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Abstract

The study of music training as a model for structural plasticity has evolved significantly over the 

past 15 years. Neuroimaging studies have identified characteristic structural brain alterations in 

musicians compared to nonmusicians in school-age children and adults, using primarily cross-

sectional designs. Despite this emerging evidence and advances in pediatric neuroimaging 

techniques, hardly any studies have examined brain development in early childhood (before age 8) 

in association with musical training, and longitudinal studies starting in infancy or preschool are 

particularly scarce. Consequently, it remains unclear whether the characteristic “musician brain” is 

solely the result of musical training, or whether certain predispositions may have an impact on its 

development. Moving toward a developmental perspective, the present review considers various 

factors that may contribute to early brain structure prior to the onset of formal musical training. 

This review introduces a model for potential neurobiological pathways leading to the characteristic 

“musician brain,” which involves a developmental interaction between predisposition and its 

temporal dynamics, environmental experience, and training-induced plasticity. This perspective 

illuminates the importance of studying the brain structure associated with musical training through 

a developmental lens, and the need for longitudinal studies in early childhood to advance our 

understanding of music training-induced structural plasticity.
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Music training as a model for structural plasticity

Decades of research has focused on uncovering the impact of musical training on perception, 

cognition, and brain plasticity. Musical training has been viewed as an optimal model to 

study training-induced or experience-dependent brain plasticity due to a musician’s intensive 
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long-term dedication to training in auditory, somatosensory, and motor domains.1–5 While 

the influence of musical training on perception, cognition, and brain plasticity was studied 

primarily with behavioral and electrophysiological methods in the 1980s and 1990s,6–11 

advances in magnetic resonance imaging (MRI) have made it possible to study brain 

structure with improved spatial resolution. Employing these techniques, numerous studies 

have reported structural brain characteristics associated with musical training predominantly 

in adults,12 with some isolated evidence in children ages 5–11.13–16 While several of these 

studies report correlations between onset of musical training or intensity of musical training 

and certain aspects of brain structure,17–19 only a few studies to date have longitudinally 

examined training-induced structural plasticity in childhood, with one study examining 7–9 

year-old children16 and a few others ranging from 5 to 6 years of age.13,15,16 Although the 

field has gained valuable insight from these isolated findings, more studies are needed and 

there have yet to be longitudinal investigations of children from younger than age 5 utilizing 

MRI methods to investigate the developmental trajectories of brain structure in (subsequent) 

musicians compared to nonmusicians. This is currently a major limitation of the field, since 

observations are primarily made based on one specific period of time in brain development, 

without an understanding of the genetic and environmental factors in utero, infancy, and 

early childhood that may give rise to some underlying components of the brain 

characteristics identified as the “musician brain” in middle childhood/adolescence or 

adulthood.

In this perspective, we will summarize the structural alterations associated with musical 

training, examine potential predispositions and their temporal dynamics, and propose a 

working model that postulates a developmental interaction between predisposition, 

environment, and training-induced plasticity, which shapes the development of musical 

aptitude/skills and their underlying brain characteristics. While various behavioral and 

functional neuroimaging studies have been examining the development of musical skills in 

infants and young children,20–28 the present review primarily focuses on the need for studies 

to characterize the developmental trajectories of the often-reported structural alterations in 

musicians from infancy to middle childhood. Since brain structure has been shown to 

precede function developmentally in infancy and early childhood29,30 during the time when 

functional networks are first initiated, working to disentangle the impact of potential 

predispositions from training-induced plasticity on brain structure seems to be an important 

starting point. Ultimately, this review will make an argument for the significance of utilizing 

a developmental perspective and longitudinal designs to advance our understanding of the 

impact of musical training on brain structure. Discerning the relative contributions of 

potential factors in early childhood in shaping subsequent brain development has the 

potential to not only inform our understanding of the impact of musical training on brain 

plasticity, but also to provide implications for educational and clinical approaches to 

facilitating brain development in early childhood.

