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Music performance represents one of the most complex cognitive and motor activities undertaken by humans, 

requiring the integration of multiple sensory modalities, fine motor control, and higher-order cognitive functions. 

This paper provides a comprehensive review of current research on music performance techniques, examining the 

cognitive, motor, and neuroplastic mechanisms underlying skilled musical performance. Through analysis of recent 

studies spanning 2013-2024, we explore how musical training shapes brain structure and function, enhances cognitive 

abilities, and develops specialized motor skills. The review synthesizes findings from neuroimaging studies, 

behavioral research, and performance psychology to present a holistic understanding of music performance as a 

model for human learning and expertise. Key findings demonstrate that musical training induces significant 

neuroplastic changes, enhances working memory and executive function, and develops sophisticated sensorimotor 

integration capabilities. Implications for music education, performance optimization, and therapeutic applications are 

discussed. 
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Introduction 

Music performance stands as one of humanity’s most sophisticated cognitive and motor achievements, 

demanding the seamless integration of auditory perception, motor execution, memory, and emotional expression 

(Schiavio et al., 2024). To what extent does playing a musical instrument contribute to an individual’s 

construction of knowledge? This paper aims to address this question by examining music performance from an 

embodied perspective and offering a narrative-style review of the main literature on the topic (Schiavio et al., 

2024). The complexity of musical performance has made it an ideal model for studying human learning, expertise 

development, and brain plasticity across the lifespan. 

Recent advances in neuroscience and cognitive psychology have revealed that musical training produces 

profound changes in brain structure and function, extending far beyond the musical domain itself. Playing a 

musical instrument is an intense, multisensory, and motor experience that usually commences at an early age and 

requires the acquisition and maintenance of a range of sensory and motor skills over the course of a musician's 
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lifetime (Schlaug, 2015). These findings have significant implications not only for understanding musical 

expertise but also for education, cognitive enhancement, and therapeutic interventions. 

The study of music performance techniques encompasses multiple dimensions: the cognitive processes 

underlying musical interpretation and memory, the motor skills required for instrument manipulation, the 

perceptual abilities needed for real-time performance monitoring, and the neuroplastic adaptations that support 

these capabilities. This paper synthesizes current research across these domains to provide a comprehensive 

understanding of how musical performance techniques develop and function. 

Cognitive Mechanisms in Music Performance 

Working Memory and Executive Function 

Musical performance places extraordinary demands on working memory systems, requiring performers to 

simultaneously maintain musical structures in memory, monitor their ongoing performance, and adapt to real-

time feedback. Musical experience influences working memory processes (Okada & Slevc, 2018), and elder 

musicians exhibit enhanced working memory and visual spatial performance (Grassi et al., 2017; Alves et al., 

2024). These enhancements extend beyond musical tasks, suggesting that musical training produces domain-

general cognitive benefits. 

Research has consistently demonstrated that musicians outperform non-musicians on various working 

memory tasks. Weekly music-based multitask training reduces anxiety in older adults (Hars et al., 2014), and 

long-term music training improves both auditory and visual working memory in non-professional musicians 

(George & Coch, 2011; Putkinen et al., 2021; Alves et al., 2024). These findings suggest that the cognitive 

demands of musical performance serve as a powerful training ground for executive function development. 

The relationship between musical training and cognitive enhancement appears to be particularly robust in 

the domain of attention and cognitive control. Music practice enhances attention, working memory, and speech-

in-noise perception, indicating improved cognitive factors (Kraus et al., 2012; Alves et al., 2024). This 

enhancement in speech-in-noise perception demonstrates how musical training can improve fundamental 

auditory processing abilities that are crucial for communication. 

Memory and Learning Processes 

Musical performance relies heavily on sophisticated memory systems that must encode, store, and retrieve 

complex musical information. The learning of musical sequences involves multiple memory systems working in 

concert, including explicit memory for structural elements and implicit memory for motor patterns (Hikosaka et 

al., 2002). A number of processes are involved when learning a new motor sequence (Hikosaka et al., 2002). 

First, one has to memorize the order of the elements in the sequence (Baralla et al., 2013). 

Mental practice has emerged as a particularly important technique for musical performance development. 

Mental practice (MP) has received substantial attention as a strategy for improving motor performance. MP is 

usually defined as the cognitive rehearsal of a task in the absence of overt physical movements (Baralla et al., 

2013). Research has shown that mental practice can be highly effective for learning musical passages, particularly 

for the cognitive and strategic components of performance. 

