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Abstract 
Training-related neuroplasticity is a phenomenon where the brain undergoes 

reorganisation to support the acquisition of a new skill. Existing research suggests that musical 

training influences how the brain processes sound through adaptations in the auditory network, 

and might lead to adaptations in the motor network and auditory-motor integration. 

However, many studies rely on cross-sectional designs, or longitudinal approaches limited to 

"before-after" designs, potentially missing the dynamic nature of the neuroplastic processes hinted 

at by studies on motor learning. Finally, most research has focused only on auditory adaptations.  

The current project combines longitudinal and cross-sectional approaches in three studies 

to investigate the changes in brain activation of novice adult pianists undergoing a naturalistic 

piano training for twenty-six weeks. By employing multiple measurements during training, 

it approximates the time-course of these changes. Additionally, the ecological tasks and multiple 

control measures help to isolate training-related effects from other phenomena such as task 

repetition. 

Study 1 focuses on changes in auditory processing by comparing the novice pianists with 

a passive control group. Using a music listening fMRI task, it shows no effects of training 

on the neural correlates of listening to music. In a tonal working memory behavioural task, 

no transfer effects occurred to a cognitive task of tonal working memory during piano training. 

Due to a lack significant of effects in time, it is impossible to discuss the dynamics of training-

related changes in the auditory domain. 

In Study 2, I investigate training-related adaptations within the motor system 

and auditory-motor interactions with the use of two fMRI tasks in the group of novice pianists. 

The first task involves sequential pressing of keys on an MRI-compatible piano in three conditions 

of increasing bimanual demands. It shows complex and dynamic training-related changes in brain 

activation in the cortico-cerebellar motor network and auditory-motor integration areas, 

depending on the stage of the training and task demands. The second fMRI task encompasses 

the naturalistic music playing paradigm. Its outcomes include overall decreases in brain activation 

in the cortico-cerebellar and cortico-striatal motor networks, as well as auditory-motor integrative 

areas. These findings are indicative of an optimisation processes and shift from spatial attention to 

automated movement, in line with studies on motor learning. 
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Study 3 combines longitudinal and cross-sectional approaches to compare novice pianists 

before and after training with trained musicians. The piano key pressing fMRI task shows increased 

activation in auditory-motor integrative areas for the novices before training. After training, 

the findings suggest that similar brain networks underlie task execution regardless of expertise, 

as there are no more differences between the groups. However, musicians outperformed novices 

both before and after training in the tonal working memory task, suggesting no transfer effects 

occur from musical training to a cognitive domain related to auditory processing. 

These three studies show that the neuroplastic processes related to piano training affect 

mostly the motor networks and auditory-motor integration with limited impact on auditory 

processing. The motor and auditory-motor integration networks demonstrate substantial 

and dynamic adaptations in response to piano training. The complexity of the observed 

adaptations emphasises the importance of ecologically valid training paradigms and longitudinal 

designs with multiple measurements to capture the intricacies of brain plasticity during real-world 

skill learning, which relies on coordinated involvement of multiple brain systems. 
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Streszczenie w języku polskim 
Nabywanie nowych umiejętności, takich jak gra na pianinie, wiąże się z procesami 

plastyczności mózgu, prowadzącymi do jego funkcjonalnej reorganizacji. Dotychczasowe badania 

sugerują, że nauka gry na instrumencie wpływa na przetwarzanie dźwięków poprzez adaptacje 

w sieci słuchowej mózgu, oraz może prowadzić do zmian w sieci motorycznej i obszarach integracji 

słuchowo-ruchowej. Jednakże wnioski te opierają się głównie na badaniach przekrojowych 

lub krótkich badaniach podłużnych i analizach typu "przed-po", co uniemożliwia badanie 

dynamicznej natury neuroplastyczności mózgu. 

Niniejszy projekt unikatowo łączył podejścia podłużne i przekrojowe aby zbadać zmiany 

aktywności mózgu u początkujących dorosłych pianistów uczących się gry przez 26 tygodni. 

Dzięki wielokrotnym pomiarom podczas treningu możliwe było przybliżenie przebiegu tych zmian 

w czasie. Dodatkowo, naturalistyczne podejście do procesu nauki oraz zadań eksperymentalnych 

i liczne warunki kontrolne pomogły wyizolować efekty swoiste dla procesu uczenia się.  

Badanie 1 skupiało się na zmianach w przetwarzaniu słuchowym, porównując 

początkujących pianistów z pasywną grupą kontrolną. Wyniki zadania w skanerze rezonansu 

magnetycznego pokazały brak wpływu treningu na neuronalne podstawy słuchania muzyki. 

W behawioralnym zadaniu pamięci roboczej (tonalnej), nie zaobserwowano efektu przeniesienia 

z treningu muzycznego na zadanie poznawcze związane z pamięcią tonalną. Ze względu na brak 

statystycznie istotnych efektów analiz w czasie, nie można omówić dynamiki zmian związanych 

z treningiem w zakresie przetwarzania słuchowego. 

Badanie 2 miało na celu zrozumienie adaptacji związanych z treningiem muzycznym 

w obrębie układu motorycznego i interakcji słuchowo-ruchowych w grupie początkujących 

pianistów. Pierwsze zadanie polegało na sekwencyjnym wciskaniu klawiszy na pianinie w trzech 

warunkach o rosnących wymaganiach koordynacji oburęcznej. Wykazało ono złożone 

i dynamiczne zmiany aktywności mózgu w sieci motorycznej korowo-móżdżkowej i obszarach 

integracji słuchowo-ruchowej. Zmiany te były zależne od etapu treningu i wymagań zadania. 

Drugie zadanie polegało na grze na pianinie w naturalny sposób. Jego wyniki wykazały spadek 

aktywności mózgu w sieciach motorycznych korowo-móżdżkowej i korowo-prążkowiowej, oraz 

w  obszarach integracji słuchowo-ruchowej. Wskazuje to na optymalizację procesów 

wspierających wykonywanie sekwencji ruchów, i przesunięcie zaangażowania neuronalnego 
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z obszarów odpowiedzialnych za uwagę przestrzenną na zautomatyzowany ruch, zgodnie 

z badaniami nad uczeniem się sekwencji ruchowych. 

Badanie 3 łączyło podejścia podłużne i przekrojowe porównując aktywność mózgu 

początkujących pianistów przed i po treningu z wykwalifikowanymi muzykami. 

Zadanie polegające na naciskaniu klawiszy pianina pokazało zwiększoną aktywność w obszarach 

integracji słuchowo-ruchowej u początkujących pianistów przed treningiem. Wyniki sugerują, 

że po treningu podobne sieci mózgowe leżały u podstaw wykonywania zadania w obu grupach, 

ponieważ nie było już istotnych różnic w aktywności mózgu pomiędzy grupami. 

Jednakże w zadaniu pamięci tonalnej muzycy osiągali lepsze wyniki niż początkujący zarówno 

przed, jak i po treningu. To sugeruje, że trening muzyczny nie prowadzi do efektu przeniesienia 

na domenę poznawczą związaną z przetwarzaniem dźwięków. 

Przedstawione wyniki niezależnych eksperymentów pokazują, że nauka gry na pianinie 

skutkuje funkcjonalną reorganizacją mózgu głównie w sieci motorycznej i obszarach integracji 

słuchowo-ruchowej, przy ograniczonym wpływie na przetwarzanie słuchowe. Obszary motoryczne 

i integracji słuchowo-ruchowej wykazują znaczne i dynamiczne adaptacje w odpowiedzi 

na trening. Obserwowana złożoność adaptacji podkreśla wagę naturalistycznego podejścia 

do treningu w warunkach eksperymentalnych i projektów podłużnych z wielokrotnymi 

pomiarami, aby uchwycić złożoność plastyczności mózgu podczas nauki umiejętności, 

które wymagają skoordynowanej aktywności wielu układów mózgu. 

  



V 

Abbreviations 
AAL3 atlas - automatic anatomic labeling atlas, version 3 

BOLD  - Blood-Oxygen Level Dependent 

EEG  - electroencephalography 

EPI  - echo planar imaging 

fMRI  - functional magnetic resonance imaging 

M  - mean 

MEG  - magnetoencephalography 

MNI  - Montreal Neurological Institute 

MRI  - magnetic resonance imaging 

PROMS  - Profile of Music Perception Skills 

ROI   - region of interest 

RRID  - Research Resource Identifier 

SD  - standard deviation 

TMS  - transcranial magnetic stimulation 

TP  - time-point 
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1. Neuroplasticity and music 

1.1. The neuroplastic process 

Any man could, if he were so inclined, be the sculptor of his own brain. 
― Santiago Ramón y Cajal 

 
The central nervous system evolved as a solution to the ever-growing sensory and effector 

needs of ever larger, more complex and mobile animals. Neuroplasticity, or the idea that 

the nervous system changes in time, has been coined to reflect that the brain is shaped not only via 

inherited factors, but also in relation, and as a response, to repeated behaviours 

and environmental exposures and demands. Instabilities and changes in the environment created 

an evolutionary pressure for the nervous systems to be malleable - able to adapt and learn 

in response to the variable demands of dynamic environmental conditions. This malleability of the 

nervous system, understood as structural and functional changes in synaptic communication 

between neurons induced by external and internal factors, was put forward already in the late 19th 

century by James (1890), Tanzi (1893) and Cajal (1894), but not developed into a theory of synaptic 

plasticity until the work of Konorski and Hebb more than fifty years later (Konorski 1948; 

Hebb 1949). 

Currently, we understand that the nervous system has to be responsive and adaptable 

on multiple timescales, from milliseconds of synaptic connections (Bliss and Lomo 1973) to longer 

processes of epigenetic regulation of cell excitability (Lisman et al. 2018), to weeks, months 

and years required for skill acquisition (Draganski et al. 2004; Maguire et al. 2000). There exists 

evidence that plasticity might occur in cascades, where changes in certain parts of the brain 

influence other parts in a sequential order. For example, in one study it has been shown that rapid 

changes in basal ganglia precede slower adaptations in the prefrontal cortex, suggesting that 

the output of the striatum 'trains' learning mechanisms in the frontal cortex (Pasupathy and Miller 

2005).  

The prevailing evidence in this domain comes from cell cultures or animal studies, 

where neuroplastic processes are studied in a particular context of a cell or an animal, such as 

the original studies of enriched environment on rhodent’s behaviour (Hebb 1947; Rosenzweig, 

Bennett, and Krech 1964). In such experiments, animal’s environment is enhanced in a controlled 

manner to elicit improved physical fitness, memory or problem-solving abilities, which have also 
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been linked to metabolic and neuroplastic adaptations, such as synaptogenesis, neurogenesis, 

gliogenesis, angiogenesis, and synaptic plasticity and pruning.  

Neuroplasticity is considered to take context-dependent forms. In humans, developmental 

plasticity is the result of the interaction between pre-programmed development of the nervous 

system and experiences occurring during childhood and adolescence, resulting in basic functions 

such as speech, coordinated movement (e.g., grasping, walking, running, jumping) or cognitive 

skills (such as language, mathematical thinking, intuitions about the laws of physics, abstract 

reasoning, imagination).  The two other types of neuroplasticity persist through the lifespan: 

one related to healing and compensation after trauma, and the other related to learning and skill 

acquisition also in adulthood, dubbed the experience-dependent neuroplasticity. Those experience-

dependent neuroplastic processes allow us, humans, and many other animals, to learn novel 

behaviours and adjust to environmental changes throughout the lifespan, albeit this ability 

diminishes as we grow older. 

However, animal models fall short when it comes to studying human behaviours. 

It is possible to stimulate neurons to form connections in a Petri dish, train a rat to navigate a maze, 

or observe a mouse’s mating and feeding behaviour. Many experimental interventions require 

animals to be sacrificed in order to study their brains and other tissues under a microscope, 

or implant one in a living animal. Still, the cells and the animals cannot tell us how they feel, 

calculate elliptic integrals, or play and experience music (at least not in the manner we are used to, 

even if they present common basic elements with our experiences (Ito et al. 2022)). While certainly 

many fundamental aspects of neuroplastic processes are universal and translate well from 

laboratory models to humans, there are some particular human behaviours which can only be 

studied in humans themselves. To understand the neuroplastic processes underlying 

the acquisition of human-specific skills, such as language or music, it is necessary to study human 

subjects, what has to be performed in a safe and non-invasive manner. 

 In the following chapters of the introduction section, I describe how neuroimaging fMRI 

techniques can be utilised to investigate neuroplasticity in living humans. Next, music and musical 

training are presented as a valuable model for studying brain plasticity. Following this, I discuss 

some of the proposed models that attempt to explain the dynamics of brain plasticity. 

Finally,  a  specific study design employing musical training is introduced. This design served as 

a framework to investigate the time-course of functional brain reorganisation, which allowed me 

to address specific research questions and test relevant hypotheses related to these phenomena. 
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1.2. Neuroplasticity through the lens of MRI neuroimaging 

methods 

The biological basis of neuroplasticity in animal models is usually explained through 

the dynamics of strengthening and weakening of the synaptic connections between neurons. 

However, this cellular-level understanding of long-term potentiation and long-term depression is far 

from exhaustive when the nervous system is examined in a more holistic approach. Multiple other 

phenomena add up to explain how the brain changes, including but not limited to: epigenetic 

processes, adaptations in neuronal architecture, axonal myelination, changes in astrocytes 

and other glia, neurogenesis, changes in the extracellular matrix or brain vasculature, 

and neurochemistry (Tardif et al. 2016). All of these phenomena can affect the magnetic properties 

of brain tissue, which allows us to track macroscopic signatures of brain plasticity using magnetic 

resonance imaging (typically abbreviated MRI or NMR, from nuclear magnetic resonance) in vivo 

in a non-invasive manner. 

Magnetic resonance imaging is a tool commonly employed in clinical and research settings 

to study brain structure and function in living humans. It is able to contrast tissues which vary 

in magnetic properties related to their chemical composition. This is achieved by depositing small 

amounts of energy in tissues, which later radiate it in the form of radio frequency photons, picked 

up by a receiver coil. For this discovery in the 1970s, Sir Peter Mansfield and Paul Lauterbur received 

a Nobel Prize in Medicine and Physiology in 2003. The grey and white matter of the brain, as well as 

the skin, skull, meninges and cerebrospinal fluid, do differ in chemical composition and magnetic 

properties. Therefore, magnetic resonance imaging can be used to noninvasively reveal their 

geometry, and does it with a spatial resolution usually in the order of a millimetre.  

A breakthrough in visualising brain function occurred when a group of scientists from 

the AT&T Bell Laboratories (currently Nokia Bell Lab) in New Jersey, USA, discovered that 

the oxygenation of blood also changes its magnetic parameters (Ogawa and Lee 1990; Ogawa, Lee, 

Kay, et al. 1990; Ogawa, Lee, Nayak, et al. 1990). Soon afterwards, this was proven useful 

as  an indirect measure of neuronal activity related to task activation (Bandettini et al. 1992;  Kwong 

et al. 1992). The postulated mechanisms behind signal changes were related to brain metabolism. 

Neural processing requires large amounts of glucose and oxygen; in fact, the energy consumption 

of the brain is disproportionally high with respect to its size (in humans, about 2% of an adult's 

weight is the brain, and it consumes roughly 20% of daily energy intake). The influx of new, 
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oxygenated blood, follows neuronal activity with a peak around 4-6 seconds after stimulus onset 

(Logothetis 2008; Poldrack, Mumford, and Nichols 2011), leading to a blood-oxygen-level-

dependent (BOLD) response. And as such, the idea of haemodynamic response function was born. 

It describes the changes in magnetic properties of tissue related to the influx of oxygenated blood 

supporting neuronal activity, and, in turn, in the signal measured by the magnetic resonance 

imaging apparatus. Thus, by using the BOLD signal, it is possible to indirectly infer about 

the underlying neuronal activity, which has been confirmed with neurophysiological methods 

(Logothetis et al. 2001; Mukamel et al. 2005). 

Measuring the differences in BOLD signal when a study participant (human or otherwise) 

performs a task while in an MRI scanner allows researchers to attribute neuronal activity 

in a certain brain area to a particular behaviour or cognitive process. Although this 

“neophrenological” perception of how brain regions or structures are involved in behaviours 

or cognitive process is the subject of debate and certain criticism (e.g., Westlin et al. 2023), 

the results of well-conducted fMRI studies seem to be largely repeatable and corroborated 

by other research techniques, such as studies using transcranial magnetic stimulation (TMS), 

or research on the loss of function linked to brain lesions and traumatic injuries. It is generally 

accepted that, given enough subjects, functional magnetic resonance imaging can accurately 

represent central tendencies in human functional brain organisation among groups 

(Marek et al.  2022). 

The first studies which used structural MRI and BOLD to hint at neuroplastic processes 

compared central tendencies of human brain structural and functional organisation between 

groups of participants with different life experiences, in an assumption that those experiences 

led to the observed differences. For example, Maguire and colleagues (2000) found that London 

taxi drivers have significantly larger posterior (and smaller anterior) hippocampi compared to 

those of control subjects, and that the size of the hippocampi correlated with the amount of time 

spent as a taxi driver. Since being a taxi driver required extensive skill and practice in spatial 

navigation, especially in the era before smartphones and the Global Positioning System (GPS), 

it was postulated that the differences in hippocampal size reflect training-related adaptations. 

Similarly, a study on professional judo players (Jacini et al. 2009) suggested that higher-than-

average physical activity in life is associated with increased grey matter volume in the areas 

of the motor network, such as the motor cortex and the cerebellum, and visual areas.  
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Very quickly, neuroscientists started to employ MRI techniques in longitudinal, 

interventional studies to be able to distinguish between nature and nurture behind the differences 

observed between groups. Even though the exact biological underpinnings underlying cortical 

reorganisation are still debated (Makin and Krakauer 2023), longitudinal studies with the use 

of MRI are used to provide evidence for training-related neuroplastic adaptations.  In the following 

chapter, I will describe some of these longitudinal studies with a focus on musical training, and why 

musical training is used for this purpose in the first place. 

1.3. Neuroplasticity through the lens of musical skill 

Musical training is a more potent instrument than any other,  
because rhythm and harmony find their way into the inward places of the soul. 

― Plato 
 

Many humans undertake musical training in the form of playing an instrument, due to 

cultural reasons or for personal satisfaction and enjoyment. In fact, music accompanies humans 

in every culture and every known historical period (Nettl 2015). The human brain can even perceive 

music in regular environmental sound, as beautifully captured in the opening phrases to the Cell 

Block Tango from the 2002 musical Chicago (Catherine Zeta-Jones et al. 2022) or featured in the 

compositions created by Einstürzende Neubauten. The origins of music are proposed to stem from 

social bonding functions, such as singing lullabies to children and/or chanting war songs to the 

rhythm of the war drums (Mehr et al. 2020).  Singing and drumming require no specialised tools; 

the first known archeological findings of musical instruments, tools for the creation of melodic 

music, are mammoth-tusk-carved flutes dating back 45 000 years (Higham et al. 2012). In the 

modern day, there exists a plethora of musical instruments, styles and preferences, and music 

is considered an important aspect of many people’s daily life, culture and identity. Up till today, 

music listening and music making, with and without the use of musical instruments, play 

an important role in phenomena such as social bonding or emotion regulation (Greenberg, Decety, 

and Gordon 2021; Saarikallio and Baltazar 2018; Tarr, Launay, and Dunbar 2014).  

In the field of neuroplasticity, musical training, especially when related to learning to play 

an instrument, is considered a useful model because it combines auditory and motor aspects, 

as well as many other sensory and cognitive domains, can be used on various time-frames, 

or as a human model for life-long training in musicians (Herholz and Zatorre 2012; Münte, 
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Altenmüller, and Jäncke 2002; Olszewska et al. 2021; Schlaug 2015). With the use of neuroimaging, 

it is possible to identify the areas which change in response to musical training. 

Cross-sectional studies investigated the relationship between musical training 

and the structure and activation of brain regions while listening to music between groups 

of musicians and non-musicians. One of the first findings, utising early methodology 

on the analysis of neuroimaging data, was the increased volume of the corpus callosum 

in musicians compared to non-musicians (Schlaug et al. 1995). In the following years, multiple 

studies showed various differences associated with musical training, particularly in the temporal 

and frontal areas (Bermudez et al. 2009; Elmer et al. 2013; Gaser and Schlaug 2003; Groussard et al. 

2014; James et al. 2014; Karpati et al. 2017; Sato et al. 2015; Schneider et al. 2005). Functional studies 

comparing musicians and non-musicians revealed that the regions required to perform musical 

tasks are located in the dorsal auditory stream (Figure 1.3.1). This proposed distributed network 

of auditory processing includes, apart from the brain areas directly involved in auditory processing, 

the inferior parietal cortex and the dorsal premotor cortex, which support auditory-motor 

integration (Chen, Penhune, and Zatorre 2009; Rauschecker 2011; Herholz et al. 2016; Zatorre, 

Chen, and Penhune 2007). In addition, playing a musical instrument engages the canonical 

structures involved in the processing of acoustic stimuli, such as the belt and parabelt regions 

of the auditory cortex (Heschl’s gyrus), the superior and middle temporal gyri (Bangert et al. 2006; 

Bianchi et al. 2017; Habermeyer et al. 2009; Limb et al. 2006; Ohnishi 2001; Seung et al. 2005). 