Structural brain alterations in musicians

Cross-sectional neuroimaging studies in adults have revealed differences in brain structure 

when comparing musicians to nonmusicians.12 Gray matter differences, including structural 

asymmetry, have been identified in several brain regions engaged during musical training, 
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particularly in auditory,31–36 sensorimotor,5,9,37–40 premotor/motor,5,17,41 and visual-spatial 

areas.32,35 In addition, these differences have been observed in regions facilitating auditory–

motor integration.42 Diffusion-weighted imaging has also revealed white matter differences 

between musicians and nonmusicians in terms of tract volume and fractional anisotropy 

(FA),43 an indicator of tract diffusivity based on how restricted water diffusion is 

perpendicular to the dominant orientation of the tract.44 Significant group differences have 

been repeatedly identified in the corpus callosum, a major fiber tract connecting left and 

right hemispheres. These findings suggest that musical training may be associated with 

greater interhemispheric connectivity.13,15,18,39,45–48 Musical training has also been linked 

with auditory and motor-related white matter pathways, which in the auditory domain 

include the arcuate fasciculus49 and superior longitudinal fasciculus.50,51 Motor-related 

tracts include the corticospinal tract39,51–53 and internal capsule;39,40,47 however, mixed 

findings have been observed within these tracts.

Despite advances in pediatric neuroimaging methods,54 only a handful of studies have 

conducted structural neuroimaging in childhood. Structural differences have been shown 

among 7–11 year-old children with musical training compared to those without, in which 

musically trained children have shown greater gray matter volume in predominantly right-

hemispheric auditory and premotor regions, as well as bilateral sensorimotor regions.13,14 In 

addition to these cross-sectional comparisons, a few key longitudinal investigations of 

training-induced structural plasticity have been conducted with children from 5 to 11 years 

of age.13–16

Training-induced structural plasticity in musicians

The few longitudinal neuroimaging studies in school-age children and adults have 

demonstrated changes in brain structure following musical training. Specifically, training-

induced structural changes have been shown among young school-age children following 1–

2 years of instrumental musical training.13,15 Relative to 5–7 year-old children who received 

only music education classes provided in the general school curriculum, age-matched 

children engaged in instrumental training over the course of 1 year demonstrated structural 

brain changes in several brain regions, particularly right-hemispheric primary auditory and 

premotor cortices, and the corpus callosum.13 Another longitudinal study in 6-year-olds 

characterized brain structure following 2 years of musical training and also observed 

changes in auditory regions in terms of cortical thickness, and enhanced FA in the corpus 

callosum.15 A different study focused solely on the auditory cortex did not observe 

significant structural changes over 1 year of musical training in 7–9 year-old children; 

however, significantly greater functional responses to auditory stimuli were shown to emerge 

over the training period.16 In addition, white matter plasticity has been observed following 

short-term, targeted training, as adults engaged in left-handed, music-cued motor training 

showed FA increases in the right arcuate fasciculus after just 4 weeks.55

Considering the evidence for training-induced structural plasticity, recent research has 

examined whether there may be a developmental timeframe in which musical training may 

have the greatest impact on brain structure; that is, whether there may be a sensitive period 

for musical training.56 Indeed, a “critical” age of 7 has been suggested,45 but the underlying 
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developmental framework for suggesting this specific age as being critical remains under-

developed in these studies. Various aspects of brain structure have been associated with the 

age of onset of musical training among adult musicians.17–19 Specifically, greater gray 

matter volume in the right prefrontal cortex has been shown to relate to the age of onset of 

musical training.19 In terms of white matter, enhanced FA in the corpus callosum has been 

shown in musicians who started training before the age of 7 compared to those who started 

after,18,45 and this has shown a significant relationship with the age of onset of musical 

training.18 These findings bring forth implications that musical training in early childhood, 

during a time of rapid brain development and heightened brain plasticity, may play a 

significant role in shaping brain structure. However, it also illustrates the need for further 

research, as these retrospective studies have only inquired about the age of onset of musical 

training among adults, after several years of musical training. This study design precludes 

investigation of factors that may influence whether a child has an early start to musical 

training. Longitudinal studies are needed that track children developmentally from younger 

than age 7 so that the proposed notion of a sensitive period can be critically examined, the 

length of the period quantified, and developmental trajectories characterized. Yet, it remains 

unclear how these brain characteristics develop in early childhood and whether certain 

predispositions or temporal dynamics of gene expression may shape the observed alterations 

or facilitate the observed plasticity in response to musical training over time.