The effectiveness of mental practice in music extends beyond simple memorization to include improvements 

in motor anticipation and coordination. This study provides the first evidence of an anticipatory control following 

MP and extends the present knowledge on the effectiveness of MP to a task of unparalleled motor complexity 
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(Baralla et al., 2013). These findings suggest that mental rehearsal activates similar neural networks to physical 

practice, allowing for skill development even in the absence of overt movement. 

Motor Skills and Sensorimotor Integration 

Fine Motor Control and Dexterity 

Musical performance requires exceptionally precise fine motor control, often involving movements that are 

faster and more accurate than those required in most other human activities. Musicians must coordinate multiple 

effectors simultaneously while maintaining temporal precision and dynamic control. The development of these 

skills involves both peripheral adaptations in the hands and arms and central nervous system changes that support 

enhanced motor control. 

Two longitudinal studies tracked the influence of musical training on behavioral and brain activity in 

children between the ages of five and nine. Schlaug et al. (2005) recruited 50 children who were about to begin 

their musical education and compared them with a group of 25 age-, socioeconomic status and verbal IQ-matched 

controls (Kraus & Chandrasekaran, 2010). These studies revealed that musical training produces significant 

improvements in fine motor skills that extend beyond musical tasks. 

The relationship between musical training and motor skill development is particularly evident in studies of 

hand function and dexterity. Clinical research on the application of music-based interventions specifically 

targeting fine and/or gross upper limb skills in elderly people is limited. Kim et al. (2017) assessed age-related 

changes in gross motor function with bimanual drumming tasks (Rodriguez-Fornells et al., 2022). These studies 

demonstrate that musical training can serve as an effective intervention for maintaining and improving motor 

function across the lifespan. 

Auditory-Motor Coupling 

One of the most distinctive features of musical performance is the tight coupling between auditory 

perception and motor action. This auditory-motor coupling allows musicians to use auditory feedback to guide 

and refine their movements in real-time. Research has shown that repeatedly practicing the association of motor 

actions with specific sound and visual patterns (musical notation), while receiving continuous multisensory 

feedback will strengthen connections between auditory and motor regions (e.g., arcuate fasciculus) as well as 

multimodal integration regions (Schlaug, 2015). 

The strength of auditory-motor coupling in musicians is evident in neuroimaging studies that show 

activation of motor areas during passive music listening. Recent discoveries appear to support earlier influential 

works that underscore the significant role of the kinesthetic sense in generating imagery (Seashore, 1938) and 

the interconnectedness between aural and oral channels (Reisberg, 1992). Moreover, contemporary neuroscience 

studies have revealed the activation of motor circuits in the brain during music imagery, particularly during covert 

mental rehearsal (Schiavio et al., 2024). 

This auditory-motor coupling has important implications for learning and performance. Musicians can use 

auditory imagery to practice and refine their performances mentally, activating many of the same neural networks 

involved in actual performance. This capability allows for continued skill development even when physical 

practice is not possible, making mental practice a valuable component of musical training. 

Rhythm and Temporal Processing 

Rhythmic abilities represent a fundamental component of musical performance that has implications 

extending far beyond music itself. Furthermore, there is a close link between language and reading skills and the 



RESEARCH ON TECHNIQUES IN MUSIC PERFORMANCE 

 

413 

ability to perceive and produce rhythm, as widely documented by studies in children with dyslexia (Huss et al., 

2011; Goswami, 2012), or with attention deficits as for example attention-deficit-hyperactivity disorder (Ben-

Pazi et al., 2003), who show difficulties in rhythmic tasks (Kraus & Chandrasekaran, 2010). 

The brain mechanisms underlying rhythm processing involve a distributed network of regions including the 

basal ganglia and supplementary motor area. Music, at its core, engages our motor systems predominantly 

through the element of rhythm. The basal ganglia and the supplementary motor area (SMA) stand out as pivotal 

neural regions governing rhythm processing. Specifically, the basal ganglia take center stage in organizing 

movements, determining timing and sequencing, and forecasting forthcoming rhythmic beats (Brancatisano et 

al., 2023). 

Rhythmic training has been shown to have therapeutic benefits for various neurological conditions. Initial 

clinical evidence has emerged on the effects of active musical instrument playing (i.e., piano or keyboard) to 

improve manual dexterity, finger, and hand motor function for persons with CP (Chong et al., 2013; Lampe et 

al., 2015; Alves-Pinto et al., 2016; Rodriguez-Fornells et al., 2022). These findings highlight the potential for 

rhythm-based interventions in rehabilitation settings. 