Many cortical and subcortical structures were identified relevant to the motor aspect of playing 

an instrument, such as the primary somatomotor cortex, supplementary motor area, thalamus 

or the striatum (Zatorre, Chen, and Penhune 2007). Additionally, the inferior frontal gyrus seems 

to play a role in the auditory-motor integration (Segado, Zatorre, and Penhune 2021), processing 

of musical syntax (Koelsch 2005; Maess et al. 2001) and error monitoring (Li et al. 2006; Olszewska 

et al. 2023; Pfordresher et al. 2014; Rae et al. 2014). Cognitively, musical performance requires 

the engagement of memory and, often, emotional processing as well (Zatorre, Chen, and Penhune 

2007).  
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Figure 1.3.1. Model of dual-stream auditory processing in the human brain, from Rauschecker (2011). Dorsal (red) 
and ventral (green) auditory pathways are shown. Solid arrows indicate ascending projections from the auditory cortex, 
while dashed arrows indicate reciprocal projections back to the auditory cortex. AC - auditory cortex; CS - central sulcus; 
IFC -, inferior frontal cortex; IPL -inferior parietal lobule; PMC - premotor cortex; STS - superior temporal sulcus. Source: 
(Patel and Iversen 2014) License: (“CC BY 3.0 Deed,” n.d.) Modifications: Removed the A panel (primate brain). 

 

Some of the cross-sectional studies provided evidence that the size of the observed 

structural and functional differences between musicians and non-musicians was correlated with 

musical experience (Bianchi et al. 2017; Habermeyer et al. 2009; Oechslin et al. 2013; Ohnishi 2001). 

This suggests that musical training might have been the causal factor behind them, but cannot 

provide causal evidence due to cross-sectional designs in these studies. 

The longitudinal approach offers a unique possibility to distinguish casual relationships 

in the observed phenomena. By measuring group differences before the onset of training, 

researchers can control for any predisposing factors. Consequently, by recruiting groups matched 

on variables of interest, any observed changes in performance or brain activation can be 

confidently attributed to the training-induced neuroplasticity, rather than pre-existing factors.  

A number of studies explored the impact of musical training on brain function within 

a longitudinal framework. However, these experiments varied considerably in their employed 

methodologies. These variations included the number of measurements taken (time-points), 

the intervals between measurements, the presence and specifics of control groups or conditions, 

and the outcome measures employed. The nature of the musical training itself varied as well. 

While the majority of prior research focused specifically on piano training (Brown and Penhune 

2018; Chen, Rae, and Watkins 2012; Herholz et al. 2016; Li et al. 2018), some researchers 

investigated training-related changes using training on other instruments such as the cello 
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(Wollman et al. 2018) or the drums (Amad et al. 2017). Most commonly, these experiments used 

listening fMRI tasks to investigate training-related changes associated with musical training 

(Brown and Penhune 2018; Chen, Rae, and Watkins 2012; Herholz et al. 2016; Wollman et al. 2018). 

The duration of training programs also varied across experiments. Some studies focused on short-

term plasticity, with training which took place within a single scanning session (Brown and 

Penhune, 2018; Chen et al., 2012). These were the only two studies to date which used longitudinal 

design with piano playing fMRI tasks. Conversely, other studies explored effects delayed further 

in time, investigating brain changes observed after weeks or months of training (Amad et al., 2016; 

Li et al., 2018; Wollman et al., 2018). 

Despite these differences, the longitudinal studies all converged into supporting 

the evidence gathered from cross-sectional studies, namely that, indeed, musical training induces 

plastic changes in the activation or the areas constituting the dorsal auditory stream. The two 

longitudinal studies on piano training during a single fMRI session (Brown and Penhune 2018; 

Chen, Rae, and Watkins 2012) also showed a decrease in brain activation in the parietal, premotor 

and auditory regions during the late compared to the early phase of training. 

As I described above, the longitudinal studies on training-related brain plasticity delivered 

important insights into the process of functional reorganisation related to musical training. 

Nevertheless, there are questions which still remain unanswered. Firstly, apart from the single-

session studies which asked participants to play during an fMRI task (Brown and Penhune 2018; 

Chen, Rae, and Watkins 2012), the remaining research concentrated solely on auditory processing 

or resting-state brain connectivity. Thus, the process of functional brain reorganisation specific to 

the task of playing a musical instrument remains largely unexplored on longer timeframes. 

Additionally, these studies focused on playing only with the right hand, whereas playing the piano, 

as well as most other musical instruments, is a bimanual task demanding the integration 

of separate movements of each hand. Secondly, the studies on musical training lasted from a single 

day to a couple of months. It has not been investigated how the chosen study duration compares 

to the life-long training of musicians, and whether the observed functional adaptations 

are comparable between the novices in the studies and professionals with years of experience. 

Lastly, the vast majority of the studies employed a before-after design, assuming implicitly a linear 

relationship between training duration and brain activation. However, based on the insights 

from motor sequence learning studies, this is not necessarily the case.  
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In the following chapter, I will describe some of the proposed models of brain plasticity, 

which may put the linearity assumption into question, and introduce the concept of neuroplasticity 

dynamics. 

1.4. Models of neuroplasticity dynamics 

The most that can be expected from any model is that it can supply a useful approximation to reality: 
All models are wrong; some models are useful. 

― George E.P. Box 
 

Neuroplasticity is a process of changes in time. While many studies focused on what 

changes in the brain as it develops, learns, or heals, other researchers concentrated on the idea 

of time-course: not only what, but also how this change occurs. In the case of functional 

reorganisation of brain activity, several models have arisen to describe the possible time-course 

of plastic changes in the brain. 

 J. Grafman (2000) proposed that functional changes can occur in one of the four modes: 

map expansion, cross-modal reassignment, homologous area adaptation, and compensatory 

masquerade. Map expansion was originally described as the enlargement of a functional brain 

region in response to increased usage or practice. Even though map reorganisation is supported 

by some research (e.g. Hofstetter et al. 2021), nowadays map expansion in humans is more 

frequently understood in the context of increased brain activation in a certain functional brain 

region when performing a particular task. This phenomenon is particularly evident in individuals 

with specialised skills, such as musicians. For example, expert musicians exhibit enhanced auditory 

processing abilities, including pitch perception, compared to non-musicians, which were tied 

to increased fMRI activation in temporal brain regions (Bangert et al. 2006; Bianchi et al. 2017; 

Habermeyer et al. 2009; Limb et al. 2006; Ohnishi 2001; Seung et al. 2005). These effects have been 

replicated in studies using neurophysiological methods, such as electroencephalography 

(EEG)(Herholz, Boh, and Pantev 2011; Kuchenbuch et al. 2014).  

The other mode of functional plastic changes, the cross-modal reassignment, entails 

the repurposing of neural structures that were originally dedicated to processing a particular 

sensory modality to handle input from a different sensory modality. For instance, learning to read 

Braille in both blind and sighted individuals can lead to the activation of visual areas in response 

to tactile stimuli (Matuszewski et al. 2021; Siuda-Krzywicka et al. 2016).  
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The phenomenon of homologous area adaptation refers to the takeover of a particular 

cognitive function by a corresponding region in the opposite cerebral hemisphere. This process 

enables the brain to retain its overall functionality even in the presence of injury or damage 

to a specific brain region.  

Finally, the compensatory masquerade represents the utilisation of alternative brain regions 

or strategies to perform a specific task.  

Of these four, the map expansion would be the most relevant in the discussion of training-

related neuroplastic processes, as it is most directly related to training-induced neuroplasticity 

in healthy individuals. 

More recently, Penhune and Steele (2012) presented an integrated model of motor sequence 

learning, building on the work by Doyon and colleagues (2009) and Hikosaka and colleagues 

(2002). This model (Figure 1.4.1.) aims to explain how the motor cortex interacts 

with the cerebellum and striatum at different stages of training to produce automatised 

movement behaviour. The proposed mechanisms involve processes such as error monitoring 

and correction, formation of the internal model, sequence representation at different time-

frames, and stimulus-response association (such as auditory-motor integration). Each of the brain 

regions is associated with particular functions necessary for the learning process within the motor 

learning network, which includes both the cortico-striatal and the cortico-cerebellar systems. 

The striatal system’s role is to learn associations between stimuli and responses (both probabilistic 

and predictive), or within sequences of movements. It is responsible for learning the likelihood 

of specific responses following specific cues, and tying consecutive movements into a sequence 

in the chunking process, as well as reward-based learning mechanisms. In contrast, 

the cerebellum’s function is related to the mastering of an optimal internal model for executing 

context-specific movement. This mastery entails fine-tuning motor control by correcting errors 

and controlling ongoing movements. Finally, the primary motor cortex (M1) is considered 

a repository for the learned sequence representation. The parietal lobe and the premotor 

and supplementary motor cortices also contribute to the motor representation, which prepare 

and monitor movement and integrate it in the context of other stimuli processed at the same time. 

Importantly, in this model, the involvement of each of the regions within the cortico-striatal 

and the cortico-cerebellar loops depends on both the task demands and the learning stage. 

In the context of musical training, this model will be relevant to the motor aspects of the training. 
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Figure 1.4.1. The integrated model of motor sequence learning. Top: brain regions, their connectivity, and associated 
mechanisms involved in motor sequence learning; arrows depict interactions between regions. The colour gradient within 
the striatum represents the relative contribution of each learning mechanism (light= greater contribution; dark= lesser 
contribution). Bottom: idealised learning curve for different components of performance over time, colour-coded to their 
associated brain regions. M1 - motor cortex, PMC - premotor cortex, PL - parietal lobe. Reprinted with permission from 
Penhune and Steele (2012). 
 

Finally, Wenger and colleagues (2017) proposed an expansion-renormalisation model 

of training-related brain plasticity that abstracts from the particulars of motor learning. Although 

their paper focuses on structural plasticity, they provided examples of functional changes which 

followed this pattern as well, including human motor sequence training over a timeframe of four 

weeks (Ma et al. 2010). In this model, initial increases in brain activation, akin to the map expansion 

model, represent additional neuronal population involved initially in skill performance. This is 

followed by a plateau and then a decrease, as optimal networks supporting skill performance are 

established. 

Even though these models inherently differ from each other in their predictions, 

all of them are qualitative: they describe how the changes might occur, but do not place them 

in particular time-frames. The underlying studies which served as bases for constructing 

the models are also often based on different animal models and study timeframes. For example, 

the expansion of functional representation related to a rat reaching task lasted for eight days 



12 

and subsided afterwards (Molina-Luna et al. 2008). Similarly, the rat’s auditory cortex underwent 

an expansion-renormalisation trajectory over 10 days of appetitive operant conditioning 

(Takahashi et al. 2010). In humans, a similar time-course of changes was observed 

for the activation of visual cortex in response to perceptual learning over 25 days (Yotsumoto, 

Watanabe, and Sasaki 2008). However, much of the studies on which the integrated model 

of motor sequence learning was built, lasted only for a few days (Penhune and Steele 2012). 

As studies on musical-training induced neuroplasticity often use arbitrary training durations 

and before-after designs, it is difficult to quantify which stage of the training-related plasticity 

is examined in a particular study, and which exact processes result in a change of brain activation. 

Additionally, it is difficult to predict how these models can be used in the context of much longer 

processes, such as learning for months or years. 

In the last chapter of the introduction, I will integrate the concepts from longitudinal 

studies on musical training and the models of brain plasticity dynamics to construct a research 

framework and pose experimental questions on the time-course of functional brain reorganisation 

related to piano training. 

1.5. Musical training as a model to study the dynamics of brain 

plasticity 

An experiment is a question which science poses to Nature, and a measurement is the recording 
of Nature's answer. But before an experiment can be performed, it must be planned—the question 
to nature must be formulated before being posed. Before the result of a measurement can be used, 
it must be interpreted—nature's answer must be understood properly. 

― Max Planck 

 

The goal of my research is to investigate the time-course of the neuroplastic processes 

governing the acquisition of a new skill - in this case, playing the piano. As mentioned previously, 

the concept that the brain undergoes plastic changes in response to environmental change, 

training, or experience, is already established in neuroscience, but the exact patterns of brain 

reorganisation are still investigated. To avoid the interference between developmental plasticity, 

ageing processes, and the training-induced plasticity in question, the project focuses on a young 

adult population. 



13 

So: the organism learns, and brain changes facilitate this learning. But how do these 

changes happen in time? What is the relationship between the plastic changes in the brain 

and the demands of the training or experience that provoke them? 

The simplest relationship which can be studied is the linear relationship (Figure 1.5.1. a), 

where changes in the independent variable (e.g., training duration) provoke proportional, 

monotonous changes in the dependent variable (e.g., BOLD signal in a brain area), and the rate 

of change is constant. Such a relationship could be the illustration to the map expansion model 

of   brain plasticity (Grafman 2000). As described in the previous sections, most of studies 

on  training-related neuroplasticity in music are limited two a before-after design, usually 

in  an  assumption that what happens in-between is linear enough from the commencement 

of  training to the end-point of the study (which typically is arbitrarily chosen by the researchers). 

This type of assumption is so fundamental in most analyses that it is not overtly stated, 

but  assumed in the study design and statistical analyses used for the investigation of research 

hypotheses. Linear relationships are easy to model and well-understood, and can be a good 

approximation of underlying phenomena in many cases even if the actual relationship is not, 

in  fact, linear. However, in other situations, the deviation from linearity might be significant 

enough that linear approximations might only be viable on limited timescales. Indeed, the newer 

models of brain plasticity and studies on motor learning suggest that the relationship between 

brain activation and task acquisition might significantly deviate from linearity (Penhune 

and  Steele 2012, Wenger et al. 2017). The expansion-renormalisation model postulates initial 

increase in brain activation followed by a decrease (Wenger et al. 2017) which may exhibit different 

trajectories depending on the studied period (Figure 1.5.1. b, f). In the integrated model of motor 

sequence learning (Penhune and Steele, 2012) even the rate of changes is non-constant, giving rise 

to higher-order complex dynamic behaviours (Figure 1.4.1., Figure 1.5.1. d). Mathematically, if we 

permit the change and the rate of change of the observed parameter, such as brain activation, to be 

non-zero, non-constant, and non-monotonous, there is an infinite number of possible dynamics 

fitting  the observed before-after data (e.g., Figure 1.5.1. b-f). Moreover, in the case of these complex 

dynamics, there exist possible unfortunate study designs which might happen to lead to false-

negative findings, i.e., claim no change is happening even though the system itself, in fact, 

is  exhibiting dynamic behaviour (e.g., Figure 1.5.1. b, c), or, contrarily, false-positive ones, 

when random noise is interpreted as an actual effect (Figure 1.5.1.  e). 
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Figure 1.5.1. Possible time-courses of brain activation changes. If we relax the assumption that the relationship 
between the BOLD signal and time is linear (a), there exist an infinite number of dynamic behaviours which can 
characterise the time-course of changes, with some examples being the (b) inverse U-shaped, (c) U-shaped, (d) logistic, 
(e) random noise, or (f) the underdamped impulse-response behaviour. For certain relationships, false-negative findings 
can be obtained if the time-frame of the study coincides with the dependent variable returning to a previously occupied 
value (orange points in (b) and (c)), potentially leading to contradictory results between studies which differ in 
experimental paradigm. 

 

The qualitative nature of proposed models of brain plasticity makes the choice of time-

frame to investigate the neuroplastic processes difficult and arbitrary. One way to address this 

issue is to study multiple time-frames simultaneously. By using a long study period and sampling 

it in shorter intervals, it is possible to obtain an approximation of the time-course to a certain 
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degree1. Furthermore, segmenting the time-course of a potentially nonlinear process into smaller, 

more manageable units makes it possible to leverage linear approximations for each segment. 

This approach reduces the risk of false-negative findings associated with undersampling 

(Figure  1.5.1 b, c). The current project design incorporates these ideas by employing a twenty-six-

week (six-month) musical training program. This duration aligns with the longest time-frame 

employed in prior neuroimaging studies investigating musical training-induced brain plasticity in 

adults (Li et al., 2018). To be able to infer about the dynamic nature of the neuroplastic process, this 

period has been further segmented based on the timeframes used in shorter studies, after one and 

six weeks of training (Herholz et al., 2016; Wollman et al., 2018). Additionally, to ensure a balanced 

design, an additional measurement has been scheduled at the thirteen-week mark, corresponding 

to the midpoint of the training program. In this manner, rapid changes in brain activation at the 

beginning of the training, as well as their stability over time, can be tested. Finally, an extra control 

time-point has been added a week before the onset of training. This choice has been made to 

control for possible repetition effects, where brain activation changes due to performing the same 

task multiple times, and not due to training. The project also includes a follow-up period with 

a final measurement eight to twelve weeks after the completion of training, to test the persistence 

of any effects observed during the training period. 

Even though the duration of the project was based on literature, its validity should also 

be considered. The twenty-six week training period and findings based on the training have been 

evaluated by comparing the novice musicians with participants who had completed at least 

secondary music education. The comparison has been performed twice, before and after 

the musical training course.  

Piano training is used as the model to study training-related neuroplastic processes. 

The piano is a tempered instrument, which means that the relationship between a key press 

and the frequency and timbre of the sound is very stable. This makes piano an attractive 

and relatively simple instrument, where musical training can result in quick progress in a limited 

time-frame employed in a scientific study. Additionally, the piano provides the ability to play 

 
1 For the more signal-processing inclined reader, the degree to which one can approximate the time-course 

of a studied phenomenon is limited by the Nyquist rate in the Nyquist-Shannon sampling theorem (Shannon 1949). 
In order to correctly reconstruct a repetitive waveform, the sampling frequency needs to be more than twice of the 
highest frequency to be sampled. Therefore, if something changes twice in a month, this can only correctly be inferred 
if the sampling occurs more frequently than four times a month. Otherwise, a phenomenon called aliasing occurs, 
where higher-frequency signal is misrepresented as a lower-frequency signal. In principle, any signal, even an 
aperiodic one such as the time-course of brain activation in time, can be represented as a collection of repetitive signals 
with varying frequencies; this is, however, beyond the scope of the current thesis. 
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complex homophonic and heterophonic melodies (with accompaniment such as chords) 

or polyphonic musical textures. The selection of piano and similar keyboard instruments 

in research environment stems from their versatility and near-ubiquitous use in Western music 

education and practice. However, piano playing tasks in the MRI are not frequently used 

in research. In fact, there is no standardised approach to studying music production on the piano 

with fMRI, and the experimental designs, instruments and approaches vary by research team, since 

they are chosen by researchers for the sole purpose of their study. Therefore, a study setup 

validated in a group of musicians (Olszewska et al. 2023) has been employed.  

The task of playing the piano (music playback fMRI task) has been chosen to resemble how 

participants learned to play (listen and imitate) and based on the original study by Chen, Rae, 

and Watkins (2012), where novice pianists were hearing a fragment of a melody and then asked 

to play it back. This task, admittedly, cannot be used before the participants have learned how to 

play a simple melody. Thus, a similar fMRI task, which requires pressing keys on a keyboard 

in a sequential manner, has been employed (piano key pressing task). Finally, a music listening 

fMRI task serves as a control task, and a tonal working memory behavioural task (tonal n-back) 

has been used to investigate transfer effects on a cognitive domain, as most of the previous 

research on musical training was focused on auditory processing. 

In essence, musical training can be understood as a complex process where auditory 

and motor systems interact to produce structured behaviour with a particular auditory feedback. 

Playing a musical instrument was shown to involve a wide range of processes, from fine and gross 

motor control to auditory-motor integration, memory, error monitoring, emotion, and reward 

(Zatorre, Chen, and Penhune 2007). In contrast, most studies on motor sequence learning focus on 

single sequences, such as a Serial Reaction Time task, or structured sequences of button presses. 

Musical training can be considered a richer and more ecological intervention, at the cost of it being 

less controlled (from a research standpoint) and thus harder to interpret. One feature of such 

intervention is that the difficulty of the task increases with time. From very simple melodies 

to etudes and more complex musical pieces, the musical training course material progresses 

in difficulty to pose a challenge at every stage, which is also reflected in the stimuli used for the 

music playback fMRI task. Similar approaches have been employed to study neuroplastic processes 

related to linguistic processing in a naturalistic setting (Banaszkiewicz et al. 2020; Kuper et al. 2021; 

Matuszewski et al. 2021), but they have rarely been used in the context of musical training 

and functional plasticity. A study by Herholz and colleagues (Herholz et al. 2016) implemented 
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a similar design, but only in a time-frame of six weeks and concentrated on listening tasks without 

the use of music playing tasks. Apart from this study, most research concentrated on learning fixed 

sequences uniform throughout the training (e.g., Brown and Penhune 2018; Chen, Rae, 

and Watkins 2012; Wollman et al. 2018; Tavor et al. 2019). In the current project, a progressive 

curriculum was designed to make the learning process naturalistic and generalisable to real-life 

situations. 