Overall, longitudinal studies have demonstrated structural changes following musical 

training, and one question of great interest to the field has been whether these changes may 

transfer to nonmusical skill development as well. Neuroimaging findings support the notion 

that musical training induces neuroplasticity in several brain regions and networks known to 

be involved in cognitive/perceptual processing, in domains such as speech,57–59 language,
60–62 reading,16 and higher order cognitive processing.63–65 Numerous longitudinal studies 

investigating behavior and corresponding brain function have suggested that musical training 

may support certain aspects of academic achievement.25,26,28,64,65 However, among the 

training studies investigating structural plasticity, those that included behavioral measures 

did not observe any changes in cognitive, language, or literacy skills corresponding to the 

structural changes observed.13,16 At this time, the specificity of the findings has yet to be 

established and it remains questionable whether these effects reflect improvements that may 

transfer to nonmusical domains, particularly given the fact that far transfer effects are very 

rare in the cognitive domain.66,99 Investigation of links between brain and behavior carries 

potential implications for musical training as a tool to consider in approaches to early 

intervention and rehabilitation. However, more studies with rigorous longitudinal designs in 

the behavioral domain are needed in order to determine if, and if so, the extent to which 

musical training leads to long-lasting, impactful far-transfer effects. A developmental 

approach offers the potential to spark more research on the functional implications of 

training-induced plasticity, and how this changes over the developmental trajectory, 

considering the period of heightened plasticity during early childhood.
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Are the brain alterations observed in musicians solely explainable by 

training-induced plasticity?

A critical question that remains is to what extent the brain alterations observed in musicians 

compared to nonmusicians are exclusively the result of musical training, or whether these 

alterations may be influenced by additional contributing factors. Cross-sectional evidence 

hinges on the notion that the structural differences between musicians and nonmusicians 

observed are a reflection of the (formal) musical training participants have undertaken. 

Therefore, it is presumed that prior to musical training, the subsequent musicians and 

nonmusicians started with similar structural characteristics; that is, a “clean slate.” A few 

training studies investigating brain structure confirmed that there were no structural 

differences between participants who subsequently commenced musical training and those 

in the other groups.15,55,67 However, the notion of a “clean slate” continues to be challenged. 

For instance, these studies have only examined aspects of brain structure relevant to the 

specific study design employed. Meanwhile, emerging evidence suggests that neural 

predispositions may predict subsequent rates of learning music. A neuroimaging study in 

adults examined whether white matter structure prior to the onset of music training may 

predict subsequent learning speed in adults without previous musical experience.51 A 

positive relationship was observed between the bilateral corticospinal tract and right superior 

longitudinal fasciculus with the speed of learning to play short piano melodies over the 

course of 3 training days.51 Thus, white matter variability prior to training related to 

subsequent piano learning speed. In line with this finding, one functional MRI study 

observed that the neural correlates of melody perception and imagery within the right 

auditory cortex and subcortical regions predicted the speed of learning following a short 

piano training in adults.68 These studies point toward the significance of possible 

predispositions for a “musician brain.”