Neuroplastic Adaptations in Musicians 

Structural Brain Changes 

Musical training produces some of the most dramatic examples of structural brain plasticity documented in 

humans. These changes are evident across multiple brain regions and involve both gray and white matter 

adaptations. Notable music-induced changes in white and grain matter were also reported. Bengtsson and 

colleagues (Bengtsson et al., 2005) studied the effects of long-term piano playing on the white matter in childhood, 

adolescence, and adulthood using diffusion tensor imaging (Alves et al., 2024). 

The structural changes in musicians’ brains are particularly pronounced in sensorimotor regions. Playing a 

musical instrument demands extensive motor and cognitive abilities, and early musical learning results in plastic 

reorganization of the developing brain—one example being the increased cortical representation area for the left 

little finger in (right-handed) string-players, which correlates with age at the start of training (Johansson, 2006). 

These changes reflect the specific motor demands placed on different body parts during musical performance. 

White matter integrity is also enhanced in musicians, reflecting strengthened connections between brain 

regions. Additionally, white matter integrity was also higher in the right posterior internal capsule. These findings 

suggest that long-term piano practice may cause grey and white matter adaptations in motor brain regions, which 

could affect the number of synapses (Alves et al., 2024). These structural adaptations provide the neural 

foundation for the enhanced cognitive and motor abilities observed in musicians. 

Functional Brain Networks 

Beyond structural changes, musical training also produces significant alterations in functional brain 

networks. These changes are evident in both task-related activation patterns and resting-state connectivity. In 

fMRI studies, a robust activation of various brain regions, including the primary motor area and high cognitive 

areas, was associated with music playing. Significant variations in the functional response were observed in the 

auditory and motor areas after piano training (Liu et al., 2021). 

The functional changes in musicians’ brains extend beyond sensorimotor regions to include higher-order 

cognitive networks. Additionally, resting-state fMRI (rs-fMRI) studies have shown a functional plasticity related 
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to musical training in the parietal opercular auditory–sensorimotor network (Tanaka & Kirino, 2018) and in 

insula-based functional networks (Zamorano et al., 2017, 2019; Liu et al., 2021). These network-level changes 

may underlie the cognitive benefits associated with musical training. 

Developmental Plasticity 

The timing of musical training appears to be crucial for determining the extent of neuroplastic changes. Even 

though the developing brain has the most pronounced changes, the adult healthy brain has a considerable 

plasticity (Johansson, 2006). However, early musical training during critical periods of brain development 

appears to produce the most robust and lasting changes. 

Norton et al. (2005) in a study involving children aged five to seven years, compared those who were about 

to begin music studies with those who were not, and found no pre-existing neural, cognitive, motor or musical 

differences between the groups (Moreno & Bidelman, 2014). This finding is important because it demonstrates 

that the differences observed between musicians and non-musicians are likely due to training rather than pre-

existing differences. 

Performance Psychology and Optimization 

Performance Anxiety and Mental Skills 

Performance anxiety represents one of the most significant challenges facing musicians at all levels of 

expertise. Negative, catastrophic interpretations feed debilitating performance anxiety, which is a significant 

occupational health issue for a high proportion of professional musicians as well as those training for a 

professional career in music performance (Clark & Williamon, 2014). Understanding and managing performance 

anxiety is crucial for optimal musical performance. 

Mental skills training techniques borrowed from sports psychology have shown promise for addressing 

performance anxiety in musicians. Mental skills training protocols which draw from the discipline of sports 

psychology include techniques that integrate mind and body reactions under stress to enable a calm, focused, 

flexible and goal-oriented state of mind (Clark & Williamon, 2014). These techniques help musicians develop 

the psychological skills necessary for optimal performance under pressure. 

Research has shown that performance psychology interventions can be effective in reducing anxiety and 

improving performance quality. Students with a strong sense of competence in musical skills and control over 

their physical and psychological well-being enhance their capacity to exceed their average level of performance 

and achieve an optimal or peak performance (Clark & Williamon, 2014). This suggests that psychological 

training should be considered an essential component of musical education. 

Flow States and Optimal Performance 

The concept of flow states, characterized by complete absorption in the activity and optimal performance, 

is particularly relevant to musical performance. Musicians often report experiencing flow during performances, 

describing a sense of effortless control and heightened awareness. These states are associated with specific 

patterns of brain activity and represent the pinnacle of performance achievement. 

Research on flow states in musical performance has revealed that they are associated with a balance between 

challenge and skill level, clear goals, and immediate feedback. When these conditions are met, performers can 

enter a state of optimal functioning characterized by enhanced performance, intrinsic motivation, and subjective 

well-being. 
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Results and Discussion 

Integration of Findings 

The research reviewed in this paper demonstrates that musical performance involves a complex interplay of 

cognitive, motor, and neural mechanisms. The evidence clearly shows that musical training produces significant 

adaptations across multiple brain systems, leading to enhanced cognitive abilities, refined motor skills, and 

strengthened neural networks. 
 