Learning to play a musical instrument represents a form of intensive, long-term fine motor 

skill training which necessitates the coupling of complex bimanual movements with auditory 

processing (Herholz & Zatorre, 2012). The two abovementioned fMRI studies (Brown and Penhune 

2018; Chen, Rae, and Watkins 2012) have focused on piano performance with just the right hand. 

However, bimanual coordination is a fundamental aspect of playing a musical instrument, such as 

the piano, and often requires independent movement of each hand. Recent fMRI case studies have 

begun to explore bimanual piano performance in trained pianists (Barrett et al. 2020; Endestad 

et al. 2020), showing differences in brain activation between tasks of varying demands. In general, 

asymmetric bimanual tasks, compared to symmetric tasks, are known to elicit more extensive 

activation in brain regions associated with motor planning and control. This is likely due to 

the  increased demands placed on the motor system, particularly in non-dominant motor areas 

(Aramaki, Osu, and Sadato 2010; Matsuda et al. 2009). Interestingly, classic studies have shown 

that musicians exhibit lower brain activation compared to non-musicians during asymmetric 

bimanual tasks in areas such as the supplementary motor area, anterior insula, cerebellum, 

and basal ganglia (Haslinger et al. 2004; Jäncke, Shah, and Peters 2000), pointing to a more 

specialised processing of these increased-demand tasks. So far, the impact of the bimanual aspect 

of piano playing on brain activation in novices undergoing musical skill acquisition remains 

unexplored. In the current project, a specific design introduces conditions of varying bimanual 

demands in the piano key pressing task. In this manner, the relationship between bimanual task 

demands and the time-course of brain reorganisation can be investigated. 

1.6. Goals of the project, research questions and hypotheses 

In summary, the literature postulates that musical training is associated with adaptations 

of the auditory brain network during processing of acoustic stimuli, and auditory-motor 

adaptations related to auditory-motor integration and motor sequence learning, which support 

the motor aspect of skill execution (playing the instrument). However, much of the evidence comes 
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from cross-sectional studies, or longitudinal studies with an arbitrarily short time-frame 

and before-after designs, and concentrated on the auditory, not motor adaptations; brain 

activation in novice musicians playing music has been hardly investigated. Importantly, the time-

course of functional adaptations has not been the subject of investigation. Therefore, to address 

these concerns and combine cross-sectional and longitudinal designs, the current project was 

divided into three studies, each with its own goals and set of hypotheses. In Study 1, I focus 

on the time-course of neuroplastic adaptations related to auditory processing of acoustic stimuli, 

as this is the aspect most studied in the context of musical training. In Study 2, I employ naturalistic 

music playing tasks to understand auditory-motor interactions in the context of musical training, 

and the  dynamics of the changes in the motor domain and regions related to auditory-motor 

integration. Finally, the Study 3 uses a cross-sectional approach to compare the results from novice 

pianists to trained musicians, and give insights into the effects of the twenty-six week training 

period against lifelong training.  

 

Study 1. Auditory processing. 

Research question: What is the time-course of changes in auditory processing (music listening 

and tonal working memory) during the first weeks and months of learning to play the piano?  

To answer this question, musical-training-related changes in auditory processing 

were  investigated by comparing novice pianists longitudinally to passive controls. Because much 

previous research has been dedicated to measuring the differences in auditory processing between 

people with musical background and musically naïve controls, this study was set to explore how 

these differences arise in time. Auditory processing was measured in two tasks: the music listening 

fMRI task and the tonal n-back behavioural task. The following main hypotheses were tested: 

H1.1° Novice pianists and passive controls do not differ in auditory processing 

of melodies before the start of training. 

H1.2° Differences in auditory processing between novice pianists and passive controls 

arise in the areas of the auditory cortex within six weeks of training. 

H1.3° After the completion of training, novice pianists display improved tonal working 

memory compared to controls. 
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Study 2. Playing the piano. 

Research question: How the brain activation relating to playing the piano reorganises during 

the musical training, and how does this reorganisation depend on task demands?  

To answer this question, novice pianists performed a piano key pressing fMRI task with 

conditions differing in bimanual motor coordination demands, and a music playback fMRI task. 

The following main hypotheses were tested: 

H2.1° The brain activation changes during the piano key pressing fMRI task occurs due to 

piano training and not task repetition. 

H2.2° During the training period, training-related changes can be observed in the dorsal 

auditory stream for both tasks. The extent of the changes and how rapidly they 

occur depends on the task demands. The order of the engaged structures 

resembles the integrated model or motor sequence learning. 

H2.3° After the cessation of training, no further changes are observed. 

 

Study 3. Cross-sectional approach - novices vs musicians  

Research questions: Is the tonal working memory performance in novice pianists comparable 

to trained musicians after twenty-six weeks of training? Is the brain activation in novice pianists 

comparable to trained musicians?  

To answer these questions, novice pianists were compared cross-sectionally to trained 

musicians at two time-points: before and after their training. The comparison involved the tonal 

working memory behavioural task and a piano key pressing fMRI task. The following main 

hypotheses were tested: 

H3.1° Before training, trained musicians outperform novice pianists in the tonal working 

memory task. This difference is not found after training. 

H3.2° Before training, novice pianists exhibit increased brain activation when performing 

the piano key pressing fMRI task compared to trained musicians. This difference 

is  not found after training. 

H3.3° Before training, the difference between the asymmetric and symmetric conditions 

is greater in novice pianists than trained musicians. After training, the increased 

task demands in the asymmetric condition are the same for both groups.  
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2. Methods and materials 
[...] Achilles cannot overtake the tortoise so long as their progress is considered piecemeal, endlessly 
halving the distance between them. However, as it is not Achilles but the method of measurement 
which fails to catch up with the tortoise, so it is not man but his method of thought which fails to find 
fulfilment in experience. 

― Alan Wilson Watts 

2.1. Participants 
A total of sixty-six participants were recruited to participate in the project. The inclusion 

criteria were: female gender identification, current student status (young adult age range 18-26, 

M=21.3, SD=1.4), right-handed, Polish as native language, lack of psychiatric, psychological 

and  neurological disorders, normal hearing, normal BMI, normal or corrected-to-normal vision. 

The exclusion criteria were incompatibilities with MRI safety protocols. Written informed consent 

was collected from all participants.  

Of the sixty-six participants, twenty-one had completed at least secondary musical 

education on a keyboard instrument (piano, pipe organ, harpsichord, clavichord). These were 

assigned to the musicians group and had between eleven and twenty years of experience in playing 

keyboard instruments (M=15.2, SD=1.88). Fifteen musicians declared their age of onset of musical 

training (minimum 6 years old, maximum 8 years old, median 7 years old).  

The remaining forty-five participants were musically naïve, defined as having no history 

of musical training (such as choir participation, singing or instrumental lessons, self-learning) 

except for the ‘music and arts’ compulsory classes in the Polish primary education curriculum. 

These participants were further divided into the novice pianists and passive controls groups (twenty-

four and twenty-one participants, respectively). Because of expected dropout, which is typical 

for  longitudinal interventions, about 15% more participants were included into the active 

intervention (novice pianists). The novice pianists underwent a twenty-six weeks piano training course 

(described below), and the passive controls underwent no specific training and were blinded 

to  the  nature of the project. These two groups did not differ in musical competence, as measured 

by the Polish adaptation of the Musical Ear Test (Wallentin et al. 2010). 

Unfortunately, not all participants completed the project. From the musicians group, 

one participant could not be scanned and withdrew from the project. Two participants from 

the passive controls group withdrew from the project before completion. None of the novice pianists 

withdrew or were excluded. Thus, the final group sizes were twenty for the musicians, twenty-four 



21 

for the novice pianists and nineteen for the passive control groups. No significant age differences 

were  present between the novices and musicians groups (p=0.32) or novices and passive controls 

groups (p=0.26). 

The Research Ethics Committee at the Institute of Psychology of the Jagiellonian University 

in Kraków, Poland, provided ethical approval for the current project, and the experimental 

procedures were performed according to The Code of Ethics of the World Medical Association 

(Declaration of Helsinki).  

2.2. Piano training course 

The twenty-six-week piano training intervention employed a standardised protocol 

to investigate the effects of musical training on brain activation during musical tasks. 

Training duration was chosen based on a recent study on training-related neuroplasticity in young 

adults (Li et al, 2018), and is in line with training durations used in certain interventions e.g., 

in  the elderly (Jünemann et al. 2022). A professional instructor (Mrs Katarzyna Kiwior, a Suzuki 

method certified teacher) designed consistent teaching materials and methods based on study 

goals and requirements, which were approved by the author. The Suzuki method is a music 

curriculum and teaching philosophy created by Shinichi Suzuki, originally intended for children. 

Shinichi Suzuki believed that musical ability is learned similarly to how language is learned. 

Specifically, musical talent is not an inborn quality, and every child is capable of acquiring musical 

ability given the right instruction and supportive environment. The piano training course in this 

project did not utilise the exact Suzuki method, but drew inspiration from this approach. 

Similarly to the early Suzuki curriculum, all of the material was learned by mimicking the teacher, 

without the use of musical score, and participants learned in pairs to foster collaboration 

and engagement.  

The progressive curriculum was delivered by the instructor through (mostly) bi-weekly 

sessions of forty-five minutes each. The learning sessions were attended by participants in-person, 

but occasional remote sessions were made possible when necessary because of the effective 

COVID-19 restrictions or participant health status. The bi-weekly schedule was occasionally 

adjusted to account for unforeseen circumstances such as participant illness. National holidays 

(e.g., winter and spring break) were taken into account in the planned schedule and not included 

in training duration. Please refer to Table 2.2.2 for a full overview of the training course schedule. 
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The curriculum advanced systematically, ensuring all participants progressed at the same 

rate. It tackled eight piano pieces of increasing complexity (Table 2.2.1) alongside fundamental 

technique elements such as staccato and legato, or basics of music terminology. The eight piano 

pieces were selected by Mrs Kiwior in collaboration with dr Agnieszka Widlarz, a consulting expert 

from The Chopin University of Music. They included three nursery rhymes (“Wlazł kotek na płotek”, 

“Panie Janie”, “Jedzie pociąg z daleka”), three folk songs (“W murowanej piwnicy”, “Jingle Bells”, 

“Czerwone Jabłuszko”), one music piece from a movie score (Waltz from the movie Amelia 

by  Y.   Tiersen), and one classical music piece (“Minuet in G-minor” by Ch. Petzold, formerly 

attributed to J.S. Bach). This selection balanced the capabilities of novices and playing difficulty 

with the limitations of the keyboard (C3-C5 register and articulation options) and the constraints 

imposed by the supine position during scanning.  

Despite the seemingly simple nature of the musical stimuli due to the restrictions 

of  the  experimental setup, the chosen pieces presented diverse musical challenges in terms 

of  theirs texture. Two-hand melodies were used in the training course, with one of them (most 

often the right) acting as a melody and the other as an accompaniment (block or broken chords), 

including examples that use non-imitative polyphonic texture (M07 & M08). The musical pieces 

have different keys (C major, F major, E minor, F minor, G minor), demanding quick adaptation 

to the specific keyboard layout for each key change. 

The curriculum was introduced gradually, with the easiest three musical pieces introduced 

during weeks one, two, four and six, followed by more complex ones in weeks eight and eleven, 

and two most difficult pieces presented gradually and simultaneously in weeks 18-21. 

To  accommodate the restricted two-octave range of the MRI-compatible keyboard, all musical 

pieces underwent appropriate adaptations, including transpositions or rearrangements, 

enabling  performance within the scanner constraints by the novices.  

Additionally, participants were introduced to motor exercises which aimed at improving 

their gross and fine motor skills necessary for playing the piano. Electronic keyboards 

were provided for home practice, which followed a recommended schedule of approximately four 

hours weekly, or thirty minutes daily. To ensure adherence and monitor progress, fifteen-minute 

video calls with the researcher (AMO) occurred bi-weekly between the learning sessions, tracking 

practice time and engagement with the training plan.  
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Table 2.2.1. Piano training course material and music playback fMRI task stimuli. 

 

 

Table 2.2.2. The general schedule of the musical training course (minor deviations occurred to accommodate individual 
participants experiencing illness). 
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Furthermore, to isolate the intervention's effects from possible linguistic aspects of music 

processing, reading music score (sheet music) was excluded, and the participants were explicitly 

required not to engage in learning it on their own before the end of the project. Foot pedal usage 

was omitted from the curriculum as well, as foot pedals were not included in the electronic 

keyboards for home practice nor the MRI-compatible keyboard. 

2.3. fMRI compatible keyboard and experimental setup 

2.3.1. Keyboard description 

The fMRI MIDI keyboard (Figure 2.3.1. a) used in the current project was designed 

in  a  collaboration with a company which produces MRI-compatible equipment (SMIT-lab) 

(Olszewska et al. 2023). The keyboard features 25 dynamic keys (2 octaves + 1 key) with electric 

sensors and enables wireless connection with latency under 20ms (most events latency <10ms). 

It is fully compatible and operational in a magnetic field of a 3T scanner and the dimensions 

fit within most scanner boreholes (outer dimensions 395 mm width × 62 mm height × 160 mm 

length). Since there are no formal guidelines to the dimensions of piano keys, a commercially 

available piano keyboard was used as a reference and the full-sized keys yield 163 mm octave width. 

During the experimental procedures, the electronic keyboard was placed on a dedicated piano 

stand (Figure 2.3.1. b) and connected wirelessly to a receiver in the scanner room, which translated 

the signal into an optical signal, later translated again into an electrical signal delivered 

to  a  dedicated computer gathering behavioural data as well as a synthesiser converting the signal 

into a timbre delivered as acoustic feedback to the participant (Figure 2.3.1. c). The mean sound 

latency of the setup was about 8ms, with 99% of events having latency under 20ms, what makes 

the setup viable for studying music-related phenomena (Lester and Boley 2007). 

 

 

 



25 

a)

 

b) 

 

c) 

 

 

Figure 2.3.1. The wireless fMRI MIDI keyboard and the experimental setup. (a) A photograph of the keyboard; 
(b)  the  keyboard mounted on the keyboard stand for MRI experiment; (c) The information about key pressing 
(timing & force) is sent wirelessly to an Antenna Box, which in turn sends it to the control box via an optical fibre (◆). 
The Control Box communicates with the stimPC via ethernet (●), thus the timing and the force of key presses can be 
logged. The control box forwards the signal via USB (■) to a USB MIDI hub, which translates it into MIDI encoding (▲), 
and sends it to the PianoBox which synthesises the sound in grand piano timbre. Analogue audio (○) from the PianoBox 
(corresponding to key presses) and the stimPC (other auditory stimuli) is collected via an audio mixer and sent to 
the MRI audio system. Figure reprinted from (Olszewska et al. 2023) under the Creative Commons licence (CC BY 4.0). 



26 

2.4. Neuroimaging data collection 

2.4.1. Anatomical data collection 

To create a high-resolution anatomical reference for subsequent analysis, an anatomical 

T1-weighted scan was acquired at the end of each scanning session. These scans used 

a magnetisation-prepared rapid gradient-echo sequence (MPRAGE) with a voxel size 

of 1 × 1 × 1 mm isotropic (field of view = 256 × 176 × 256 mm [anterior-posterior; right-left; feet-

head]) in sagittal orientation.  

2.4.2. Functional data collection 

Neuroimaging data were acquired on a 3-Tesla Siemens Magnetom Trio scanner equipped 

with a 32-receive channel head coil. An echo-planar imaging (EPI) sequence with an Interleaved 

Silent Steady-State (ISSS) paradigm (Schwarzbauer et al. 2006) was employed to capture brain 

activity during the three tasks described above: the listening task, the piano key pressing task, 

and the music playback fMRI task. All acquisitions utilised a multi-band acceleration factor of 3, 

repetition time [TR]=1550 ms, echo time [TE]=30.4 ms, and flip angle [FA]=56°. The ‘silent’ TRs were 

utilised for the delivery of auditory stimuli and playing musical stimuli by the participants. 

A total of sixty slices per volume were acquired in transverse plane orientation with 

an isotropic voxel size of 2.5 × 2.5 × 2.5 mm. Before each scan, two spin-echo EPIs with an inverted 

phase-encoding direction were also acquired for magnetic field inhomogeneities estimation. 

2.5. Experimental design and time-course 

The longitudinal experiment spanned a time-frame from a week before the start 

of training to a follow-up session, which took place eight to twelve weeks after the completion 

of training (Fig 2.5.1., Table 2.5.1.). During this time, participants were invited to participate in up to 

seven experimental sessions in increasing time intervals (Table 2.5.1). These time intervals were 

based on previous neuroimaging studies with adult novices learning to play the piano (Amad et al. 

2017; Herholz et al. 2016; Lappe et al. 2008; Paraskevopoulos et al. 2012; Wollman et al. 2018). 

The time-point a week before the onset of training (TPpre-training) was used as a control time-point 

to account for repetition effects (from TPpre-training to TPonset) in novice pianists. The following five 

time-points spanned the period of the piano training course (TPonset, TPweek 1, TPweek 6, TPweek 13, 
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TPend) and both the novice pianists and the passive controls participated in these sessions. 

Finally, the TPfollow-up occurred eight to twelve weeks after the completion of training by the novice 

pianists, and both the novices and the passive controls took part in this experimental session. 

Trained musicians participated in a single scanning session and were compared cross-sectionally 

to novice pianists. 

During the study, participants were asked to perform various behavioural and fMRI tasks, 

which differed based on the participant group and the project stage (Table 2.5.1). Conceptually, 

these were divided into three tracks: (1) auditory processing and (2) playing the piano, 

and (3) comparison between novice pianists and trained musicians. 

 

 

Figure 2.5.1. The time-course of the longitudinal study. 

 

2.5.1. Study 1: Auditory processing 

The Musical Ear Test was performed once by both novice pianists (at TPpre-training) 

and passive controls (at TPfollow-up) as a measure of musical competence. The music listening fMRI 

task was performed by the novice pianists and the passive controls at all time-points 

and  the behavioural tonal working memory task (tonal n-back) was performed by the participants 

from both groups at the onset of training (TPonset), end of training (TPend) and follow-up 

(TPfollow-up).  
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2.5.2. Study 2: Playing the piano 

The piano key pressing fMRI task was performed exclusively by the novice pianists at 

all time-points, while the music playback fMRI task was performed by the novice pianists only 

at time-points during the training (TPweek 1 - TPend). 

2.5.3. Study 3: Cross-sectional approach - novices vs musicians 

The novice pianists and the trained musicians were compared on two tasks: the piano key 

pressing fMRI task, and the behavioural tonal working memory task. The comparison 

was performed cross-sectionally at the onset of training (TPonset) and at the time-point at the end 

of training (TPend). Since trained musicians underwent only a single experimental session, this data 

was used in both comparisons. 

2.5.4. Additional considerations 

Prior to their initial experimental session, all participants underwent dedicated 

familiarisation procedures. These procedures aimed to acquaint participants with the nature of the 

upcoming tasks and acclimate them to the MRI environment to minimise potential anxiety 

and uncertainty associated with the primary experiment while ensuring adequate preparation 

for optimal performance. The familiarisation protocols consisted of abbreviated versions 

of the actual scanner tasks (detailed below), shortened to three repetitions of the task stimuli, 

and took place in a mock-scanner directly before the first scanning session. 
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Table 2.5.1. An overview of the experimental design of the study. The shaded period corresponds to the training period 
of the novice pianists. 
 

 

2.6. Experimental procedures and statistical analyses 

2.6.1. Study 1: Auditory processing 

2.6.1.1. Musical Ear Test 

To ensure comparable baseline levels of musical processing between the novice 

and control groups, a standardised assessment of musical competence was conducted using 

an online adaptation of the Musical Ear Test (Correia et al. 2021; Wallentin et al. 2010). The Musical 

Ear Test is a validated tool for measuring musical aptitude across melody and rhythm domains. 

The procedure was hosted on the Gorilla Experiment Platform (Anwyl-Irvine et al. 2020) and its 

instructions were translated from English into Polish by me. The translation has been subsequently 

reviewed and approved by the other members of the research team to ensure cultural 

and linguistic accuracy. 
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Novices completed the Musical Ear Test during a pre-scan session prior 

to  the  commencement of their training program (TPonset), while passive controls undertook 

the assessment at session TPfollow-up (please refer to table 2.5.1. for the timeline). The test was 

administered in a controlled laboratory environment, utilising noise-cancelling headphones 

to minimise extraneous auditory stimuli and ensure optimal testing conditions. 

During the Musical Ear Test, participants were presented with a total of 108 trials divided 

into two distinct conditions: 54 Melody trials and 54 Rhythm trials. Each trial showcased two 

sequential audio stimuli, prompting participants to assess their auditory perception of identity. 

