitative, clinically relevant acoustic 

measurements of focal embouchure dystonia, Mov. Disord., 33(3):449–458, 2018. 2. A Lee, S 

Furuya, M Morise, P Iltis, E Altenmüller, Quantification of instability of tone production in 

embouchure dystonia, Park. Relat. Disord., 20(11):1161–1164, 2014. 
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