In order to disentangle the impact of potential predispositions from training-induced 

plasticity, developmental neuroimaging studies with longitudinal designs are needed that 

start prior to the onset of formal musical training. There is currently a lack of evidence 

characterizing early structural development, though numerous longitudinal studies have 

employed electrophysiological methods to characterize changes in brain function over the 

course of musical training in early childhood and revealed enhanced auditory-evoked 

potentials in preschool20,21 and school-age children.22,24–26,69 One of the studies in 

preschool-age children revealed pretraining differences in brain function, such that children 

in the musical training group demonstrated larger auditory-evoked potentials both before and 

after training relative to the control group.20 Moreover, functional changes in response to 

musical engagement have even been observed within the first year of life, as 6-month-old 

infants have demonstrated enhanced neural responses to musical tones following 6 months 

in active music classes relative to infants passively exposed to music while playing with 

toys.23 Thus, the importance of measuring brain development well before the start of formal 

musical training in early childhood is evident. This evidence suggests that there may be 

structural predispositions that may affect subsequent musical experience, yet the 

corresponding brain structure in early childhood remains unspecified. Experimental designs 

employed in the majority of the structural literature preclude determination of whether the 
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differences observed between musicians and nonmusicians are exclusively the direct result 

of musical training, or whether additional factors, including temporal dynamics of gene 

expression, may play a role in shaping the neuroarchitecture observed. Therefore, the 

remainder of this perspective will consider the potential factors that could give rise to neural 

predispositions in early childhood.

Developmental interactions between predisposition and training: potential 

factors that shape the brain characteristics associated with musical 

training

Converging evidence brings forth a working hypothesis that the structural brain differences 

observed between musicians and nonmusicians are not solely explainable by training-

induced plasticity; rather, a developmental interaction between predisposition and 

experience may shape musical development and its accompanying brain characteristics in 

all, or at least some, children. This suggests that brain structure in early childhood sets a 

foundation upon which ongoing experience and training further modifies. Therefore, this 

developmental working hypothesis warrants careful consideration of genetic, environmental, 

and neural factors and their respective interactions that may contribute to early brain 

structure prior to the onset of formal musical training.

A propensity for musical training has been indicated by measures of musical potential and 

linked with aspects of early cognitive and brain development. “Musicality,” as defined by 

Gingras and colleagues, is the capacity for music perception and production regardless of 

formal training experience.70 This construct has long been characterized in early childhood 

by measures of music aptitude,71 which have been positively linked with cognitive-linguistic 

skills prior to the onset of formal musical training in school-age children.67,72 Music 

aptitude has also shown associations with gray matter volume in primary auditory cortex, 

particularly in the right hemisphere, prior to the onset of musical training in school-age 

children.16 These findings suggest that musicality may be related to neural characteristics 

associated with musical training before formal training has even commenced. Thus, 

evidence points toward the significance of examining potential factors in early childhood 

that may shape the observed characteristics associated with musical training.

Curiosity pertaining to the biological basis of musical potential has led to investigation of 

the potential role of genetics. Genetic variation has been put forth as a factor that may 

significantly impact musical potential and drive to commit to musical training,73 as links 

between genetic variation and measures of music aptitude have been observed.74,75 

However, the field of genetics has uncovered the complexity of genetic interactions such that 

singular genes do not specify one particular behavior.70 Rather, gene expression is an 

intricate and critical molecular process that regulates the development and functioning of 

cells and tissues in the human brain.76 It is hypothesized that certain susceptibility genes and 

the pathways they regulate or interact with may shape neurobiological factors that make an 

individual more receptive to intensive training in music. This is reflected in work by Schlaug 

and colleagues, who hypothesized that the structural alterations associated with absolute 

pitch musicians, specifically hemispheric asymmetries, may be established in utero and 
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further develop with early exposure to music.77 Recent advances in genetic methods have 

identified that a “genetic blueprint” plays a critical role in early brain development, such as 

shaping the microstructure of the brain or establishing neural connections.78 Therefore, 

genetic investigation has the potential to uncover whether there may be variant function/

temporal dynamics in a combination of genes that lead to differences in gray matter 

microstructure or white matter myelination in regions that may be especially receptive to 

experience, for example, in the form of musical training. Pursuit of this work with a 

developmental focus is critical, as gene expression in the developing brain has revealed that 

temporal dynamics of the transcriptome are most rich and complex in utero compared to 

subsequent postnatal development.76 We urge the field to take a multidimensional, 

multimodal view to the study of structural brain plasticity following musical training.