Participants indicated their judgement utilising on-screen buttons labelled "TAK" (yes) 

for identical and "NIE" (no) for non-identical, within a maximum response time of 1.5 seconds. 

To familiarise participants with the task format and response system, the two first trials had 

no maximum response time limit and were treated as practice trials preceding each condition, 

their results excluded from the final score calculation. Participants received feedback 

on  the correctness of their answers for the practice trials only. Individual scores were determined 

by calculating the percentage of correct responses out of the maximum of 52 in each condition. 

To evaluate whether the novice pianists differed from the passive controls 

in   the processing of musical stimuli, means of the percentage of correct responses, the number 

of missed responses, and response times were compared using a two-sided independent t-test 

with Pingouin 0.5.1 (Vallat 2018) running on Python 3.10 (Van Rossum and Drake 2009). 

2.6.1.2. Tonal n-back task (tonal working memory) 

To investigate the potential influence of musical training on tonal working memory, 

a modified tonal n-back paradigm adapted from Ding and colleagues (2018) was employed. 

The task was administered using Presentation® software (Version 20.1, Neurobehavioral Systems, 

Inc., Berkeley, CA) (RRID:SCR_002521)). Novice pianists and passive controls completed the task 

at three time-points (TPonset, TPend, TPfollow-up), while musicians performed it once (please refer to 

Table 2.5.1 for study timeline). 

During the task, participants were presented with pseudo-randomised auditory 

sequences, containing between nine and twelve tones drawn from the twelve half-tones 

of  the  fourth octave (C4-H4). Following each sequence, they were required to judge whether 

the final tone was identical to a previously presented reference tone a specified n number of tones 

back in the sequence (n-back). The participants provided their answer (“identical” or “different”) 
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using the two lateral buttons of the CEDRUS RB-540 response pad (left for identical, 

right  for different). For instance, consider a hypothetical sequence (Figure 2.6.1): in the 2-back 

condition, the reference tone would be identical to the final tone (G4#), while in the 3-back 

condition, it would be B4, leading to a "different" response. The maximum allotted response time 

was 1.5 seconds. The task comprised an equal number of "identical" and "different" trials, delivered 

without performance feedback. The stimulus sequences adhered to the same constraints 

regarding target note repetition as outlined in the original study by Ding and colleagues (2018). 

A bespoke Python script generated new sequences at each time-point, and the order of "identical" 

and "different" trials was pseudo-randomised and counterbalanced across participants. 

 

 
Figure 2.6.1. A hypothetical tone sequence for a tonal working memory n-back task. The final note is compared to a note 
which occurs (n) notes prior to it. In the 2-back condition, the final note is identical to the reference note [orange], 
but not in the 3-nacl condition [purple]. 

 

Because in the original study non-musicians performed at chance level for n>4, this study 

employed a shortened, seven-minute version of the task, incorporating only the 2-back and 3-back 

conditions with 37 trials each (excluding the first five non-scored training trials). Since the original 

study reported no significant differences between quarter-note and eighth-note conditions, solely 

the quarter-note presentation was chosen for this study. 

Initial logfile preprocessing was performed using MATLAB R2022b (Mathworks, 

http://www.mathworks.com) and participants who omitted at least 20% of trials in at least one 

condition were excluded from the analyses. Accuracy scores were computed based on 

the  percentage of correct responses. The remaining participants’ responses were analysed with 

a  two-way mixed-model ANOVA with time as within-subject factor and group as between-subject 

factor to compare the accuracy scores of the novices and passive controls between TPonset and TPend, 

and between TPend and TPfollow-up.  

2.6.1.3. Music listening fMRI task 

The goal of this task was to investigate brain activation patterns evoked by listening 

to musical stimuli. To ensure all participants were unfamiliar with the auditory stimuli, a subset 
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of short piano pieces was selected from the MUST dataset (Clemente et al. 2020). In this task, 

the neuroimaging data were collected with ISSS structure composed of five TRs (7.75s) of image 

acquisition followed by three ‘silent’ TRs (4.65s). Auditory stimuli were presented only during 

the ‘silent’ TRs. 

The compositions in the MUST dataset varied in Balance, Contour, Symmetry, 

and Complexity and were presented in eight blocks across the study. Each block included four 

musical stimuli from each category (Balance, Contour, Symmetry, and Complexity) in semi-

randomised order and one ‘silence’ matching the duration of the musical stimuli, where no 

stimulus was presented and only auditory background was present. The participants were 

instructed to keep their eyes open and pay attention to visual cues, which corresponded with the 

nature of the stimulus (🎵: listen to music; ➖: listen to silence) and to listen carefully to auditory 

stimuli presented (Figure 2.6.2). To prevent participants from becoming overly familiar with 

the presented musical pieces, half of them were repeated throughout the study, while the other 

half were entirely new at each time-point. The order of stimuli presentation was pseudo-

randomised and counterbalanced across participants.  

There were no behavioural data associated with this task. 
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Figure 2.6.2. (previous pages) A schematic representation of the fMRI task designs. (a) the music listening task; 
participants were listening to short musical pieces or ‘silence’ in the time windows corresponding to the ‘silent’ TRs 
of the ISSS design (b) the piano key pressing task; participants were pressing keys on the fMRI compatible keyboard 
according to visual cues (c) the music playback fMRI task; participants were asked to play back exactly the excerpt 
they heard in the preceding listen trial, using one (a cue with a single dot as presented) or both hands (black dots 
on both sides). Each rectangle indicates the cues presented to the participants with their durations in seconds; cues 
with a fixation cross (+) correspond to signal acquisition. Arrow indicates the passage of time.  

2.6.2. Study 2: Playing the piano 

2.6.2.1. Piano key pressing fMRI task 

The piano key pressing fMRI task was designed to resemble playing the piano but simple 

enough to be performed in the scanner even before the onset of training. This design allows 

accounting for repetition effects in pre-training scans and study training-related changes 

in  the whole training period, including the first week. While in the scanner, in the supine position, 

the MRI-compatible keyboard was placed on a dedicated keyboard stand above the participants’ 

hips (Figure 2.3.1. b). Auditory feedback was provided, but the participants could not see their 

hands. The participants were asked to locate the convex stickers on an MRI-compatible piano 

(Olszewska et al. 2023) with their thumbs and keep their hands’ position fixed throughout the task; 

the thumbs were placed on the keys marked with stickers, and the remaining fingers 

on consecutive white keys next to it, so that the left hand covered the C3-G3 register and the right 

hand covered the C4-G4 register (Figure 2.6.3a). The task consisted of three conditions, inspired 

by  basic exercises used in piano training (Fig  2.6.2.b, Figure 2.6.3.b): 

- Unimanual (right-hand): a cue with a single arrow (→) was presented. The participant 

was asked to press the keys consecutively from left to right and backwards with their 

right hand only (C4 D4 E4 F4 G4 F4 E4 D4 C4). 

- Bimanual symmetric: a cue with two symmetric arrows (←→) was presented. 

The  participant was asked to press the keys consecutively using both hands 

simultaneously, starting with the thumbs (right hand: C4 D4 E4 F4 G4 F4 E4 D4 C4, 

left  hand: G3 F3 E3 D3 C3 D3 E3 F3 G3). 

- Bimanual asymmetric: a cue with two asymmetric arrows (→→) was presented. 

The  participant was asked to press the keys consecutively using both hands 

simultaneously, unisono, starting with the thumb of the right hand (C4 D4 E4 F4 G4 F4 

E4 D4 C4) and the little finger of the left hand (C3 D3 E3 F3 G3 F3 E3 D3 C3) 
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a)  unimanual         bimanual 

 

 

b) 

Unimanual (right hand) 

 

Symmetric 

 

Asymmetric 

 

Figure 2.6.3. The methods and stimuli for the piano key pressing task. (a) Fixed-fingers position for the piano key 
pressing task. Green rectangles are convex stickers used to mark the keys G3 and C4. (b) The notation for the target 
stimuli of each of the conditions in the piano key pressing fMRI task. 
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The three conditions always appeared in the same order (unimanual /right hand/ -> bimanual 

symmetric -> bimanual asymmetric), which was repeated 12 times. The conditions took place during 

the ‘silent’ TRs of the neuroimaging data collection ISSS paradigm, consisting of five acquisition 

TRs (7.75s) followed by four ‘silent’ TRs (6.20s). 

Behavioural data were collected to analyse the participant’s responses and calculate 

the accuracy of pressing keys on the MRI-compatible keyboard using Levenshtein ratio 

(Levenshtein et al. 1966) and rhythmic accuracy using relative rhythmic deviance based on 

the Tapping-PROMs method (Georgi, Gingras, and Zentner 2022).  

The Levenshtein ratio is a method to compare sequences (Levenshtein et al. 1966; 

Olszewska et al. 2023) which relates the number of differences between sequences to their length. 

The Levenshtein ratio is defined as: 

1 − !!"#$%&'(
!#)*

 , 

where Ldistance is the number of insertions, omissions and substitutions in the sequence performed 

by the participant compared to errorless performance, and Lsum is the sum of the lengths of both 

the performed sequence and the errorless performance (here, the sequence based on the score 

notation of the stimulus learned by the participant). Therefore, the Levenshtein ratio can be 

understood as the relative measure of how often the participant made a mistake while playing 

the target stimulus by measuring the similarity of the played sequence to errorless performance 

and yields a score between 0 (no similarity) and 1 (perfect accordance).  

The relative rhythmic deviance was estimated using an approach based on tapping-

PROMS, a method to compare rhythmic accuracy (Georgi, Gingras, and Zentner 2022; Olszewska 

et al. 2023). Only trials where the correct number of notes were pressed can be qualified for 

the score of rhythmic accuracy. First, the relative duration of each note in the errorless performance 

is calculated with respect to its complete duration. For example, if the sequence expects four 

quarter-notes and two half-notes, the quarter-notes should last 12.5% of the whole sequence, 

and  each half-note 25% of the total sequence duration. A similar transformation is calculated for 

the actual participants' performance. In an actual performance, the notes might last 11.7%, 12.3%, 

13.1%, 12.9%, 26.1% and 23.9% instead. The average relative rhythmic deviance is calculated: 

∑
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where tplayed are the relative durations of each the played notes, and ttarget their nominal durations, 

and n is the number of notes in the sequence. In this example, this yields 6.4%, 1.6%, 4.8%, 3.2%, 

4.4%, 4.4% for each note, with a mean score of 4.3% deviation from nominal note duration. 

This score has a minimum of 0% and no maximal possible deviance score. 

Outliers (±3 standard deviations from the mean) were removed for both scores. 

Statistical analysis of each of the scores was performed using Pingouin 0.5.1 (Vallat 2018) 

in Python  3.10 (Van Rossum and Drake 2009). Repetition effects were investigated using paired 

t-tests between the TPpre-training and TPonset. The training period was modelled using repeated-

measures ANOVA with time-point and hands-condition (unimanual right hand, bimanual 

symmetric, and bimanual asymmetric) as within-subject factors and time-point as between-

subject factor, yielding the effects of time-point (TPonset-TPend), hands-condition, 

and  the  interaction between time-point and hands-condition. Finally, the follow-up period was 

analysed using repeated-measures t-tests between TPend and TPfollow-up. The resulting p-values 

were corrected via the Greenhouse-Geisser correction in the case of repeated-measures ANOVAs 

where sphericity assumption was violated (pGG-corr) or Bonferroni correction in the case of t-tests 

(pBonf-corr). Subsequent visualisations were performed in Seaborn 12.0 (Waskom 2021) and 

matplotlib 3.7 (Caswell et al. 2023) in Python 3.10 (Van Rossum and Drake 2009). 

2.6.2.2. Music playback fMRI task 

This task was designed to investigate the changes in brain activation of novice pianists 

playing naturalistic musical stimuli.  

The task consisted of two conditions (Figure 2.6.2.c): 

- Listen: a cue with an ear and notes symbol was presented. The participants heard 

a fragment of one of the melodies from the course curriculum. They were asked 

to recognise the fragment and refrain from pressing any keys during the listen condition 

and the scanning time that followed immediately afterwards when a fixation cross was 

presented. Depending on the following playback block, the heard fragment was played 

either bimanually or the unimanually with the right hand only. 

- Playback: a cue with a keyboard symbol was presented with a single dot on the right side 

of  the keyboard for the unimanual playback or two dots on both sides of the keyboard 

for bimanual playback. The participants were asked to play exactly the fragment that they 
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heard in the listen condition directly preceding the current trial, either unimanually with 

their right hand or bimanually, as indicated by the dots. The participants were asked 

to continue and finish playing the current fragment even if they made a mistake 

or the time ran out and the scanning time started, recognised by scanner noise 

and a fixation cross cue. 

The conditions were alternating in such a way that after every listen condition came 

a corresponding playback condition. Two easily identifiable excerpts were selected for each 

musical piece. Those excerpts were always presented consecutively one after the other (listen1 - 

playback1 - listen2 - playback2), in the same order as they appear in the musical piece and under 

the same hand condition (unimanual or bimanual). E.g., if the participant heard the first excerpt 

from melody M03, after the playback condition the next excerpt would also come from melody 

M03 and would naturally occur later in the musical piece than the first excerpt.  At TPonset, this was 

a single simple melody (Wlazł kotek na płotek), which was divided into two parts and played sixteen 

times, half unimanually with the right hand and half bimanually (unisono). To maintain task 

difficulty throughout the course, at each time-point, the participants would perform the material 

already mastered in the training course. Thus, the number and difficulty of melodies increased 

while the number of repetitions decreased, corresponding to participants’ progress in the course. 

The total task duration was kept at a constant of 32 trials occurring during the ‘silent’ 6.2s of the 

ISSS paradigm, each trial consisting of a listen and a playback phase interlocked with ‘scanning’ 

7.75s of the ISSS paradigm. This resulted in each melody being played twice, once with the right 

hand and once with both hands, at TPend. The listen-playback design of the task was chosen to 

resemble how the participants learned their course material during classes, as no musical notation 

was introduced and the musical pieces were played by ear. The order of the melodies was semi-

randomised and counterbalanced across participants.  

Behavioural data was collected and computed similarly to the piano key pressing fMRI task. 

However, statistical analysis of the behavioural data was performed using a generalised linear 

model in R (R Core Team 2020), including the effect of time-point, the melody×hands condition 

interaction, and the time-point and hands condition. This model was chosen because, contrary to 

the piano key pressing task, not all of the stimuli were repeated at each time-point; only stimuli 

repeated at least twice were included in the model. 
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2.6.3. Study 3: Cross-sectional approach - novices vs musicians 

In this study, longitudinal and cross-sectional designs were combined to compare 

the twenty-six week training course duration and the outcomes of the previous two studies 

including novice pianists to lifelong learning in musicians. As such, it compared novice pianists pre- 

and post-training to trained musicians using two previously described tasks: the behavioural tonal 

working memory task and the piano key pressing fMRI task. In the behavioural tonal working 

memory task, the task performance in novice pianists was compared to that of trained musicians 

using t-test at TPonset and TPend. In the piano key pressing fMRI task, the brain activity related to 

each of the conditions (unimanual, bimanual symmetric, bimanual asymmetric) was compared directly 

between the groups, as well as the difference between the bimanual asymmetric and symmetric 

conditions related to the increased bimanual coordination demands in the asymmetric condition. 

2.7. Neuroimaging data preprocessing and analyses 

2.7.1. Preprocessing 

The structural and fMRI data preprocessing utilised a standardised approach based 

on the default fMRIPrep pipeline at the subject level [fMRIPrep 21.0.0 (Esteban et al. 2019; Esteban, 

Markiewicz, Goncalves, et al. 2021) RRID:SCR_016216, which is based on Nipype 1.6.1 (Esteban, 

Markiewicz, Burns, et al. 2021; Gorgolewski et al. 2011); RRID:SCR_002502]. The pipeline applied 

the two spin-echo EPIs with an inverted phase-encoding direction for filedmap correction. 

Due  to sparse-sampling acquisition, slice-time correction was omitted.  

For each subject, the T1-weighted (T1w) images were corrected for intensity non-

uniformity (INU) with N4BiasFieldCorrection (Tustison et al. 2010), distributed with ANTs 2.3.3 

(Avants et al. 2008), RRID:SCR_004757). The T1w-reference was then skull-stripped with a Nipype 

implementation of the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs 

as  target template. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) 

and  grey-matter (GM) was performed on the brain-extracted T1w using fast (FSL 6.0.5.1:57b01774, 

RRID:SCR_002823, (Zhang, Brady, and Smith 2001). A T1w-reference map was computed after 

registration of the present T1w images (after INU-correction) using mri_robust_template (Reuter, 

Rosas, and Fischl 2010). Volume-based spatial normalisation to one standard space 

(MNI152NLin2009cAsym) was performed through nonlinear registration with antsRegistration 

(ANTs 2.3.3), using brain-extracted versions of both T1w reference and the T1w template. ICBM 152 



40 

Nonlinear Asymmetrical template version 2009c [(Fonov et al. 2009), RRID:SCR_008796; 

TemplateFlow ID: MNI152NLin2009cAsym] was selected for spatial normalisation.  

For each of the present BOLD runs per subject (across all tasks and sessions), the following 

preprocessing was performed. First, a reference volume and its skull-stripped version 

were  generated using a custom methodology of fMRIPrep. Head-motion parameters with respect 

to the BOLD reference (transformation matrices, and six corresponding rotation and translation 

parameters) were estimated before any spatiotemporal filtering using mcflirt (FSL 

6.0.5.1:57b01774, (Jenkinson et al. 2002). The estimated fieldmap was then aligned with rigid-

registration to the target EPI reference run. The field coefficients were mapped on to the reference 

EPI using the transform. The BOLD reference was then co-registered to the T1w reference using 

mri_coreg (FreeSurfer) followed by flirt (FSL 6.0.5.1:57b01774, (Jenkinson and Smith 2001) with 

the  boundary-based registration (Greve and Fischl 2009) cost-function. Co-registration 

was  configured with six degrees of freedom. A set of physiological regressors were extracted 

to   allow for component-based noise correction (CompCor) (Behzadi et al. 2007). The head-motion 

estimates were calculated in the correction step. The BOLD time-series were resampled into 

standard space, generating a preprocessed BOLD run in MNI152NLin2009cAsym space. 

First,  a  reference volume and its skull-stripped version were generated using a custom 

methodology of fMRIPrep. Gridded (volumetric) resamplings were performed using 

antsApplyTransforms (ANTs), configured with Lanczos interpolation to minimise the smoothing 

effects of other kernels (Lanczos 1964). Non-gridded (surface) resamplings were performed using 

mri_vol2surf (FreeSurfer). 

Finally, the preprocessed functional files from the fMRIPrep output underwent smoothing 

with a 6 mm FWHM Gaussian kernel within SPM12 (Wellcome Trust Centre for Neuroimaging, 

University College, London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm12) 

running  on MATLAB 2019b (Mathworks, http://www.mathworks.com).  

2.7.2. fMRI data analysis 

All fMRI data analyses were performed using SPM12 (Wellcome Trust Centre for 

Neuroimaging, University College, London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm12) 

running on MATLAB 2019b (Mathworks, http://www.mathworks.com). Region-of-interest 

and cluster peak activation values were extracted using MarsBaR (Brett et al. 2002) version 0.45 

running on SPM12 (Wellcome Trust Centre for Neuroimaging, University College, London, UK, 
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http://www.fil.ion.ucl.ac.uk/spm/software/spm12) and MATLAB 2019b (Mathworks, 

http://www.mathworks.com). For all significant results, anatomical localisation was determined 

using the AAL3 atlas in bspmview (Spunt 2016)for peaks at least 8mm apart. Visualisations were 

performed using Seaborn 12.0 (Waskom 2021) and matplotlib 3.7 (Caswell et al. 2023) 

in Python 3.10 (Van Rossum and Drake 2009). 

2.7.2.1. First-level analyses 

All first-level analyses used a general linear model (Friston et al. 1994) on a whole-brain 

level. For all tasks, a separate first-level model was computed for each participant at each time-

point. In order to correct for sparse acquisition (ISSS), the first acquired volume was inserted as 

a  dummy scan to fill in the ‘silent' TRs gaps, and six head movement regressors (translation 

and rotation in X, Y and Z directions) were expanded by a ‘0’-vector accordingly. A single regressor 

was added to each session to indicate actual scans from dummy scans (Peelle 2014). 

At  the first level, contrast images were computed to provide task-related activity for each 

participant at each time-point. In the music listening task, the contrast music>silence 

was computed. In the piano key pressing fMRI task, contrasts for each condition (unimanual (right 

hand), bimanual symmetric, bimanual asymmetric) and the comparison between bimanual conditions 

(bimanual asymmetric>symmetric) were extracted. In the music playback fMRI task, the contrast for 

playing music vs global baseline was computed. Participants' movement was analysed for excessive 

motion (framewise displacement > 7.5) and framewise displacement peaks were regressed out. 