Table 1 summarizes the key cognitive benefits associated with musical training across different domains. 
 

Table 1 

Cognitive Benefits of Musical Training 

Cognitive Domain 

Working Memory 

Executive Function 

Language Processing 

Spatial Abilities 

 

The motor benefits of musical training are equally impressive, as shown in Table 2. 
 

Table 2 

Motor Benefits of Musical Training 

Motor Domain 

Fine Motor Control 

Bimanual Coordination 

Temporal Precision 

Motor Learning 

Neuroplastic Mechanisms 

The neuroplastic changes observed in musicians appear to follow several key principles. First, the changes 

are use-dependent, with greater changes observed in brain regions that are most heavily engaged during musical 

practice. Second, the changes are often bilateral but may show hemispheric asymmetries depending on the 

specific demands of the instrument or musical style. 

Figure 1 illustrates the key brain regions showing structural and functional changes in musicians. 
 

Primary Motor Cortex: Enlarged representation of hand and finger areas 

Auditory Cortex: Enhanced sensitivity and processing capacity 

Corpus Callosum: Increased size facilitating interhemispheric communication 

Cerebellum: Enhanced motor learning and timing functions 

Prefrontal Cortex: Improved executive function and working memory 

Hippocampus: Enhanced memory formation and temporal processing 

Figure 1. Brain regions affected by musical training. 

Critical Periods and Developmental Considerations 

The research suggests that while musical training can produce beneficial changes across the lifespan, there 

may be critical periods during development when the brain is particularly responsive to musical input. Part of an 

ongoing longitudinal investigation into the effects of musical practice on brain and cognitive development, 
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initiated by Norton et al. (2005). Hyde et al. (2009) demonstrated regional structural brain plasticity that occurred 

after only 15 months of musical instrument training in early childhood (Moreno & Bidelman, 2014). 

Figure 2 shows the relationship between age of training onset and the magnitude of neuroplastic changes. 
 

Early Childhood (3-7 years): Maximum plasticity, largest structural changes 

Late Childhood (8-12 years): High plasticity, significant functional changes 

Adolescence (13-18 years): Moderate plasticity, network refinement 

Adulthood (18+ years): Limited structural changes, maintained functional plasticity 

Figure 2. Age of training onset and neuroplastic changes. 

Therapeutic Applications 

The findings reviewed in this paper have important implications for therapeutic applications of music-based 

interventions. Research in basic and clinical neuroscience of music conducted over the past decades has begun 

to uncover music's high potential as a tool for rehabilitation (Rodriguez-Fornells et al., 2022). Musical 

interventions have shown promise for treating a variety of conditions including stroke, Parkinson's disease, 

autism spectrum disorders, and age-related cognitive decline. 

The effectiveness of music-based interventions appears to be related to the ability of musical activities to 

engage multiple brain systems simultaneously. This multi-system engagement may promote neuroplasticity and 

recovery in ways that traditional therapeutic approaches cannot achieve. 

Implications for Music Education 

Pedagogical Approaches 

The research findings have several important implications for music education. First, they suggest that 

musical training should be viewed not only as a means of developing musical skills but also as a powerful tool 

for cognitive development. This perspective supports the inclusion of music education in core curricula and 

argues against cuts to music programs in schools. 

Second, the research highlights the importance of starting musical training early when the brain is most 

plastic. However, it also shows that musical training can be beneficial at any age, supporting lifelong learning 

approaches to music education. 

Technology Integration 

Advances in technology offer new possibilities for enhancing music education and performance training. 

Virtual reality systems, motion capture technology, and real-time feedback systems can provide new ways to 

visualize and understand musical performance. Richard Polfreman and Benjamin Oliver’s Capturing the 

Contemporary Conductor project use motion capture technology to help in the development of tools for the 

modelling and analysis of contemporary conducting gesture both for conductor performance studies and real-

time gesture control in electroacoustic music performance (University of Southampton, n.d.). 

Future Research Directions 

Longitudinal Studies 

While cross-sectional studies have provided valuable insights into the differences between musicians and 

non-musicians, longitudinal studies are needed to better understand the causal relationships between musical 

training and brain changes. Such studies should follow individuals from the beginning of their musical training 
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through to expertise, documenting the progression of changes over time. Current longitudinal research, such as 

the work by Hyde et al. (2009) demonstrating structural brain plasticity after 15 months of musical training in 

children, represents only the beginning of our understanding of how these changes unfold across development. 