One other important dimension to consider is the role of the environment in shaping early 

brain development, which may consequently impact predispositions for success with 

musical training. For instance, socioeconomic status plays a significant role in the quality of 

education and access to resources, which may influence the pursuit of musical training. 

Families with a higher socioeconomic status, as determined by higher family income and 

education levels, are more often able to provide the resources and financial supports that are 

necessary to pursue musical training.79 Moreover, socioeconomic status has been shown to 

have a critical impact on early brain development,80 in bilateral networks that overlap with 

regions associated with musical training, particularly auditory regions. This may also be due 

to genetic–environmental covariation, as genetic polymorphisms have been shown to 

modulate the environmental impact on genetic expression. For instance, varying 

socioeconomic environmental conditions have shown differential alterations in gene 

expression.81 These findings call for further investigation of the role that environmental 

aspects such as socioeconomic status may play in shaping early neural predispositions and 

providing access to subsequent musical training.

Environmental aspects related to parent support, home environment, and enculturation also 

encompass potentially significant contributing factors. After all, the pursuit of musical 

training in early childhood may often be initiated and/or encouraged by the children’s 

parents.82 Numerous behavioral studies have investigated how parental factors may relate to 

children’s musical experience, such as the musical background of parents20 and parental 

personality traits.82 In addition, the musical environment and exposure to music in early 

childhood have been suggested to play a role in children’s subsequent musical pursuits.20 

Another relevant factor to consider is the culture-specific representations of music that are 

acquired through every day musical exposure, known as the process of enculturation.83 

Infants have shown a preference for music of their own culture,84 and early exposure to 

culture-specific musical structure among Western infants has been shown to lead to 

specialized neural responses to Western musical tones within the first year of life.23 Future 

studies are needed to link these music-related environmental factors to brain structure in 

early childhood, as this has yet to be investigated.
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Introducing a model for potential neurobiological pathways leading to the 

“musician brain”

Taking into consideration the developmental factors that may play a role in shaping 

musicality and brain structure, here, we introduce a working model of the potential 

neurobiological pathways leading to the characteristic “musician brain” (Fig. 1), which is 

intended to stimulate future neurodevelopmental research in the field. Evidence suggests that 

musical training leads to either broad alterations in brain organization (e.g., corpus 

callosum), reorganization of specific brain regions that are engaged during musical 

engagement (e.g., motor, auditory, etc.), or an interaction of both over the course of training. 

Subsequently, musical training induces neuroplasticity in various functional and structural 

brain networks impacting other cognitive/perceptual skills such as speech, language, 

reading, and executive functioning abilities.57,85,86 While a growing body of evidence 

supports these aspects of the model, the role of genetic and environmental factors in early 

development remains understudied (framed in yellow in the figure). Variation in specific 

genes and their temporal dynamics that play critical roles in early brain development may 

possibly establish certain structural predispositions that make the brain more receptive to 

music. These variations in genes critical to brain development may also support the 

development of perceptual/cognitive skills, which could explain some of the correlational 

effects observed between music and various perceptual/cognitive skills. In addition, it is 

possible that the neurodevelopmental changes observed over the course of musical training 

may not occur (solely) due to training-induced plasticity, but may be shaped by training-

independent genetic effects that emerge over time. Advances in the research of the 

transcriptome in the human brain have shown variability of gene expression across different 

brain structures and systematic changes throughout development, particularly in childhood.
76 This is often overseen in studies that examine brain plasticity following musical training. 

This critique of the current methodology is independent of whether groups do not show 

differences in behavioral or neural measures at the onset of training.

Various environmental factors in early childhood are known to shape brain development 

within regions implicated in musical training, such as the impact of someone’s 

socioeconomic status on bilateral auditory regions.80 This illuminates the importance of 

including nonmusical environmental experiences in our view of the pathways leading to the 

“musician brain.” Another likely possibility that should be considered in this context is 

genetic–environmental interactions, where the efficacy of training is moderated by genetic 

factors. Developmental studies are needed to determine how these early aspects may play a 

role in shaping the trajectory of brain development, and how these brain regions are then 

specifically altered through musical exposure, engagement, and formal training. To fill the 

missing links in the literature to date, see Table 1 for a starting point of recommendations to 

consider when designing future studies, employing a developmental perspective.