 Additionally, in order to properly compute the Main Effect of Group in the listening task 

(McFarquhar 2019), two within-subject models per subject were computed, one for the training 

period including five time-points (TPonset, TPweek1, TPweek 6, TPweek 13, TPend), and one for the follow-

up period including two time-points (TPend, TPfollow-up). For each of these models, a contrast 

was computed representing the average within-subject brain activation over the included time-

points in the music>silence contrast.  

2.7.2.2. Group (second-level) analyses 

2.7.2.2.1. Listening task 

This task was designed to investigate training-related effects of music training 

intervention on brain activation while listening to music. First, the brain activation during music 

listening was compared between novice pianists and passive controls at baseline (TPpre-training 
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for novice pianists and TPonset for the passive controls). A two-sample t-test model was constructed, 

and the contrasts novices (TPpre-training) > passive controls (TPonset) and passive controls (TPonset) > novices 

(TPpre-training) were extracted. 

Before conducting training-related analyses, the brain activation of novice pianists during 

music listening was analysed for repetition effects pre-training. The music>silence contrast from 

the two scans before training (TPpre-training and TPonset) were analysed for increased and/or 

decreases in brain activation using a paired t-test model. From this model, two contrasts between 

the first two time-points in the novice pianists were extracted (TPpre-training>TPonset and 

TPonset>TPpre-training). 

A longitudinal flexible factorial model was employed to understand how piano training 

affects auditory processing during the music>silence contrast. This model incorporated both 

the novice pianists and the passive control group, encompassing time-points from TPonset to TPend 

(inclusive). The Main Effect of Task and Main Effect of Time, as well as the Group×Time Interaction 

were extracted. To obtain the Main Effect of Group (McFarquhar 2019), a two-sample t-test model 

was constructed including both groups, using the average brain activation per subject 

in  the training period. 

The follow-up period (TPend-TPfollow-up) was analysed to check whether any changes 

occurred after the cessation of training. For this purpose, a full factorial design was constructed 

including both groups and time-points TPend and TPfollow-up. The Main Effect of Time, as well as 

the Group×Time Interaction were extracted. To obtain the Main Effect of Group (McFarquhar 

2019), a two-sample t-test model was constructed including both groups, using the average brain 

activation per subject in the follow-up period. 

To correct for multiple comparisons, a voxel-level height threshold of p < 0.001 

(uncorrected) was combined with a cluster-level height threshold of p < 0.05 (FWE). 

2.7.2.2.2. Piano key pressing task 

In this task, longitudinal and cross-sectional designs were combined to explore the time-

course of neuroplastic changes associated with learning to play the piano and differences on task-

demands based on hand conditions (unimanual, bimanual symmetric, and bimanual asymmetric).  
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Brain activations in novice pianists were tracked longitudinally throughout the study 

period. Cross-sectional comparisons were made between brain activation in novices pre- and post-

training (TPonset and TPend) with the brain activation of trained musicians. 

Separate models were constructed for each of the first-level contrasts (unimanual (right 

hand), bimanual symmetric, bimanual asymmetric) as well as the comparison between conditions 

bimanual asymmetric>symmetric . 

Before training-related analyses were performed, repetition effects were investigated 

using a paired t-test model including data for the two scans before the onset of training 

(TPpre-training and TPonset). This allowed for the identification of potential increases 

(TPpre-training<TPonset) and  decreases (TPpre-training>TPonset) in brain activation which were connected 

to the repetition of  the  task, and not training itself. 

Training-related changes in novice pianists were evaluated using separate longitudinal 

flexible factorial models that incorporated time (TPonset-TPend) and subject factors. These models 

extracted the Main Effects of Task (average activation regardless of time) and Time, as well as 

pairwise comparisons between time-points. 

To correct for multiple comparisons, a voxel-level height threshold of p < 0.001 

(uncorrected) was combined with a cluster-level height threshold of p < 0.05 (FWE). 

2.7.2.2.3. Music playback task 

This task was analysed longitudinally for the four time-points during the training course 

(TPweek 1, TPweek 6, TPweek 13 and TPend). Second-level group analyses were performed in a flexible 

factorial model including time and subject factors. To correct for multiple comparisons, a cluster-

level height threshold of p < 0.05 (FWE), together with a cluster-level extent threshold of 5 voxels 

were applied. The contacts for the Main Effect of Task and the Main Effect of Time were extracted. 

Furthermore, three independent regions-of-interest (ROIs) were analysed to investigate 

the differences in time-courses between regions within different brain networks. The regions 

representing the right auditory and the left and right motor regions were based on data published 

in a recent meta-analysis on bottom-up and top-down music processing in the brain by Pando-

Naude and colleagues (2021) and downloaded from Open Science Framework. The left 

sensorimotor ROI included the left postcentral and precentral gyri with a peak at x=-43 y=-22 

z=46 MNI. The right motor ROI was located in the precentral gyrus with a peak at x=53 y=6 
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z=30 MNI. The right auditory ROI encompassed the planum temporale, extending into 

the superior temporal gyrus and Heschl's gyrus, with a peak at x=59 y=-21 z=7 MNI. For each region 

of interest, first-level contrast estimates were extracted and the interaction between region 

and time was analysed using two-way repeated-measures ANOVA in the Pingouin v0.5.1 package 

(Vallat 2018) in Python 3.10 (Van Rossum and Drake 2009) and the Bonferroni correction 

for multiple comparisons was applied. 

Finally, a conjunction analysis (Main Effect of Task ⋂ Main Effect of Time) 

was performed to identify regions of the brain associated with task performance (playing 

music) which changed activation in response to training. The second-level contrasts were converted 

to z-scores with convert_spm_stat script by Josh Brown (Jahn 2015). The conjunction 

was  performed using the easythresh_conj script (Nichols 2007) which is a part of the FSL package 

(Smith et al. 2004) and uses minimum statistic compared to the conjunction null to test for 

the  logical intersection (AND) between the two contrasts; thus, the result includes only the areas 

where both contrasts are simultaneously significant (Nichols et al. 2005). The whole-brain 

was  used as a mask and default thresholds of z > 2.3 and  p=0.05  were applied. 
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3. Results 

Science cannot solve the ultimate mystery of nature. And that is because, in the last analysis, 
we ourselves are part of nature and therefore part of the mystery that we are trying to solve. Music and 
art are, to an extent, also attempts to solve or at least express the mystery. But to my mind, the more 
we progress with either, the more we are brought into harmony with all nature itself.  

― Max Planck 
 

3.1. Study 1: Auditory processing 

The time-course of changes in auditory processing, represented in the neural correlates 

of passive music listening, was studied in novice pianists as they became more proficient with 

the piano skill. Additionally, near-transfer effects to a cognitive domain of tonal working memory 

were assessed in a behavioural task. Novice pianists were compared longitudinally to passive 

controls in both tasks. 

3.1.1. Behavioural results 

3.1.1.1. Musical Ear Test 

The novice pianists and the controls did not differ on either the Melody or the Rhythm 

conditions in the total score, number of missed responses or the mean response time in both 

conditions (Melody score: t=-0.592, df=4-.963, p=0.557, 95%CI=[-3.85, 2.1] missed responses 

t=1.340, df=10.000, p=0.210, 95%CI=[-0.72, 2.9]; Rhythm score: t=0.560, df = 40.694, p=0.579, 

95%CI=[-2.12, 3.74] missed responses t=1.389, df=10.601, p=0.19, 95%CI=[-0.41, 1.79]; 

Mean  response time (both conditions): t=0.684, df1=81, df2=272, p=0.496, 95%CI=[-37.58, 76.95]). 

3.1.1.2. Tonal working memory (tonal n-back task) 

In the 2-back condition, two participants from the passive control group were excluded 

from the analysis due to missing more than 20% of responses in at least one time-point, yielding 

the final group counts of 24 and 17 for the novice pianists and passive controls, respectively. 

The two-way mixed-model ANOVA analysis revealed no significant effects of group (F=2.224, df1=1, 

df2=39, p=0.144, ηp2=0.054) or time-point (F=0.002, df1=1, df2=39, p=0.964, ηp2<0.001) nor their 

interaction (F=0.455, df1=1, df2=39, p=0.504, ηp2=0.012) for the study period (TPonset-TPend). 
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During  the follow-up (TPend-TPfollow-up), no significant effect of group was observed (F=0.955, df1=1, 

df2=39, p=0.335,  ηp2=0.024), but a significant effect of time-point (F=4.237, df1=1, df2=39, p=0.046,  

ηp2=0.098) and no significant interaction between them (F=1.346, df1=1, df2=39, p=0.253,  

ηp2=0.033). Post-hoc comparison between the TPend and the TPfollow-up showed a significant 

increase in performance with time (T=-2.049, df=40, p=0.047, 95%CI = [-7.87, -0.05]. 

In the 3-back condition, one participant from the novice pianists group and two 

participants from the passive control group were excluded due to missing at least 20% of responses 

in at least one time-point, yielding the group counts to be 23 and 17, respectively. However, 

the  mean performance at TPonset for the novice pianists (M=49.492%, SD=9.896) and passive 

controls (M=49.816%, SD=9.406) and at TPend for novice pianists (M=53.397%, SD=10.615) 

and  passive controls (M=51.471% SD=5.753) was around chance level. Therefore, no group or time-

point comparisons were performed in the 3-back condition. A visualisation of the results from both 

2-back and 3-back conditions is presented in Figure 3.1.1.  
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Figure 3.1.1. Participants’ performance in the tonal memory task. Dots represent individual participant’s scores: purple 
for novice pianists, orange for passive controls. Error bands represent the 95% confidence intervals.  
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3.1.2. Neuroimaging results 

3.1.2.1. Music listening fMRI task 

First, group differences at baseline were investigated, however the contrasts: 

novices(TPpre-training)>passive controls(TPonset) and passive controls(TPonset)>novices(TPpre-training) revealed 

no significant differences between the groups. Furthermore, no significant repetition effects 

i.e., differences in brain activation between the TPpre-training and the TPonset were found 

in novice pianists. 

Subsequently, study period corresponding to the piano training of the novices group 

in novices and passive controls (TPonset-TPend) was analysed. The Main Effect of Task (regardless 

of group and time) revealed brain activation in regions typical for auditory tasks (Figure 3.1.2, 

Table  S1), such as the bilateral superior temporal gyri, extending into the temporal poles 

and inferior frontal gyrus on the right. Additionally, activation in the right inferior occipital gyrus 

extending into the calcarine and fusiform cortex, and the left lateral occipital cortex extending into 

the fusiform and lingual gyri and the cerebellum was observed. The Main Effect of Group 

and the Main Effect of Time, as well as the Group×Time Interaction revealed no significant clusters. 

Finally, no changes with time or group differences were identified in the follow-up period. 

 

 

 
 
Figure 3.1.2. Statistical maps representing the contrasts for the Main Effect of Task in the listening task 
(music>silence). x, y, z - MNI coordinates. Colour bar represents the T test-statistic range. 
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3.1.3. Summary and discussion 

The first study was conducted to investigate the time-course of training-related changes 

in  auditory processing of novice pianists with two tasks: a behavioural tonal working memory task 

and a passive music listening fMRI task. 

3.1.3.1. Tonal working memory (tonal n-back) 

To date, this is the first study which employed the tonal working memory task 

in a longitudinal design. However, contrary to hypothesis H1.3°, no association between piano 

training and improved tonal working memory in novice pianists was found, indicating a lack 

of near-transfer effects from musical training to a cognitive domain associated with auditory 

processing. The follow-up period revealed significant improvement in task performance 

for the 2-back condition, with no differences between groups. This finding is intriguing, as none 

of the groups received targeted auditory training during this time, and might be a chance false-

positive finding. Further research is necessary to determine whether this improvement could be 

attributed to potential long-term effects of piano training, or repeated exposure to the task itself. 

3.1.3.2. Music listening fMRI task 

In line with the first hypothesis H1.1°, the novices and passive controls did not differ 

in neural correlates at baseline, and no significant effects were observed in the novice pianists 

due to task repetition. Thus, any differences between the groups during the study period can be 

attributed to the musical training intervention. 

However, for the period of musical training, there were no significant effects. This indicates 

that piano training did not affect the processing of musical stimuli in the novice pianists. 

Therefore,  there is no evidence in favour of training-related adaptations in the auditory processing 

of musical stimuli. This outcome does not support hypothesis H1.2°, as no training-related 

differences in the neural correlates of auditory processing of musical stimuli could be observed 

in  the novice pianists, at the six-week mark or otherwise. Additionally, it stands in contrast to much 

of previous research comparing musicians and non-musicians or musical-training interventions, 

where such adaptations were observed (Bangert et al. 2006; Bianchi et al. 2017; Habermeyer et al. 

2009; Limb et al. 2006; Ohnishi 2001; Seung et al. 2005) and warrants further study. 
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Previous studies which found training-related adaptations in the processing of musical 

stimuli typically used music listening tasks where the stimuli constituted trained melodies 

(e.g., Chen, Rae, and Watkins 2012; Lahav, Saltzman, and Schlaug 2007; Wollman et al. 2018; 

de Manzano et al. 2020). This approach provides information on the processing of a very specific 

type of musical stimuli. Because the participants were actively learning to play the listened 

melodies, the familiarity and salience of these stimuli might be different by the end of study 

compared to other sounds, even though the stimuli themselves might be very similar. 

Thus,   the  differences in the processing of trained melodies compared to other sounds might not 

reflect only auditory features of music, but other processes. In the current study, the stimuli 

in  the   listening task were all unfamiliar to the participants, were not trained in the piano course, 

and the stimuli set was designed in a way that included both novel and repeated stimuli at each 

time-point. In this manner, I argue that the current study better reflects the auditory processing 

of  music compared to previous studies which focused on trained melodies. The discrepancies 

in  results might be associated with the aforementioned familiarity, attention and salience 

of  stimuli in previous studies, compared to the more general sounds used in the current project. 

 

Several explanations are possible for these null findings for time-related adaptations 

in both tasks. The relatively short training duration in this study, compared to the lifelong training 

of most musicians, might be a factor, if the adaptations are very slow. Additionally, the later age 

at which these novices began training compared to children typically enrolled in music programs 

could play a role. Previous research indicates that certain brain adaptations related to musical 

training might only occur in the sensitive period, if the training starts before a musician is nine 

years old (Penhune 2022). Finally, it is possible that pre-existing differences in auditory processing 

abilities between the current participants and those who typically enrol in music programs might 

also be relevant. There is evidence that pre-training differences affect musical training and might 

predict training success (Bianco et al. 2019; Burgoyne, Harris, and Hambrick 2019; Herholz et al. 

2016; Vaquero et al. 2018; Wollman et al. 2018). Therefore, it is possible that the differences in brain 

activation and tonal working memory observed between musicians and non-musicians in previous 

studies are driven by predispositions, and not plasticity, or an interaction between predispositions 

and developmental plasticity. 
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3.2. Study 2: Playing the piano 

In this study, auditory-motor interactions were investigated in the context 

of the neuroplasticity dynamics related to musical training. Novice pianists performed a piano key 

pressing fMRI task with conditions differing in bimanual motor coordination demands, 

and a music playback fMRI task. Additional time-points were introduced to account for repetition 

effects and study potential follow-up effects after the training was completed. 

3.2.1. Behavioural results 

3.2.1.1. Piano key pressing fMRI task 

To assess the impact of repetition before piano training, participants' performance 

was compared between the two pre-training time-points (TPpre-training and TPonset). 

Melodic  performance, measured with the Levenshtein ratio, was assessed using a repeated-

measures ANOVA which revealed a significant effect of time-point (F=14.036, df1=1, df2=23, 

pGG-corr=0.001, ηp2=0.379) and hands-condition (F=421.357, df1=2, df2=46, pGG-corr<0.001, ηp2=0.948) 

but not their interaction (F=2.943, df1=2, df2=46, pGG-corr=0.069, ηp2=0.113). Rhythmic performance, 

measured as the mean percentage deviation from the target rhythm, was assessed similarly 

and yielded significant effect of time-point (F=6.195, df=1, p=0.020, ηp2=0.212). 

Next, training-related changes in task performance measures were investigated for time-

points spanning the piano course period, from TPonset to TPend (inclusive). For the Levenshtein ratio, 

repeated-measures ANOVA revealed significant effects of hands-condition (F=1287.887, df1=2, 

df2=42, pGG-corr<0.001, ηp2=0.984) but not time-point (F=2.273, df1=4, df2=85, pGG-corr=0.080, 

ηp2=0.098) or their interaction (F=1.779, df1=8, df2=168, pGG-corr=0.155, ηp2=0.078). Post-hoc pairwise 

t-test analysis yielded a significant difference between the bimanual asymmetric and unimanual 

(right hand) conditions (T=-41.302, pBonf-corr<0.001), the bimanual symmetric and unimanual (right 

hand) conditions (T=-37.391, pBonf-corr<0.001). These differences were significant at all time-points 

(TPonset, TP week 1, TP week 6, TPweek 13, TPend). The difference between the bimanual symmetric and 

the bimanual asymmetric conditions was significant at the end of training TPend (T=-3.912, p=0.012). 
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For the rhythmic score, a significant effect of time-point was found (F=2.947, df=4, p=0.025, 

ηp2=0.134). However, none of the post-hoc comparisons between time-points survived the 

Bonferroni correction for multiple comparisons. 

Lastly, the follow-up period was investigated for any changes occurring after the cessation 

of training. For the Levenshtein ratio, the repeated-measures ANOVA shown no significant effect 

of time-point (F=0.216, df1=1, df2=23, pGG-corr=0.646, ηp2=0.009) but a significant effect of     hands-

condition (F=658.962, df1=2, df2=46, pGG-corr<0.001, ηp2=0.966) and time-point×hands-condition 

interaction (F=5.052, df1=2, df2=46, pGG-corr=0.016, ηp2=0.180). Post-hoc pairwise comparisons 

revealed differences between the bimanual asymmetric and the unimanual (right hand) conditions 

(T=-33.322, pBonf-corr<0.001), which was also significant at both TPend (T=-27.338 pBonf-corr<0.001) 

at  TPfollow-up (T=-34.620 pBonf-corr<0.001). Similarly, a significant difference was present between 

the  bimanual symmetric and the unimanual (right hand) conditions (T=-24.545 pBonf-corr<0.001), 

which  was also significant at TPend (T=-23.687 pBonf-corr<0.001) and TPfollow-up (T=-23.066 

pBonf-corr<0.001). A difference between the bimanual symmetric and the bimanual asymmetric 

conditions was significant (T=-3.294 pBonf-corr=0.010), which was driven by a difference at TPend 

(T=-4.493 pBonf-corr<0.001) but not TPfollow-up. Finally, the comparison between time-points for 

rhythmic score revealed no significant changes between TPend and TPfollow-up (F=0.866, df=1, 

p=0.362, ηp2=0.038). 

A visualisation of the behavioural performance results can be found in Figure 3.2.1. 

3.2.1.2. Music playback fMRI task 

Successful musical training should result in improved performance over time. To verify 

this, the participants' behavioural performance while playing musical pieces was evaluated. 

For melodic performance, a generalised linear model revealed a significant effect of time 

(t=2.360, p=0.018), hand condition (unimanual/bimanual) (t=6.022, p<0.001), and their interaction 

(t=-2.147 p=0.032). Overall, bimanual performance (playing with both hands) exhibited lower 

accuracy compared to unimanual performance, but improved over time.  Conversely, unimanual 

performance with the right-hand remained stable throughout the study. Furthermore, difficulty 

level influenced performance, and participants showed lower accuracy on more complex melodies 

introduced later in the course compared to the earlier, simpler melodies (Figure 3.2.2.). 
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Similarly,  for the rhythmic performance, a significant effect of time (t=-2.419, p=0.015), hand 

condition (t=4.663, p<0.001), but not their interaction (t=1.763, p=0.078) (Figure 3.2.2.) 

were  observed. 

 
a) 

 
b) 

 
 
Figure 3.2.1. Behavioural performance in the piano task. (a) Levenshtein ratio (melodic performance) (b) Relative 
rhythmic deviance score (rhythmic performance). Dots represent individual participant performance means per time-
point and hand condition. Error bands represent the 95% confidence intervals. The shaded area corresponds to the 
training period. The data is presented such that higher accuracy is always shown at the top of the plots (1 being the 
perfect score for the Levenshtein ratio and 0% being the minimal possible rhythmic deviance). 
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a)  unimanual   bimanual 

 
b) 

 
 
Figure 3.2.2. Behavioural performance for repeated melodies played in the unimanual condition (left) and the bimanual 
condition (right). (a) melodic accuracy using Levenshtein ratio, (b) rhythmic accuracy using percentage deviance from 
expected note duration. The data is presented in such a way that higher accuracy is always shown at the top of the 
plots. 
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3.2.2. Neuroimaging results 

3.2.2.1. Piano key pressing fMRI task 

3.2.2.1.1. Repetition effects 

Significant decreases in brain activation during the period before the start of training 

(TPpre-training>TPonset) were found in the unimanual (right hand) and the bimanual symmetric 

conditions. In the unimanual (right hand) condition, activation decreased in the right caudate 

nucleus and the left thalamus. In the bimanual symmetric condition, the activation decreased in the 

bilateral middle occipital gyrus, right precuneus extending into the right superior parietal gyrus 

and the right superior occipital gyrus, and the left thalamus (Figure 3.2.3., Table S2). 