Future longitudinal studies should incorporate multiple time points spanning decades rather than months, 

allowing researchers to map the trajectory of neuroplastic changes from initial learning through expert 

performance. These studies should utilize advanced neuroimaging techniques including diffusion tensor imaging, 

functional connectivity analysis, and molecular neuroimaging to capture both structural and functional 

adaptations. Additionally, researchers should examine critical periods when specific types of training may be 

most effective, investigating whether there are optimal windows for different aspects of musical skill 

development. Such comprehensive longitudinal approaches would also allow for the examination of individual 

developmental trajectories, identifying factors that contribute to successful musical learning and expertise 

acquisition. The integration of behavioral, cognitive, and neural measures across extended time periods would 

provide unprecedented insights into the mechanisms underlying musical skill development and brain plasticity. 

Individual Differences 

Future research should also explore individual differences in response to musical training. Not all individuals 

may benefit equally from musical training, and understanding the factors that predict success could help optimize 

training approaches for different learners. Recent research has begun to identify genetic factors, such as variations 

in the BDNF gene and dopamine receptor polymorphisms, that may influence musical learning capacity and 

neuroplastic responses to training. Understanding these biological predispositions could inform personalized 

approaches to musical education. 

Beyond genetic factors, personality traits, cognitive abilities, and motivational factors likely play crucial 

roles in determining training outcomes. Research should investigate how factors such as working memory 

capacity, attention span, emotional regulation, and intrinsic motivation interact with different pedagogical 

approaches to influence learning success. Age-related differences in learning capacity and optimal training 

methods also require systematic investigation, as the mechanisms underlying musical learning may differ 

significantly between children, adolescents, and adults. Furthermore, cultural and socioeconomic factors that 

influence access to musical training and practice opportunities should be considered in future studies. The 

development of predictive models that can identify optimal training approaches for individual learners would 

represent a significant advancement in personalized music education. Such research could lead to adaptive 

training programs that adjust to individual learning profiles, maximizing the benefits of musical training for 

diverse populations. 

Mechanistic Understanding 

While we have good descriptive knowledge of the changes that occur with musical training, we need better 

mechanistic understanding of how these changes occur. This will require integrating findings from molecular 

neuroscience, systems neuroscience, and behavioral studies. Recent advances in molecular neuroscience have 

begun to reveal the cellular and molecular mechanisms underlying musical training-induced plasticity, including 

changes in neurotrophic factors like BDNF, alterations in synaptic proteins, and modifications in gene expression 

patterns related to neuroplasticity. 

Future mechanistic research should investigate the temporal dynamics of these molecular changes and their 

relationship to observable behavioral improvements. Advanced techniques such as optogenetics, single-cell RNA 
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sequencing, and proteomics could provide unprecedented insights into the cellular mechanisms underlying 

musical learning. Additionally, computational modeling approaches should be employed to understand how local 

cellular changes give rise to network-level adaptations and ultimately to enhanced performance capabilities. The 

integration of multi-scale approaches, from molecular to systems-level analysis, will be essential for developing 

comprehensive mechanistic models of musical learning. Understanding these mechanisms at multiple levels of 

analysis would not only advance our theoretical knowledge but also inform the development of targeted 

interventions that could enhance learning efficiency or restore function following brain injury. Such mechanistic 

insights could also guide the development of pharmacological or other biological interventions that might 

augment the beneficial effects of musical training, opening new avenues for therapeutic applications in 

neurological and psychiatric disorders. 

Conclusion 

This comprehensive review demonstrates that musical performance represents one of the most powerful 

drivers of neuroplasticity and cognitive enhancement available to humans. The evidence clearly shows that 

musical training produces profound changes in brain structure and function, leading to enhanced cognitive 

abilities, refined motor skills, and improved quality of life. 

The implications of these findings extend far beyond the musical domain. Musical training appears to 

provide a unique form of cognitive and motor enhancement that has applications in education, therapy, and human 

performance optimization. As our understanding of these mechanisms continues to grow, we can expect to see 

new applications of music-based interventions in fields ranging from medicine to education. 

The complexity and richness of musical performance make it an ideal model for studying human learning 

and expertise. By continuing to investigate the mechanisms underlying musical performance, we can gain insights 

that will benefit not only musicians but all individuals seeking to optimize their cognitive and motor abilities. 

Future research should focus on developing more precise understanding of the mechanisms underlying 

musical training effects, exploring individual differences in response to training, and translating these findings 

into practical applications for education and therapy. The promise of music as a tool for human enhancement is 

substantial, and continued research in this area is likely to yield significant benefits for society. 
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