Approaching this work from a developmental perspective also has the potential to further 

our understanding of clinical applications of the brain plasticity induced by musical training. 

This could be particularly beneficial for clinical populations in facilitating traditional neural 

pathways, or establishing alternative neural networks. Rehabilitative potential has already 
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been demonstrated, for instance, in case studies of stroke patients with speech areas 

impacted who have been shown to develop greater volume in the right-hemispheric arcuate 

fasciculus following Melodic Intonation Therapy (a singing-based speech therapy).87,88 

Through a developmental lens, emerging evidence has examined relationships between 

music and developmental disorders such as autism spectrum disorder and developmental 

dyslexia.89,90 Broad reorganization of brain structure putatively shaped by musical training 

may enable protective or compensatory neural mechanisms that underlie the positive effects 

of music observed; yet, this remains understudied.

Overall, our field has the potential to address remaining gaps in our understanding by 

investigating the impact of musical training on the brain through a developmental lens in 

future studies. In the present perspective, we have put forth a model of the potential 

neurobiological pathways associated with musical training. Consideration of the ways in 

which early childhood experiences and predispositions may shape subsequent outcomes will 

lead us to a better understanding of the ways in which music plays a role in brain 

development and clinical applications of training-induced plasticity through a musical lens.
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Figure 1. 
A working model outlining potential neurobiological pathways that can lead to the 

characteristic “musician brain.” Boxes outlined in yellow remain especially understudied. 

Solid lines represent pathways supported by empirical evidence; dashed lines represent 

possible pathways that warrant further investigation.
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Table 1

Recommendations for study design, methods, and group classification for future investigations employing a 

developmental perspective

Recommendations for investigations with a developmental focus

Study design • Longitudinal designs that track brain and behavioral development starting in infancy/early childhood

• Employ multimodal experimental techniques to further uncover structural–functional relationships and 
examine functional implications of this work

• Examine gene expression of typical and atypical development through studies of the transcriptome in the 
brain, particularly in childhood

• Seek to disentangle genetic and environmental contributions to musical skill, aptitude, and brain plasticity 
(which will have important implications beyond the music cognition field)

• Examine intergenerational transmission of brain structure

Methods • Whole-genome expression analyses in the developing brain (e.g., DNA microarrays, sequencing 
techniques for gene expression profiling, for more, see a review by Naumova and colleagues76)

• Questionnaires that document:

– The home environment (e.g., StimQ to measure a family’s cognitive home environment91)

– Socioeconomic status (e.g., Barratt Simplified Measure of Social Status92)

– Informal music exposure and experiences (e.g., surveys employed in recent publications20,93)

– Family musical background20

• Establish and validate measures that characterize:

– The music environment of infants, toddlers, and preschoolers

– Motivation to train in music/growth mindset/attitudes toward musical training

– Intergenerational musicality

• Measure musical aptitude in children at a young age and in their family members (e.g., Gordon’s 
Measures of Music Audiation,94 The Montreal Battery of Evaluation of Musical Abilities,95 and The 
Profile of Music Perception Skills96,97)

Group classification • Acquire details of musical training (e.g., length of training, age of onset of training, frequency of practice, 
instruments studied, etc.)

• Consider utilizing established questionnaires for detailed documentation, such as the Musical Experience 
Questionnaire98

NOTE: These recommendations are offered as a starting point of examples to consider in future study design.

Ann N Y Acad Sci. Author manuscript; available in PMC 2019 November 24.


	Abstract
	Music training as a model for structural plasticity
	Structural brain alterations in musicians
	Training-induced structural plasticity in musicians
	Are the brain alterations observed in musicians solely explainable by training-induced plasticity?
	Developmental interactions between predisposition and training: potential factors that shape the brain characteristics associated with musical training
	Introducing a model for potential neurobiological pathways leading to the “musician brain”
	References
	Figure 1
	Table 1