3.2.2.1.2. Main Effects of Task 

The Main Effects of Task reveal activation related to performing the piano task regardless 

of time, i.e., with all of the training time-points (TPonset-TPend) pooled together. In each of the three 

conditions (unimanual (right hand), bimanual symmetric, bimanual asymmetric), the main effect 

of task revealed a widespread brain activation encompassing bilaterally the superior temporal 

gyri, Heschl gyri, postcentral and precentral gyri (including the dorsal premotor cortex), superior 

frontal gyrus and inferior frontal gyri, supplementary motor areas, thalami, caudate nuclei and the 

anterior insulae, the left putamen, the right pallidum and the bilateral inferior parietal and left 

superior parietal gyri, and the cerebellum, among others (Figure 3.2.4.a-c, Tables S3-5). 

The  difference between the bimanual conditions (asymmetric>symmetric) encompassed 

the bilateral superior frontal gyrus, supplementary motor areas, precuneus and calcarine cortex, 

bilateral superior and inferior parietal gyri, bilateral anterior insulae, the right postcentral 

and precentral gyri (including the dorsal premotor cortex), right middle cingulate gyrus 

and  the left cerebellum (Figure 3.2.4.d, Table S6).  

3.2.2.1.3. Main Effects of Time and training-related changes 

No significant effect of time was present in the unimanual (right hand) condition.  

A significant Main Effect of Time was found in the bimanual symmetric and the bimanual 

asymmetric conditions. For the bimanual symmetric condition, the changes in time were mainly 

in the left angular and inferior parietal gyrus (Figure 3.2.5., Table S7). Pairwise comparisons 

between time-points revealed that the activation decreased within the first thirteen weeks 

of the training (TPonset>TPweek 13) in the right insula, extending into the inferior frontal gyrus 
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(pars  triangularis) (Figure 3.2.6., Table S8). Additionally, there was an increase in the activation 

of the right angular gyrus during the training period (TPend>TPonset, Figure 3.2.7., Table S8), 

which was followed by an increase in the activation of the left inferior parietal cortex and angular 

gyrus as well as the right cerebellum, among others, after the first week of training (TPend>TPweek 1, 

Figure 3.2.8., Table S8). After six weeks of training (TPend>TPweek 6, Figure 3.2.9., Table S8), 

an increase in activation of the right middle frontal gyrus and the left inferior parietal cortex 

and angular gyrus was observed. Lastly, in the second half of training (TPend>TPweek 13, Figure 3.2.10, 

Table S8), widespread changes occurred in the bilateral parietal cortex (including the angular 

and supramarginal gyri), bilateral superior and middle frontal gyri, bilateral supplementary motor 

area, bilateral precuneus, the left precentral gyrus and the left caudate nucleus. 

In the bimanual asymmetric condition, the main changes were localised in the right inferior 

parietal cortex and the cerebellum (Figure 3.2.5, Table S9). Pairwise comparisons between time-

points revealed a decrease in activation within the first six weeks of training on the bilateral 

parietal cortex (TPonset>TPweek 6, Figure 3.2.11., Table S9). Further decreases (TPonset>TPweek 13, 

Figure  3.2.12, Table S9) were observed in the left cerebellum, left superior frontal and precentral 

gyri, bilateral inferior parietal cortex including the angular gyrus, bilateral supplementary motor 

area, and the right anterior insula. The decrease in activation of the cerebellum continued through 

the whole period training (TPonset>TPend, Figure 3.2.13, Table S9). 

3.2.2.1.4. Follow-up 

No significant differences were found between the TPend and TPfollow-up in any of the 

experimental conditions, therefore these results are not presented in the tables or visualisations. 
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a) Repetition effect (TPpre-training>TPonset) in the unimanual (right hand) condition 

 
b) Repetition effect (TPpre-training>TPonset) in the bimanual symmetric (←→) condition 

 
c) Repetition effect (TPpre-training>TPonset) in the bimanual asymmetric (→→) condition 

 

Figure 3.2.3. Repetition effects (TPpre-training>TPonset) in the (a) unimanual (right hand) and the (b) bimanual symmetric 
conditions. The bimanual asymmetric condition revealed no significant clusters. 
 
  



58 

a) Main Effect of Task in the unimanual (right hand) condition 

 
b) Main Effect of Task in the bimanual symmetric (←→) condition 

 
c) Main Effect of Task in the bimanual asymmetric (→→) condition 

 
d) The comparison bimanual asymmetric>symmetric 

 
Figure 3.2.4. Statistical maps representing the contrasts for the Main Effects of Task in the piano task in each of the 
investigated conditions and their comparisons. x, y, z - MNI coordinates. Colour bars indicate the T test-statistic range. 
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a) Main Effects of Time in the unimanual (right hand) condition 

 
b) Main Effects of Time in the bimanual symmetric (←→) condition 

 
c) Main Effects of Time in the bimanual asymmetric (→→) condition 

 
Figure 3.2.5. Statistical maps representing the contrasts for the Main Effects of Time in the piano task in each of the 
investigated conditions and their comparisons. x, y, z - MNI coordinates. Colour bars indicate the test-statistic range. 
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a) bimanual symmetric TPonset>TPweek 13 - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.6. Changes in activation in the bimanual symmetric condition in the TPonset>TPweek 13 contrast. (a) 
Statistical maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from the 
cluster peaks; error band represents the standard error; the shaded area corresponds to the training period; pt denotes 

the pre-training time-point (TPpre-training). 
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a) bimanual symmetric TPend>TPonset - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.7. Changes in activation in the bimanual symmetric condition in the TPend>TPonset contrast. (a) Statistical 
maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from the cluster peaks; 
error band represents the standard error; the shaded area corresponds to the training period; pt denotes the pre-training 

time-point (TPpre-training). 
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a) bimanual symmetric TPend>TPweek 1 - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.8. Changes in activation in the bimanual symmetric condition in the TPend>TPweek 1 contrast. (a) Statistical 
maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from the cluster peaks; 
error band represents the standard error; the shaded area corresponds to the training period; pt denotes the pre-training 

time-point (TPpre-training). 
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a) bimanual symmetric TPend>TPweek 6 - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.9. Changes in activation in the bimanual symmetric condition in the TPend>TPweek 6 contrast. (a) Statistical 
maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from the cluster peaks; 
error band represents the standard error; the shaded area corresponds to the training period; pt denotes the pre-training 

time-point (TPpre-training). 
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a) bimanual symmetric TPend>TPweek 13 - significant clusters 

 
b) time-course of peak activations 
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Figure 3.2.10. (continued from previous page) Changes in activation in the bimanual symmetric condition in the 

TPend>TPweek 13 contrast. (a) Statistical maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. 
(b) time-courses from the cluster peaks; error band represents the standard error; the shaded area corresponds to the 

training period; pt denotes the pre-training time-point (TPpre-training). 
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a) bimanual asymmetric TPonset>TPweek 6 - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.11. Changes in activation in the bimanual asymmetric condition in the  TPonset>TPweek 6 contrast. 
(a) Statistical maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from 
the cluster peaks; error band represents the standard error; the shaded area corresponds to the training period; 

pt denotes the pre-training time-point (TPpre-training). 
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a) bimanual asymmetric TPonset>TPweek 13 - significant clusters 

 
b) time-course of peak activations 

 
 



68 

Figure 3.2.12. (previous page) Changes in activation in the bimanual asymmetric condition in the TPonset>TPweek 13 
contrast. (a) Statistical maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses 
from the cluster peaks; error band represents the standard error; the shaded area corresponds to the training period; pt 

denotes the pre-training time-point (TPpre-training). 
 
 

a) bimanual asymmetric TPonset>TPend - significant clusters 

 
b) time-course of peak activations 

 
Figure 3.2.13. Changes in activation in the bimanual asymmetric condition in the TPonset>TPend contrast. (a) Statistical 
maps; x, y, z - MNI coordinates; colour bar indicates the test-statistic range. (b) time-courses from the cluster peaks; 
error band represents the standard error; the shaded area corresponds to the training period; pt denotes the pre-training 

time-point (TPpre-training). 
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3.2.2.2. Music playback fMRI task 

3.2.2.2.1. Main Effect of Task 

Irrespective of time, the music playback fMRI task revealed brain activation in the left 

precentral and postcentral gyri; the right temporal pole extending into the inferior frontal gyrus 

(pars opercularis) and the planum temporale; the left superior temporal gyrus encompassing 

the left planum temporale; bilaterally in the supplementary motor cortex; and the vermis. 

A  summary of the brain activation related to the music playback fMRI task can be found 

in Table S10 and Figure 3.2.14a. 

3.2.2.2.2. Main Effect of Time 

Musical training-related brain activation changes for the music playback fMRI task 

encompassed multiple brain regions (Table 3.2.1, Figure 3.2.14.a), such as the right postcentral 

gyrus, extending into the precentral and supramarginal gyri, and the parietal cortex; the right 

inferior frontal gyrus, extending into the frontal pole and the middle frontal gyrus; the right 

caudate nucleus; bilateral cerebellum; the left precuneus; the left inferior temporal gyrus 

(at the temporo-occipital junction); the left parietal cortex; or the left hippocampus, among others. 

For visualisation purposes, the time-courses of selected cluster peaks were plotted (Figure 3.2.14 b, 

Table S11). Pairwise comparisons between time-points showed a significant effect for TPweek 

1>TPend, TPweek1>TPweek 13 and TPweek 6>TPend (Figure 3.2.15). 

3.2.2.2.3. Independent Region of Interest (ROI) analysis 

The independent ROI analysis between the left sensorimotor ROI, the right motor ROI 

and the right auditory ROI revealed significant effects of time, region and their interaction 

(Table 3.2.1, Figure 3.2.16). In the pairwise comparisons analysis, there were significant differences 

between the following: TPweek 1 and TPend for the left sensorimotor ROI (t=4.521, pBonf-corr=0.003) 

and right motor ROI (t=7.542, pBonf-corr<0.001); TPweek 6 and TPend for the right motor ROI 

(t=4.378,pBonf-corr=0.004); the left sensorimotor ROI and the right auditory ROI at TPweek 13 (t=-3.346, 

pBonf-corr=-0.034); the right auditory ROI and the right motor ROI at TPweek 13 (t=4.550, pBonf-

corr=0.002); and, at  the TPend, all three ROIS (left sensorimotor ROI and right auditory ROI t=-5.048, 

pBonf-corr<0.001; left sensorimotor ROI and right motor ROI t=4.815, ppBonf-corr<0.001, right auditory 

ROI and right motor ROI =7.263, ppBonf-corr<0.001). 
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3.2.2.2.4. Main Effect of Task ⋂ Main Effect of Time 

The conjunction analysis of the main effects of task and time revealed no significant 

clusters, and therefore is not presented in the tables or visualisations. 

 

 
 
Figure 3.2.14. The results from the music playback fMRI task. (a) Statistical maps representing the contrasts for the 
Main Effect of Task (orange) and Main Effect of Time (purple). x, y, z - MNI coordinates. Colour bars represent test-
statistic ranges. (b) Visualisation of musical-training-related changes in brain activation in selected cluster peaks; error 
band represents the standard error. 
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Figure 3.2.15. The results from the music playback fMRI task. Pairwise comparisons between TPweek 1>TPend, 

TPweek 6>TPend and TPweek 1>TPweek 13. The remaining pairwise comparisons yielded no significant clusters. Colour bars 
represent the ranges of the T test-statistic. 
 
 
 

 

 

 

Figure 3.2.16. Music playback fMRI task. Visualisation of musical-training related changes in brain activation in three 
independent ROIs; error band represents the standard error. The anatomical localisation and shapes of the ROIs are 
depicted on the right. 
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Table 3.2.1.  Music playback fMRI task. The results of repeated-measures ANOVA for the main effects of time, 

ROI and their interaction of training-related changes in independent ROIs. pGG-corr: Greenhouse-Geisser corrected p-value; 

ηp2 - generalised partial eta-squared effect size. 

 

3.2.3. Summary and discussion 

Study 2 investigated changes in brain activation of novice pianists performing auditory-

motor tasks, such as playing the instrument or pressing consecutive keys on the fMRI-compatible 

piano. Contrary to many studies on motor training, the current experimental paradigm paralleled 

naturalistic training and gradually increased in difficulty.  

3.2.3.1. Behavioural results 

The behavioural results from the piano key pressing fMRI task revealed improvements 

in melodic accuracy across all three conditions due to task repetition. These improvements 

plateaued and remained stable throughout the training period. Similar findings were observed for 

rhythmic accuracy in the unimanual condition. However, rhythmic accuracy could not be reliably 

calculated for the bimanual conditions. Overall, performance on unimanual stimuli remained 

consistently more accurate compared to bimanual stimuli throughout the entire study. The music 

playback fMRI task yielded comparable results. Performance on unimanual stimuli remained 

stable throughout the training period and consistently surpassed performance on bimanual 

stimuli, which improved over time.  

The behavioural results suggest a nuanced picture of performance improvement. 

Task repetition appeared to drive initial gains in melodic accuracy for all conditions in the piano 

key pressing task, potentially reflecting a basic level of motor skill acquisition. 

However,  for  the more complex bimanual tasks of playing the piano, the training itself seems 

to  have played an additional role in promoting performance improvement beyond the plateau 

observed with simple stimuli. This supports that the training was necessary for the participants 

to  obtain additional skills or strategies that specifically benefited bimanual coordination in piano 

playing. The increasing performance on the stimuli over time in the music playback fMRI task 
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demonstrates the effectiveness of the learning process and translates to a heightened ability 

to play the piano. 

3.2.3.2. Neuroimaging results 

3.2.3.2.1. Main Effects of Tasks 

The piano key pressing fMRI task elicited activation in brain regions known to be involved 

in auditory processing (superior temporal gyrus, Heschl's gyrus), sensory perception 

(postcentral  gyrus), motor planning and control (precentral gyrus, supplementary motor cortices, 

cerebellum, thalami, putamen, caudate nuclei), higher-order movement monitoring, 

and  auditory-motor integration (inferior frontal gyrus, parietal cortex) (Zatorre, Chen, 

and  Penhune 2007) across all three conditions (Figure 3.2.4). The bimanual symmetric 

and  asymmetric conditions additionally revealed complementary activation in the occipital cortex 

as well. 

Consistent with previous findings on asymmetric bimanual tasks, the current results 

revealed significant activation differences between the bimanual asymmetric and symmetric 

conditions (Figure 3.2.4.d). These differences were observed in brain regions associated with 

spatial attention, auditory-motor integration, as well as supplementary motor areas and the dorsal 

premotor cortex. More activation in the left anterior insula might also be related to executive 

control of movement (Molnar-Szakacs and Uddin 2022; Tinaz et al. 2018) and auditory-motor 

integration (Kleber et al. 2013). 

These findings likely reflect the increased demands placed on the motor system during 

the  asymmetric condition compared to the symmetric condition, requiring more complex 

coordination of both hands. Similar observations were reported in a case study by Endestad 

and colleagues (2020), where a pianist exhibited a comparable network activation pattern (dorsal 

premotor cortex, primary somatomotor cortices, inferior parietal regions, precuneus, cerebellum) 

when playing more difficult versus easier musical pieces. These results align with research on non-

musical bimanual coordination (Aramaki, Osu, and Sadato 2010; Matsuda et al. 2009) 

and highlight the importance of ecologically relevant paradigms for studying musicianship. 

The current study extends these findings by demonstrating that similar activation differences, 

associated with task difficulty, can be observed even in novice pianists. 

In the music playback fMRI task, the evoked brain activation encompassed a network 

typically associated with playing a musical instrument, including bilateral auditory regions, the left 
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motor cortex, and supplementary motor and cerebellar areas (Figure 3.2.14). This finding aligns 

with prior research on music production (Pando-Naude et al., 2021; Zatorre et al., 2007). 

The  supplementary motor area is known to be involved in visuomotor coordination and learning 

(Kawashima, Roland, and O’Sullivan 1994). The dominance of left sensorimotor regions might be 

attributable to the inclusion of right-hand only trials or the right-handedness of the participants. 

Beyond the auditory and motor regions, activation was observed in the bilateral temporal poles 

and the inferior frontal gyrus (pars opercularis). The temporal poles are multifunctional regions 

implicated in various cognitive functions, including naming, word-object labelling, and semantic 

processing across modalities (Herlin, Navarro, and Dupont 2021), and were not expected to be 

related to music playback. In this task, which required melody recognition before playing, 

the involvement of temporal poles might be related to these aspects. Previous studies have linked 

damage to temporal poles with difficulty in music recognition and naming (Belfi, Kasdan, and 

Tranel 2019; Belfi and Tranel 2014; Johnson et al. 2011; Schneider et al. 2018). Alternatively, Abrams 

and colleagues (2011) suggest that activation in the temporal pole might be associated with 

decoding the temporal structure of music and speech. The pars opercularis, a subregion 

of  the inferior frontal gyrus, is thought to be involved in representing syntactic and phonological 

processing, as well as motor control, in the context of speech and music (Asano, Boeckx, and Seiferd 

2021).  

In conclusion, both tasks effectively identified brain regions engaged in playing a musical 

instrument in novice pianists. Previously, this setup was only validated in trained musicians 

(Olszewska et al. 2023). Thus, the elicited brain responses in novices are in line with expectations 

and the tasks are suitable for studying training-related changes. 

3.2.3.2.2. Longitudinal analyses 

The longitudinal design of the second study employed a unique scanning schedule 

to isolate the effects of task repetition prior to the onset of training with the piano key pressing 

fMRI task. This design revealed significant reductions in brain activation for both the unimanual 

(right hand) and bimanual (symmetric) conditions between the TPpre-training and the TPonset 

(Figure 3.2.3.   a, b). In the unimanual (right hand) condition, these changes were localised in the brain 

regions associated with sequence automatisation, thalamus and caudate nucleus. The bimanual 

(symmetric) condition exhibited a different pattern, where the reduced activation was present 

in the precuneus and superior parietal cortex. In studies on motor sequence learning, 
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a deactivation in these areas is typically linked to the acute phase of motor sequence learning 

(Doyon et al. 2009). 

These findings suggest that, contrary to the hypothesis H2.1°, some of the observed 

decreases in brain activation might be attributable, at least in part, to task repetition itself, 

rather than being specific to piano training. However, in the case of the most demanding condition 

(bimanual asymmetric), the hypothesis was confirmed; pre-training reductions in brain activation 

were not present, even though task performance improved across all three conditions 

from  the  TPpre-training to the TPonset (Figure 3.2.1).  

Training-related changes were measured between time-points TPonset (beginning 

of training) and TPend (end of the piano course after 26 weeks in training). In the unimanual (right 

hand) condition, no significant functional adaptations were observed within this timeframe. 

Therefore, task repetition itself may have been the primary factor driving the earlier changes 

in brain activation observed in this condition (Figure 3.2.3). In contrast, the bimanual conditions 

exhibited diverse patterns of training-induced neuroplasticity.  

The bimanual symmetric condition displayed the most dynamic changes, with a region-

specific and time-specific reorganisation of brain activation, primarily localised in the left parietal 

cortex (Figure 3.2.5 b). A closer examination through pairwise comparisons revealed a decrease in 

activation between the beginning of training and the 13-week mark in the right inferior frontal 

gyrus and right insula (Figure 3.2.6). For other affected regions, mainly in the motor planning 

and control networks, sequential increases in activation were observed throughout training 

(Figures 3.2.7-3.2.10). Importantly, apart from the right angular gyrus, no significant effects 

were  observed between the onset and the end of training, underscoring the importance 

of  multiple measurement sessions during training to reveal the dynamic changes. 

Visual   inspection of the training-related trajectories showed that the regions display a ‘u-shaped’ 

response, and a pre-post design would not have identified these adaptations (Figure 1.5.1. d). 

However, most of the significant changes were related to increases between the time-point 

characterised by the lowest activation, and the end of training. This lowest activation time-point 

differed per brain area, with some responding already after one week of training (the parietal 

cortex, cerebellum and middle cingulate gyrus), others after six weeks of training (parietal cortex 

and middle frontal gyrus), and most in the second half of training (left caudate, bilateral inferior 

frontal gyrus, left middle and superior frontal gyri, and the bilateral supplementary motor cortex, 

among others). 
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The bimanual asymmetric condition also revealed training-related changes in brain 

activation patterns, particularly within the right parietal cortex and cerebellum (Figure 3.2.5c). 

Pairwise comparisons between time-points indicated a sequential pattern of decreases, starting 

in  the parietal cortex and followed by regions within the motor network and insula 

(Figures 3.2.11 - 3.2.13).  

The observed changes in activation differed between the symmetric and asymmetric 

conditions, with opposite patterns emerging in all identified regions except the anterior insula. 

This finding suggests that the increased demands of the asymmetric condition necessitate 

adaptations within a distinct distributed network compared to the symmetric condition. 

In the music playback task, The Main Effect of Time was computed for the period from 

TPweek 1 to TPend, as the task could not be given to the novice pianists before they could actually play 

even the simplest of the musical pieces. This analysis revealed widespread training-related 

changes across multiple brain networks (Figure 3.2.14 a) including regions involved in procedural 

movements and motor planning (caudate nucleus, cerebellum), musical syntax processing 

and error monitoring (inferior frontal gyrus), memory retrieval (posterior hippocampus), 

and auditory-motor integration (superior parietal lobule). For all regions, brain activation 

decreased with time, what is visualised in trajectories of peak activations (Figure 3.2.14 b) 

and revealed by pairwise comparisons between time-points (Figure 3.2.15). 

Additionally,  the  conjunction analysis found no statistically significant overlap between 

the  regions revealed in the Main Effect of Task and the Main Effect of Time. These results support 

the hypothesis H2.2°, as training-related changes were found in the dorsal auditory stream for both 

tasks, and are consistent with research on motor sequence training. A decrease in the activation 

of  parietal and premotor cortices was associated with motor training, in a disjunction from regions 

involved in the task itself (Garzón et al. 2023). A decrease in brain activation in the late compared 

to early training was shown previously in the two single-session studies where novices learned 

to  play simple melodies (Brown and Penhune 2018; Chen, Penhune, and Zatorre 2009). Yet, these 

results need to be interpreted carefully, as the decrease in activation within a single session might 

reflect a repetition-suppression effect (Brown et al. 2013; Garrido et al. 2009). 

Furthermore, the music playback fMRI task revealed an asymmetry in the decrease 

of training-related activation within sensorimotor areas associated with left-hand movement, 

but not right-hand movement, as observed on a whole-brain analysis (Figure 3.2.14). 

This asymmetry might be attributable to the right-handedness of the participants. In right-handed 
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individuals, fine motor control of the right hand is typically well-established by early adulthood, 

while the left hand requires more effort to achieve similar dexterity (Gut et al. 2007; Lee, Jin, 

and  An 2019). This interpretation is further supported by the findings from the independent 

regions of interest analysis.  

Three independent regions of interest associated with music production were identified 

based on a meta-analysis of Pando-Naude and colleagues (2021). They represented the right 

auditory, right motor and left sensorimotor regions. The analysis of these ROIs revealed distinct 

temporal dynamics in their activation patterns. The auditory ROI displayed no significant change 

over time, while both motor-related ROIs exhibited a significant decrease in activation at TPend 

compared to TPweek 1. After 13 weeks, a significant difference emerged between the auditory ROI 

and both motor ROIs. By 26 weeks, all three ROIs showed significant differences, including 

a distinction between the left and right motor regions. Activation in the right motor region, 

associated with left-hand movement, decreased at a faster rate than the activation in the left 

motor region. These findings suggest a process of distinct functional reorganisation within 

auditory and motor regions during the initial six months of piano training. Auditory regions 

maintained stable activation, while left sensorimotor ROI underwent gradual decreases 

in activation, and the right motor regions exhibited the most rapid changes. This pattern aligns 

with the interpretation based on the whole-brain analysis, suggesting that brain activation related 

to left-hand movement required more adaptations compared to the right hand in this right-

handed participant group. 

Finally, the follow-up period revealed no significant changes in brain activation for any 

condition within the piano key pressing fMRI task. This suggests a potential persistence of training-

related effects for several weeks after the training concluded, even in the absence of further 

targeted intervention, and no spontaneous change, in line with the hypothesis H2.3°. 

 

Overall, the observed neuroplastic changes associated with both fMRI tasks mirror those 

reported in motor training studies (e.g. Berlot, Popp, and Diedrichsen 2020; Garzón et al. 2023). 

These findings suggest a shift from spatial attention during motor control to a more automatised 

movement execution. It is important to note that a significant portion of the observed dynamic 

changes occurred during the later stages of training, and might not have been captured in a study 

with a shorter duration. Interestingly, no changes were localised in brain regions linked to auditory 

processing, which supports the null findings from Study 1 on auditory processing. 
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The current results underscore the complexity of functional neuroplastic processes.  

Training-related adaptations emerge as non-linear, dependent upon the brain region, training 

phase, and specific task demands. Because the spatial and temporal characteristics of plasticity 

induced by training are shaped by the interplay between engaged brain systems and their 

demands, they may not necessarily translate well to simpler versions of the task, as illustrated by 

the differences between the asymmetric and symmetric conditions. Furthermore, the results 

highlight the importance of ecologically relevant designs for investigating tasks involving complex 

movements. 

3.3. Study 3: Cross-sectional approach - novices vs musicians 

This study was conducted to complement the results from the longitudinal studies 

by comparing the novice pianists to a group of trained musicians. The two groups were compared 

cross-sectionally at two time-points: before and after the completion of the piano training course 

by the novices. The comparison involved the tonal working memory behavioural task and a piano 

key pressing fMRI task in all three experimental conditions differing in bimanual control demands 

(unimanual, bimanual symmetric, bimanual asymmetric). 

3.3.1. Behavioural results 

3.3.1.1. Tonal working memory (tonal n-back task) 

The tonal n-back behavioural task investigated differences in tonal working memory 

between novice pianists and trained musicians before and after the musical training course. 

A t-test analysis revealed a significant difference in mean 2-back task performance between 

the  two groups before training (T=-8.276, df=40.085, p<0.001, 95%CI=[-30.2, -18.34]) (Figure 3.3.1). 

Similarly, when the training completed, the difference between the novice pianists and the trained 

musicians continued to be significant (T=-8.775, df=34.276, p<0.001, 95%CI=[-28.61, -17.85]). 

Because the performance of novice pianists in the 3-back condition remained at chance level, 

no  meaningful comparison could be performed. 
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Figure 3.3.1. The performance of the tonal n-back (behavioural tonal working memory task) in the 2-back and the 3-back 
conditions in trained musicians and novice pianists. Dots with whiskers indicate the sample means and the 95% 
confidence intervals; smaller dots represent individual subject data. 
 

3.3.2. Neuroimaging results 

3.3.2.1. Piano key pressing fMRI task 

This analysis compared brain activation patterns of novice pianists before (TPonset) 

and after training (TPend) to the brain activation pattern of trained musicians (Figure 3.3.2, 

Table S12). The  comparison included all three of the experimental conditions of the piano key 

pressing fMRI task: unimanual, bimanual symmetric and bimanual asymmetric. Additionally, 

the contrast bimanual asymmetric>symmetric was examined as well.  

In the unimanual (right hand) condition, no differences were observed in brain activation 

patterns between the novices before training (TPonset) and musicians. At the cessation of training 

(TPend), increased activation was observed in the cerebellum (crus II and lobule VIIb) of trained 

musicians compared to novice pianists.  

The comparison between trained musicians and novice pianists revealed no significant 

differences in brain activation patterns in the bimanual symmetric condition either at pre-training 

(TPonset) or post-training (TPend). At pre-training (TPonset), novices exhibited greater activation 

compared to trained musicians during the bimanual asymmetric condition in the lobule VIII of the 
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cerebellum, the superior frontal gyrus  bilaterally in the region of the dorsal premotor cortex, 

and  in the right superior parietal gyrus. However, no significant differences in activation were 

observed between novice pianists and trained musicians at post-training (TPend) in this condition. 

Finally, the comparison bimanual asymmetric>symmetric showed increased activation 

in novice pianists compared to trained musicians before training (TPonset) in multiple brain areas. 

These included the left cerebellum lobule VIII and the right superior parietal gyrus extending into 

the inferior parietal and postcentral gyri and precuneus, the right superior frontal gyrus (including 

dorsal premotor cortex), and the left superior parietal gyrus, extending into the inferior parietal 

gyrus, precuneus and angular gyrus. No significant differences in activation were found in this 

contrast comparison between novice pianists at the end of training (TPend) and trained musicians. 

 
TPonset (before training) TPend (after training) 

a) unimanual (right hand) 

  
b) bimanual symmetric (←→) 

  
c) bimanual asymmetric  (→→) 

  
d) bimanual asymmetric>symmetric 

  
 

Figure 3.3.2. The comparison of brain activations during the piano task between novice pianists and musicians pre-

training (TPonset, left) and post-training (TPend, right): Novices>Musicians (orange), Musicians>Novices (purple).  
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3.3.3. Summary and discussion 

This study aimed to complement the results of the longitudinal designs with converging 

evidence from cross-sectional comparison between novice pianists before and after training 

to trained musicians. Using tonal working memory behavioural task and a piano key pressing fMRI 

task, aspects of auditory processing and neural correlates underlying playing the piano 

were  compared before training started (TPonset) and after it was completed (TPend).  

In the tonal working memory behavioural task, musicians significantly outperformed 

novices at both time-points. The performance difference between the musically trained and naïve 

groups replicates the result from the original experiment (Ding et al. 2018). 

However,   the prediction (H3.1°) was not confirmed; the difference between the trained musicians 

and novice pianists in tonal working memory performance persisted after training was complete. 

Similarly as in Study 2, the piano key pressing fMRI task was performed in three conditions 

differing in motor coordination demands, from the simplest requiring no bimanual coordination 

(unimanual right hand) to an intermediate (bimanual symmetric), to the most demanding (bimanual 

asymmetric). Before training, the only significant differences were observed in the most demanding 

task (bimanual asymmetric), where novice pianists exhibited increased activation in the dorsal 

premotor cortex bilaterally, the right parietal cortex and left cerebellum. These differences 

disappeared after the twenty-six weeks of training, when no differences were observed in brain 

activation between novice pianists and trained musicians in any of the bimanual conditions. 

However, by the end of training, the brain activation of novices was decreased compared to 

musicians in the cerebellum in the unimanual (right hand) condition, possibly due to high familiarity 

and continuous training of this particular sequence. The observed pre-training differences 

between novice pianists and trained musicians resemble differences between musicians and non-

musicians on bimanual tasks in previous studies (Haslinger et al. 2004; Jäncke, Shah, and Peters 

2000) and are localised in brain areas revealed by Study 2.  

Additionally, a direct comparison between the two bimanual conditions (bimanual 

asymmetric>symmetric) revealed a larger difference in brain activation in novice pianists compared 

to trained musicians bilaterally in the parietal cortex, the right dorsal premotor cortex, 

and the cerebellum. After the cessation of training, the comparison between both bimanual 

conditions did not differ between the two groups. The identified regions are involved in auditory-

motor coordination and motor control. Thus, before training, novices required additional 

involvement of these regions to perform the bimanual asymmetric task condition than the symmetric 
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one, compared to the differences in musicians. Previously, differences in brain activation between 

musicians and non-musicians in complex bimanual tasks have been identified previously 

(e.g.,   Haslinger et al. 2004; Jäncke, Shah, and Peters 2000), albeit more in subcortical regions, 

what might be related to the nature of the task itself. In the current project, these differences 

disappeared after training, supporting the hypothesis H3.3°. 

These results corroborate the findings of the longitudinal experiment, showing that 

playing the piano required increased brain activation from novices at the beginning of training 

in the demanding bimanual task condition. The bimanual asymmetric condition was designed to put 

increased demands on the motor system, in terms of motor coordination and motor control, 

similarly to piano playing. As the training reached its end, the cortical brain activation in novice 

pianists equalised with that of trained pianists. Thus, the hypothesis H3.2° was supported by 

the  findings of  Study 3.  
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4. General Discussion 

To be an effective scientist one must be more than a scientist, and a philosopher must be more than 
a thinker. For the analytic measurement of nature tells us nothing if we cannot see nature in any 
other way. 

— Alan W. Watts 
 

Brain, as the source of all behaviours, changes and adapts in the process called training-

related neuroplasticity to support novel skills going beyond its original capabilities. Playing the 

piano, as well as other musical instruments, is a complex and multifaceted skill which involves 

aspects of motor execution, auditory perception, auditory-motor integration, and cognitive 

processes such as memory, emotion or pleasure (Zatorre, Chen, and Penhune 2007). At the same 

time, playing a musical instrument is a typically human behaviour, engaged with by many 

individuals on a daily basis. Therefore, it is considered a useful model to study human brain 

plasticity on various time-frames, from short-term interventions to studying pianists as a human 

model of lifelong learning (Olszewska et al. 2021, Zatorre, Chen, and Penhune 2007).  The current 

project investigated how brain activation changes in time in adult novice pianists performing 

various musical tasks, such as music listening or playing the piano. It concerned three studies, 

combining longitudinal and cross-sectional approaches to investigate auditory and motor aspects 

of musical training, and their interactions. The outcomes of the fMRI tasks were supported 

by the results from behavioural observations, and the longitudinal design was combined with 

the cross-sectional comparison between novice pianists and trained musicians. In this manner, 

musical training was used in a framework to understand functional brain reorganisation 

supporting the acquisition of a complex skill.   

4.1. Summary of the discussed studies and their outcomes 

4.1.1. Study 1: Auditory processing 

Music is typically understood as a primarily auditory phenomenon (Honing 2021; Jaschke 

2023); therefore it is understandable that studies on musical training investigate how it impacts 

auditory processing. In Study 1, the auditory processing of novice pianists was investigated 

in the manner inspired by previous research, via a passive music listening fMRI task. 

This was supplemented by the behavioural tonal working memory task (tonal n-back), 

which was employed to account for near-transfer of auditory processing adaptations to a cognitive 
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domain. There were no differences at baseline between the novice pianists and the passive controls 

in the music listening task, and no repetition effects, which could point to pre-training differences 

between groups. However, this study resulted also in null findings for the training period, as there 

was an absence of effects of group, group×time interactions or any effect of time between the 

training onset and the end of training. Similarly, no changes in task performance with time were 

observed in the tonal n-back task, suggesting that the auditory processing or tonal working 

memory did not change with time or training in either of the novice pianists or passive control 

groups. 

4.1.2. Study 2: Playing the piano 

Playing a musical instrument is a behaviour which requires the brain to integrate motor 

activity with the auditory feedback resulting from it. Motor aspects and auditory-motor 

interactions related to playing the piano were assessed in Study 2, which used the piano key 

pressing fMRI task and the music playback fMRI task. This study revealed the complexities of the 

training-related functional neuroplasticity, which was dependent on the brain region investigated 

and the task demands for which the activation was measured. Some of the effects in the less 

demanding tasks (the unimanual and bimanual symmetric conditions of the piano key pressing fMRI 

task) could be attributed to repetition and not musical training. In the most demanding condition 

of the piano key pressing fMRI task (bimanual asymmetric), as well as in the music playback fMRI 

task, the brain activation changes were indicative of a shift from spatial attention during motor 

control to a more automatised movement execution. This shift was reflected by a decrease in brain 

activation in the parietal, supplementary motor, dorsal premotor and cerebellar regions, 

and  the  caudate nucleus, constituting the cortico-cerebellar and cortico-striatal motor networks. 

No further significant changes were observed in the follow-up period. Notably, training-associated 

changes were dependent on brain region and the phase of training. 

4.1.3. Study 3: Cross-sectional approach - novices vs musicians 

For many musicians, whether formally or autodidactically trained, playing a musical 

instrument starts in childhood and lasts many years. However, such long study time-frames are not 

viable in the context of a PhD project. Study 3 combined longitudinal and cross-sectional designs 

to compare the brain adaptations related to the twenty-six weeks of training in novice pianists with 

the lifelong training of musicians. Before training, novices exhibited increased brain activation 
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in  the  bimanual symmetric condition of the piano key pressing fMRI task compared to trained 

musicians. After training, the brain activation in the novice pianists equalised with the level 

observed in the trained musicians. However, the performance of novices in the tonal working 

memory was lower than the performance of trained musicians both before and after the training. 

 

The findings of all three studies were discussed in detail in previous sections. 

In the following sections, they are combined into a comprehensive insight on the dynamics 

of auditory and motor adaptations related to piano training in novice adult pianists, its importance 

and implications. 

4.2. The complicated relationship between musical training 

and auditory processing 

The proposed relationship between musical training and improved auditory processing 

is  a  recurring theme in the studies on neural adaptations stemming from learning to play 

an instrument (Herholz and Zatorre 2012; Olszewska et al. 2021; Papadaki 2023). 

However,  as  discussed in the introduction section 1.3, most of the evidence in favour of musical-

training-related plasticity resulting in improved auditory processing comes from cross-sectional 

studies and correlational evidence (e.g. Bangert et al. 2006; Bianchi et al. 2017; Habermeyer et al. 

2009; Limb 2006; Oechslin et al. 2013; Ohnishi 2001; Seung et al. 2005). 

Based on Study 1, there is no evidence in favour of the impact of piano training on auditory 

processing of musical stimuli or the performance in the tonal working memory task of novice 

pianists. Studies 2 and 3 did not find any significant changes in the activation of the auditory 

cortices or auditory association areas related to musical training in novice pianists performing 

musical tasks, or differences between musicians and non-musicians in the auditory regions. 

As discussed in section 3.1.3, this may suggest that the training duration was too short to evoke 

adaptations in auditory processing, including ones leading to improved tonal working memory. 

Since musicians learn and engage with music for many years, it is likely that the twentys-six weeks 

training period was too brief to elicit training-related adaptations related to musical processing 

in a similar manner. However, given that previous longitudinal studies identified the responses 

in the auditory cortices to be a predictor of learning performance rather than learning effect 

(Herholz et al. 2016; Wollman et al. 2018), it is also possible that the differences in auditory 
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processing observed between musicians and non-musicians found in cross-sectional studies 

(Bianchi et al. 2017; Habermeyer et al. 2009; Oechslin et al. 2013; Ohnishi 2001) might stem from 

predispositions and not training itself.  

One explanation might be that the difference in brain activation in response to musical 

stimuli and in tonal working memory performance between musicians and non-musicians stems 

from a self-selection bias. Individuals with better-than-average auditory processing are more likely 

to pursue musical training in the first place. Additionally, the admission process to formal musical 

education in Poland, as well as many other countries, requires candidates to pass musical aptitude 

tests. Thus, one might expect a bias towards improved auditory processing in musicians who 

underwent formal music education compared to the general population. Since the novice pianists 

sample was drawn from the general student population in the current project, and they did not 

choose to pursue musical training in childhood, this bias would be present only in the trained 

musicians' sample.  

Alternatively, it is possible that the age of onset in the novice pianists group was too high 

for the musical training to elicit adaptations seen in younger populations. Most musicians, 

including the ones in the current sample, start their musical training around the age of seven years 

old (Penhune 2022). Age of onset can be an important factor as there is evidence that auditory 

processing is shaped by the interaction between developmental and experience-related plasticity 

in the sensitive period in the first decade of life (Penhune 2022). Since the current sample of novice 

pianists consists of young adults, it might be that the plasticity of the auditory system has 

diminished by adulthood compared to the typical age of onset of musicians . 

Lastly, with bulk of the evidence for auditory adaptations in response to musical training 

coming from listening tasks in cross-sectional designs (e.g. Bangert et al. 2006; Bianchi et al. 2017; 

Habermeyer et al. 2009; Limb 2006; Oechslin et al. 2013; Ohnishi 2001; Seung et al. 2005), 

it  is  possible that these training-related effects and differences between musicians and non-

musicians might be related to other mechanisms than auditory processing itself. Instead of 

altering the fundamental sensory processing, these differences might reflect familiarity of the 

musical stimuli (Freitas et al. 2018; Schwarzbauer et al. 2006), or be related to attentional 

and  salience effects. However, the unexplored role of attention and salience in shaping auditory 

responses to musical stimuli in novice musicians warrants further research. 
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4.2.1. Lack of transfer effects to a cognitive auditory domain of tonal 

working memory 

To my knowledge, the current project was the first one to investigate the effect 

of instrumental musical training on tonal working memory longitudinally in novice musicians. 

In Study 1, no improvement was observed for the training period in task performance for the tonal 

working memory. The comparison between novice pianists and trained musicians performing 

the task in Study 3 supported the outcomes of Study 1. The musicians significantly outperformed 

the novices at both time-points, the results confirmed that the twenty-six weeks training period 

was not sufficient to improve tonal working memory of novice pianists to the level exhibited 

by trained musicians. These findings are in line with the conclusions from a recent review 

on the effects of music training on non-musical abilities (Schellenberg and Lima 2024). 

The lack of impact of musical training on auditory processing and tonal working memory 

suggest that other mechanisms outside of training itself might be the source of differences 

observed between musicians and non-musicians. A recent meta-analysis of longitudinal studies 

has concluded that music training might have produced small neurobehavioral enhancements 

in auditory processing, albeit with a suspicion of publication bias contributing to this result 

(Neves et al. 2022). These findings have been assessed as inconclusive, as the study designs 

of many of the included publications  suffer from limitations which hinder their ability to infer 

causal effects (Román-Caballero and Lupiáñez 2022). Indeed, scepticism about the transfer effects 

from musical training to cognitive domains increases, as pitfalls in methodological approaches 

of older studies with positive findings become apparent (Schellenberg and Lima 2024). 

Notably, the lack of effects in time for auditory adaptations in any of the studies 

in the current project and investigated tasks makes it impossible to draw any conclusions about 

the  time-course of auditory changes and their dynamics. 

4.3. Motor system adaptations and auditory-motor interactions 

Motor system adaptations and auditory-motor interactions in novice pianists were 

investigated using the piano key pressing fMRI task and the music playback fMRI task in Study 2. 

The current project was also the first one to investigate how bimanual aspects of piano playing 

affect the training-related changes in novice pianists. By a comparison to the expert group 

of trained musicians in Study 3, it was possible to assess whether the observed changes from Study 
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2 represent training-induced adaptations predicted from cross-sectional studies on musicians 

and  non-musicians.  

The approaches in Study 2 and Study 3 are challenging because the tasks themselves 

are difficult; the fMRI task should be simple enough to be performed by untrained participants, but 

also reflect aspects of real practice which will allow the conclusions to be generalised 

to the behaviour observed outside of the research environment. The piano key pressing fMRI task 

was designed for this purpose. Its three conditions varied in task demands, with the bimanual 

symmetric and bimanual asymmetric conditions, although engaging both hands in a similar manner 

and consisting of similar movements, resulted in vastly different findings. This was illustrated 

by the significant difference in brain activation evoked by the symmetric and asymmetric conditions 

in regions responsible for auditory-motor integration, such as the parietal cortex and the dorsal 

premotor cortex in Study 2. In Study3, in line with the studies on bimanual coordination (Aramaki, 

Osu, and Sadato 2010; Matsuda et al. 2009), novice pianists exhibited increased brain activation 

in the bimanual asymmetric compared to the symmetric condition before training. These findings 

supported the notion that the asymmetric condition was indeed more demanding than 

the symmetric one. The music playback fMRI task was used specifically to investigate training-

related changes while actually playing the piano, filling a gap in literature; previous research 

concentrated mostly on listening tasks (e.g. Che et al. 2022; D’Ausilio et al. 2006; Herholz et al. 

2016; Krishnan et al. 2018; Lister et al. 2023; Ohnishi 2001; Schmithorst 2005; Seung et al. 2005). 

The piano key pressing fMRI task in its three conditions and the music playback fMRI task 

evoked varying time-courses of brain adaptations as training progressed. They localised 

in the dorsal auditory stream and areas of the motor network, but demonstrated complexity 

and dependence on context and task demands. They revealed a complex and multifaceted nature 

of changes within the motor system and regions associated with auditory-motor integration, 

as well as their relation to task performance. For instance, in the piano key pressing fMRI task, 

the training-evoked changes in specific brain areas, such as the parietal cortex, supplementary 

motor area, dorsal premotor cortex, insula or the cerebellum, occurred at different phases 

of the training. For some of these areas, such as the inferior parietal gyri or the supplementary 

motor area, the direction of the changes also differed between the task demands, as the activation 

increased in the latter part of the training in the bimanual symmetric condition and decreased 

in  the  early weeks of the bimanual asymmetric condition. The music playback fMRI task revealed 

modifications of brain activation in the striatum and premotor cortex from the first week 
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of  training, while hippocampal responses only emerged after six weeks. This regional 

and temporal heterogeneity is further supported by the ROI analysis, which showed distinct time 

courses for left and right sensorimotor regions. Such a specific patterning of brain reorganisation 

in space and time, previously hinted on by studies on motor skill training (Doyon et al., 2009; 

Penhune & Steele, 2012), has not been documented within the context of musical training before. 

4.3.1. Bimanual coordination as a crucial component of motor adaptations 

In the piano key pressing fMRI task, the bimanual asymmetric condition was the most 

demanding, compared to bimanual symmetric and unimanual conditions. Only in this bimanual 

asymmetric condition, task-related brain activations and the time-course of changes were similar  

to the music playback task, and thus characteristic to piano playing. Therefore, the bimanual 

asymmetric condition could be used to investigate training-related changes during the first week, 

where the music playback task itself was not viable due to the inability to perform any stimuli 

by the novices before training. While no significant effects were observed within this first week, 

a decrease in activation between the onset of training and 6 or 13 weeks of training were observed 

for many regions of the motor system, including regions involved in auditory-motor integrations 

(Figures 3.2.11 and 3.2.12). 

In Study 3, the comparison between novices and musicians in the bimanual asymmetric 

condition of the piano key pressing task indicated that, indeed, early stages of training require 

novice pianists to involve additional resources in brain areas related to auditory-motor integration, 

such as the parietal and supplementary motor regions and the dorsal premotor cortex, to perform 

the task. By the end of training, as the brain activation of novice pianists decreased, it equalised to 

the activation of trained musicians performing the same task. The lack of differences between 

groups by the end of training suggest that the same brain networks support task execution by the 

end of training. Therefore, the twenty-six week training period was sufficient to evoke adaptations 

in the motor system and auditory-motor integrative areas for a highly demanding bimanual 

coordination task in novice pianists.     

Previous research suggests that musicians exhibit lower brain activation compared to non-

musicians during demanding bimanual tasks (Haslinger et al. 2004; Jäncke, Shah, and Peters 

2000), pointing to a more specialised processing strategy employed by musicians for these 

complex tasks. This difference was observed in the comparison between the bimanual asymmetric 

and symmetric conditions of the piano key pressing fMRI task before training, when novices 
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exhibited greater differences between conditions than trained musicians. After training, 

the differences in brain activation between the two conditions were the same in the novice pianists 

and the trained musicians, further supporting that the same brain networks supported the 

execution of the task in both groups. 

As mentioned above, the conditions of the piano key pressing fMRI task in Study 2 

presented a spectrum of bimanual task demands. They resulted in differential time-courses 

despite similar progress in behavioural task performance. However, all three tasks were simpler 

than actually playing music on the piano, which was performed in the music playback fMRI task. 

Only the time-course of the brain activation changes in the most demanding bimanual condition 

of the piano key pressing fMRI task resembled the dynamics of the changes observed in the music 

playback fMRI task. As Makin and Orban de Xivry (2019) emphasise, robust conclusions 

in longitudinal design require the use of appropriate control measures, such as control conditions, 

tasks, time-points, or participant groups. This is particularly crucial when experimental tasks 

diverge from real-world scenarios of the processes under investigation. The findings of the current 

project emphasise the importance of these design considerations, showing that seemingly similar 

task conditions, such as the bimanual symmetric and the bimanual asymmetric ones, can yield various 

results and strikingly different conclusions regarding training-related reorganisation of brain 

activation. 

4.4. Musical-training-related neuroplasticity and the models 

of neuroplasticity dynamics 

The time-course, or dynamics, of training-related changes during skill acquisition has been 

proposed to follow various trajectories described by different models. In light of these models of 

neuroplasticity dynamics, the map expansion model (Grafman 2000) could not explain any of the 

changes observed in all experimental tasks. Notably, the areas primarily activated by the music 

playback fMRI task remain unchanged in the course of training, as demonstrated by the null results 

of the conjunction analysis (section 3.2.2.4). The expansion-renormalisation model (Wenger et al. 

2017) predicts an inverted ‘u-shaped’ response, also not present in the data. Even though the 

decrease of activation observed in the music playback task and the asymmetric condition 

of  the  piano key pressing task might reflect the latter ‘renormalisation’ phase of brain adaptations, 

the general shape of the observed changes resembles more a ‘u-shaped’ than an ‘inverted u-
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shaped’ dynamic. Therefore, the expansion-renormalisation model also does not explain 

the  observed dynamics of functional neuroplasticity in the current project. 

Only the integrated model of motor sequence learning (Penhune and Steele 2012), 

which expects sequential involvement of regions within the cortico-striato-cerebellear network, 

can partly support the current findings. This model predicts e.g., the increasing involvement 

of  the dorsal striatum in the later part of the training, as illustrated by the changes observed 

in  the  caudate nucleus in the bimanual symmetric condition of the piano key pressing fMRI task. 

These changes are proposed to represent the process of chunking and sequence consolidation. 

According to this model, the increased involvement of the cerebellum, occurring from week 1 

to the end of training in the current project, reflects synchronisation mechanisms and the internal 

model representation. Also contributing to the internal model representation are the motor, 

premotor and supplementary motor areas, which involvement was increasing from week six 

to  the  end of training, and the parietal cortex, where various functional areas respond at various 

stages. However, the model does not predict changes in the activation of the inferior frontal 

regions or the insula. Therefore, it is possible their involvement is specific to the musical training 

aspect of the motor sequences, which cannot be explained only in the light of motor-related 

changes. The inferior frontal gyrus has been associated with aspects of performance monitoring 

in musical tasks (Olszewska et al. 2023; Pfordresher et al. 2014) and processes such as 

error monitoring (Li et al. 2006; Rae et al. 2014) or the processing of musical syntax (Koelsch 2005; 

Maess et al. 2001). Differences in the activation of the insula have been associated with musical 

proficiency in performing complex bimanual tasks (Haslinger et al. 2004; Jäncke, Shah, and Peters 

2000). 

In the bimanual asymmetric condition of the piano key pressing task, as well as in the music 

playback task, the significant findings consist of decreases in brain activation of various regions 

of the motor network in the first weeks and months of training, followed by a plateau.  This pattern 

is more indicative of an optimization process within higher-order brain regions involved in motor 

control, auditory-motor integration, memory, and the processing of musical syntax specific 

to  piano playing. At this time, it is not possible to explain such reorganisation in terms of 

the  proposed model of brain plasticity, even though a similar pattern has been observed in a recent 

study on motor training (Garzón et al. 2023). 

In summary, from the three proposed models of brain plasticity dynamics, 

only the integrated model of motor sequence learning can explain some of the observed dynamic 
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changes, but limited to one of the conditions of the piano key pressing fMRI tasks. It is possible that 

training-related changes related to particular processes are too specific to be unified into a single 

brain-wide model which could be used for any arbitrary task.  

4.5. Methodological considerations in the context 

of the replication crisis in science 

4.5.1. The aspect of training duration and nonlinearity of the neuroplastic 

processes 

Replication crisis is a term coined to describe issues with scientific conduct and publishing, 

which lead to the reporting of narrow findings specific to very peculiar study designs and over-

inflation of false positive results, and, in consequence, failure to replicate the effects in subsequent 

studies (Ioannidis 2005). In the neuroimaging field, the multitude of approaches to conducting 

studies and data analyses can lead to contradictory results, even on the same datasets (Botvinik-

Nezer et al. 2020). Therefore, current practices in neuroimaging studies emphasise 

methodological rigour, with meticulous attention paid to factors like sample size and data 

processing (Botvinik-Nezer et al. 2020; Poldrack et al. 2017; Szucs and Ioannidis 2020). 

However,  study duration often receives less scrutiny, and is frequently based on previous studies 

or methodological and practical constraints, not theoretical insight. As such, it is rarely driven 

by  the particulars of the studied processes. In a recent meta-analysis on behavioural and brain 

evidence for the music-training-related enhancement of auditory and linguistic processing (Neves 

et al. 2022), the training duration of interventions varied between 0.7 and 48 months (between 6 

and 48 months for MRI studies). Even though the training period was not found to be a significant 

moderator of the behavioural outcomes, the neuroimaging findings were not analysed in this 

manner. Given the non-linear and task-specific nature of brain activation changes induced 

by  piano training in the current experiments, it could be expected that inhomogeneity of the 

outcomes between studies presented in these meta-analyses might stem from differences 

in training durations, among other factors. Therefore, I argue that the length of a study deserves 

equal consideration, on a par with other methodological aspects, and should be chosen based 

on theoretical insights and prior knowledge. 
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4.5.2. The value of naturalistic interventions and study designs 

One of the strengths of the current project is its naturalistic approach. The musical training 

intervention was delivered by a professional piano teacher in a setting inspired by a music 

curriculum proven outside of research (the Suzuki method). Both of the piano playing tasks, 

the piano key pressing fMRI task and the music playback task, were inspired by the teaching 

method and exercises used for training. Additionally, the stimuli used in the music playback task 

were increasing in difficulty as the training progressed, reflecting the piano course curriculum. 

Finally, trained musicians served as a model of life-long learning and real-life skills, as their musical 

ability was acquired outside of the research environment. Similar approaches were used previously 

in studies on training-related adaptations related to linguistic processing (Banaszkiewicz et al. 

2020; Matuszewski et al. 2021; Kuper et al. 2021; Molendowska et al. 2021). These design choices 

reduce the possibility that the findings are very specific to particulars of the research environment, 

potentially increasing their generalisability and replicability of their conclusions. 

4.6. Practical considerations for real-world interventions 

 The findings of the current project may have several implications for practical music-based 

interventions, where instrumental instruction is used to promote brain health. The lack of effect 

in  the auditory domain in Study 1, whether in the brain responses to musical stimuli or the transfer 

effect on the cognitive domain of tonal working memory in novice adult pianists, is an important 

consideration for practitioners and policymakers involved in music-based interventions. With bulk 

of the evidence available in favour of improvements coming from cross-sectional and correlational 

studies, as depicted in a recent review (Schellenberg and Lima 2024), and scarce evidence or null 

findings from longitudinal studies such as the one from Lister and colleagues (2023) or the current 

project, there is little rationale for introducing music-based interventions for the improvement 

of  auditory processing or cognition at this moment.  

The dynamics of training-related changes also underscores the importance of specific 

time-frames when designing music-based interventions for the improvement of motor 

coordination and auditory-motor integrations. The findings from Study 2 show that initial training 

period has the most impact on movement isolation between the two hands, with training-related 

changes observed in the first weeks followed by a plateau in the music playback fMRI task 

and  the  bimanual asymmetric condition of the piano key pressing task, where movements of 
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the  hands pose high demands on the motor and task control system. Contrarily, the bimanual 

symmetric condition only revealed significant training-related adaptations in the latter part of 

the  training. As this task condition required synchronous and symmetric coordination of hand 

movements, it might suggest that interventions aimed to improve such movement coordination 

require longer training periods. Importantly, the time-frames might also be specific to 

the  population. Recent studies in elderly participants found that piano training only induced 

functional connectivity changes in the motor network, along with improvements in auditory-

motor integration and motor dexterity, after twelve months, but not after six months of practice 

(Jünemann et al. 2023; Worschech et al. 2023). 

These findings suggest that the design of music-based interventions aimed at improving 

auditory processing, cognitive functions, auditory-motor integration and fine motor control 

should carefully consider the necessary training timeframe and the specific transfer effects 

of interest, and test the effects and time-frames in the target population. 
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5. Limitations 

It would be possible to describe everything scientifically, but it would make no sense; it would be 
without meaning, as if you described a Beethoven symphony as a variation of wave pressure. 

― Albert Einstein 

This project's strengths lay in its naturalistic design, validated methodology and multiple 

tasks addressing various aspects of piano training. Its findings are reinforced by a comparison 

to  the passive control group and the expert group of trained musicians, and inclusion of multiple 

time-points, which effectively capture the dynamic nature of neuroplastic changes. However, 

as with any research endeavour, limitations require consideration when interpreting the results. 

One limitation is that the piano key pressing fMRI task and the music playback fMRI tasks 

required the participants to use their auditory feedback only, as no visual feedback was possible 

(participants could not look at their hands). However, all participants were informed 

and accustomed to this limitation and practised playing without visual guidance at home prior 

to the experiment. 

Additionally, in order to avoid the influence of developmental and ageing processes, 

the participant age was chosen to represent a narrow range within young adulthood. This choice 

limits the possibility of generalising the obtained results to children or elderly populations, 

as developmental and ageing processes might interact with the experience-driven neuroplasticity 

investigated here. 

Moreover, due to the nature of the piano tasks, it was not feasible to employ a passive 

control group in Study 2. Control conditions and time-points were used instead. 

However, the design of Study 3 and the comparison to an expert group of trained musicians 

supported the validity of the findings in Study 2. 

Finally, the ‘u-shaped’ dynamics of some of the observed brain activations was studied with 

finer time resolution early in the training, because the project’s expectations were that most of the 

dynamic changes would occur there. While this was the case for some of the outcomes, such as the 

training-related dynamics in the bimanual asymmetric condition, it is possible that some of the 

dynamics in the second half of the training was still missed, and the lowest point of the ‘u-shaped’ 

dynamic might occur even later than the 13 week point. A study with additional measurements 

throughout the whole training period would be necessary to investigate whether such effects 

occur.  
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6. Conclusions 

All human knowledge begins with intuitions, proceeds from thence to concepts, and ends with ideas. 

— Immanuel Kant  

 

This project was aimed to understand the dynamics of training-related neuroplasticity 

in novice piano players over their first six months of training, investigating changes in auditory 

processing and motor control.  The unique design including multiple time-points and the music 

playback fMRI task allowed this project to illustrate not only the extent of neuroplastic changes, 

but also their temporal dynamics. By employing complementary fMRI and behavioural tasks, 

and comparing the novices to the passive controls and the trained musicians, the current research 

provides converging evidence for the role of training in the observed differences between 

musicians and non-musicians in the motor, but not the auditory domain. The findings support 

a causal relationship between musical training and the differences observed in cross-sectional 

studies comparing musicians and non-musicians in motor control and auditory-motor 

interactions. 

Using musical training as a window to explore the dynamic nature of neuroplasticity, 

I demonstrate that the observed changes cannot be fully explained by the proposed models 

of neuroplasticity dynamics, such as the expansion-renormalization model or the integrated 

model of motor sequence learning. This suggests the possibility that no single, universal model 

can  sufficiently explain the dynamics of training-induced neuroplasticity.  

These findings on the contextual and multifaceted nature of musical training-related 

neuroplasticity contribute to a deeper understanding of the processes involved in acquiring real-

life skills. It provides insight into the interplay between bimanual coordination and the time-

course of the changes which occur as novices learn and progress. Such real-life skills often require 

the coordinated involvement of multiple brain systems and movements composed of many 

elements. As the field of using musical training for various interventions, from autism to healthy 

ageing and motor rehabilitation, continues to grow (Viola et al. 2023), this knowledge 

can potentially improve the design of effective musical training-based programs. 
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Supplementary Tables 
Table S1. Music Listening fMRI Task - Main Effect of Task (training period TPonset-TPend). Local maxima separated by 
more than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute 
(MNI) coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left 
hemisphere. 

 
 
Table S2. Piano key pressing fMRI task - Repetition Effects. Local maxima separated by more than 8 mm. Regions were 
automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in the left-right, 
anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. 
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Table S3. Piano key pressing fMRI task - Main Effect of Task (unimanual). Local maxima separated by more than 8 mm. 
Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in 
the left-right, anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. 
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Table S4. Piano key pressing fMRI task - Main Effect of Task (bimanual symmetric). Local maxima separated by more 
than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) 
coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left 
hemisphere. 
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Table S5. Piano key pressing fMRI task - Main Effect of Task (bimanual asymmetric). Local maxima separated by more 
than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) 
coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left 
hemisphere. 
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Table S6. Piano key pressing fMRI task - Main Effect of Task (bimanual asymmetric>symmetric). Local maxima 
separated by more than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological 
Institute (MNI) coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, 
left hemisphere. 

 
 
Table S7. Piano key pressing fMRI task - Main Effect of Time. Local maxima separated by more than 8 mm. Regions were 
automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in the left-right, 
anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. 
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Table S8. Piano key pressing fMRI task - Pairwise comparisons between time-points (bimanual symmetric). Local 
maxima separated by more than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal 
Neurological Institute (MNI) coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, 
respectively. R, L - right, left hemisphere. 

 
 
 
Table S9. Piano key pressing fMRI task - Pairwise comparisons between time-points (bimanual asymmetric). Local 
maxima separated by more than 8 mm. Regions were automatically labelled using the AAL3 atlas. X, Y, Z - Montreal 
Neurological Institute (MNI) coordinates in the left-right, anterior-posterior, and inferior-superior dimensions, 
respectively. R, L - right, left hemisphere. 
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Table S10.  Music playback fMRI task - Main Effect of Task. Local maxima separated by more than 8 mm. Regions were 
automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in the left-right, 
anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. 

 

Table S11. Music playback fMRI task - Main Effect of Time. Local maxima separated by more than 8 mm. Regions were 
automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in the left-right, 
anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. Highlighted peaks were 
later used for the visualisations (Figure 3.2.14B). 
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Table S12.  Music playback fMRI task - Novices vs Musicians. Local maxima separated by more than 8 mm. Regions were 
automatically labelled using the AAL3 atlas. X, Y, Z - Montreal Neurological Institute (MNI) coordinates in the left-right, 
anterior-posterior, and inferior-superior dimensions, respectively. R, L - right, left hemisphere. 
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